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ABSTRACT

There is considerable disagreem ent in the research 
com m unity concerning w hether com fort standards 
developed in the temperate climates of Europe and North 
America are appropriate for use in countries w ith more 
extreme clim atic conditions. This is because some 
researchers, mainly employing thermal chamber methods, 
have found that thermal comfort is independent of 
geographical locations, while other researchers using the field 
method have found that thermal comfort is dependent on 
local average ambient conditions.

It is also w ell-know n that air-conditioned buildings in  
tropical countries are overcooled to western standards.

This thesis sets out to develop a recommended Thermal 
Comfort Zone for Malaysia, based on the thermal comfort 
votes of Malaysians in their own country.

Secondly, the thesis determines whether there is any 
significant difference between the votes of different ethnic 
and gender groups of Malaysians. The tests also compare the 
significance between the thermal sensation and the thermal 
comfort votes of each group.

Finally, the study determines whether acclimatisation affects 
the voting trends of Malaysians by comparing the votes of 
Malaysian students in Malaysia with those of Malaysian 
students in the U.K.
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INTRODUCTION
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INTRODUCTION

1.1 General Introduction

Most people today spend the majority of their time in artificial therm al 

environm ents, w orking, resting, pu rsu ing  recreational activities or 

sleep ing . Since everyone likes to be com fortable, the therm al 

environm ent has to be suitable to them. As our sense of well-being and 

productivity are dependent on the indoor climate, it is im portant to equip 

them  w ith well-planned air-conditioning systems and to ensure that the 

building provides comfort specific to the comfort level of the occupants.

M alaysia is an exam ple of a country w ith a hot and hum id climate. 

C urrently, the comfort standard in M alaysia is based on the ASHRAE 

Sum m er Comfort Envelope. This Com fort Envelope is derived from 

studies using people acclimatised to tem perate climates who m ay have 

different comfort levels to Malaysians.

M alaysia is a multi-racial country which consists of three m ain ethnic 

groups; Malays, Chinese and Indians. The Malay Language is the official 

language with English as a strong second language. The issues of race 

which impinge on the work of this study relate to cultural difference such 

as type of clothing worn, traditional occupations and possibly diet.
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The Malays, by virtue of being Muslims, tend to observe the Islamic dress 

code by wearing clothes that cover the majority of the body. The Indians, 

although most of them are not Muslims, also tend to cover the majority of 

the body. The Chinese, on the other hand, are more liberal and are quite 

comfortable w earing casual clothes that consist of T-shirts and shorts, 

outside working hours. During working hours, formal attire is worn, 

which is quite similar to the clothes worn in the U.K. except that no coat is 

worn. Malay ladies form a group of workers who cover the majority of the 

body. All three ethnic groups take hot food readily. Malay and Indian food 

tend to be spicy while Chinese food tends to be salty and soupy.

In terms of occupation, the Malays are either farmers or they tend to work 

in the public sector. The Chinese are found mainly in the cities, carrying 

out commercial activities or working as professionals. The Indians are 

typically found in estates or working in the cities as professionals. The 

Chinese businessmen, the Chinese and the Indian professionals together 

form the upper and middle class in Malaysian society. The Malay farmers 

and the Malay civil servants can be classified as the working class, along 

with the Indians working on the estates.

In the 70s and 80s, in the aftermath of a bloody racial riot, the government 

sought to address the racial imbalance in the various occupational sectors, 

especially the obvious lack of Malays as professionals or in the business 

sector. The governm ent encouraged and supported the Malays to further 

their studies in higher education and trainings in order to join the 

business sector or become professionals. This to some extent has helped 

racial harm ony although only time will tell whether the unrest of former 

times will return.
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Everyday observations of people working in offices in Malaysia show that 

these workers norm ally pu t on an extra piece of clothing, norm ally a 

sweater or a jumper, in order to be able to work with less thermal stress. 

This is a very typical observation in offices run by commercial and foreign 

companies. The original objective of providing air-conditioning in order 

to provide acceptable thermal comfort in the offices seems lost whenever 

the occupants have to put on additional clothing to feel comfortable. 

W hile the additional layer of clothing is an adaptation to the cooler 

therm al environment, it is not part of the normal attire and intrudes on 

the local culture. The homes of most Malaysians are not air-conditioned 

and are usually only ventilated by fans.

In fact, it does not make much sense to cool the indoor conditions to a 

lower level than that acceptable to the occupants. This is a waste of 

energy unless it can be justified for the preservation or maintenance of 

special equipment. In these days of energy conservation, more low- 

energy buildings are being designed, and in fact, building design has 

become more related to the natural environm ent. Thus, a comfort 

standard that represents the subjective feeling of the local people in 

M alaysia is needed. If the comfort standard implies that a higher 

indoor tem perature is more comfortable, then the air-conditioning of 

the office buildings can be achieved with less use of energy and the 

running cost for the buildings will be lower.
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1.2 Aim and Importance of this Study

The main aim of this study is to identify a set of conditions that are 

considered to be com fortable by M alaysians in M alaysia w ho are 

acclimatised to the Malaysian climate. The set of conditions will form the 

Malaysian Thermal Comfort Zone.

The second aim of this study is to determine the neutral and comfort 

tem peratures of Malaysians using thermal sensation and thermal comfort 

votes, respectively. The neutral and comfort tem peratures of Malay 

students in the U.K. are also determ ined and com pared to those of 

Malaysians in Malaysia. The comparison will identify differences which 

may be explained by acclimatisation of the Malays to the temperate climate 

in the U.K.

The importance of this study is three-fold. Firstly, the Malaysian Thermal 

Com fort Zone could be used by building engineers and architects to 

p rov ide  a com fortable in ternal therm al environm ent for bu ild ing  

occupants which will ensure the well-being and perform ance of the 

building occupants. The level of stress at work could be reduced and the 

work atmosphere would be more pleasant.
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Secondly, the therm al comfort zone for Malaysians can be used in the 

design of passive cooling features for residences and buildings in Malaysia. 

A convenient way of checking the effectiveness of the guidelines for 

passive cooling design is to com pare the resu ltan t indoor therm al 

environm ent with the comfort zone for Malaysians. The reduction of the 

environm ental conditions to be within the comfort zone is the aim of the 

passive design work.

Thirdly, if the findings of this study are applied, the savings possible can be 

calculated. As traditional energy resources are expensive and their prices 

are expected to continue to rise, alternative sources of energy supply, and 

m ethods of reducing energy demands, have to be found. Using less energy 

is clearly prudent and should be part of any building m anager's role. As 

Malaysia pushes aggressively towards industrialisation, a heavy demand is 

placed on supplying adequate amounts of energy to run industry. Waste in 

overcooling building should be eliminated.

In order for industrial products to compete in international markets, the 

cost of production has to be kept as low as possible. One of the major costs 

of production  is energy for the m aintenance of com fortable indoor 

environm ents in administrative offices and industrial shop floors. If the 

consum ption of energy could be reduced, this w ould lead to lower 

p roduction  costs which translates into better com petitiveness of the 

industrial products.
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1.3 Research Method

In the study of thermal comfort, there are basically two m ain research 

m ethods: the therm al chamber and field survey methods. The therm al 

chamber m ethod is chosen for carrying out the experiments in this study 

because it is controllable and the findings can be directly compared with 

the classic studies of Fanger.

In this study, the thermal chambers at the School of Housing, Building 

and Planning, University of Science of Malaysia (USM), in Pulau Pinang, 

M alaysia, and at the Bartlett School of A rchitecture and Planning, 

University College London, United Kingdom, are used. In the study, the 

participants vote on two scales which are known as the ASHRAE and the 

M odified Bedford scale. The ASHRAE scale is a thermal sensation scale 

while the M odified Bedford is a thermal comfort scale. The scales are 

labelled from 1 to 7, with the scale unit of 4 representing 'neutral' and 

'comfortable' respectively in the two scales. The methodology is elaborated 

in Chapter 3.

The range of tem peratures tested is from 23.0°C to 32.0°C while the 

relative hum idity ranges from 40% to 90%. The air velocity is m aintained 

at around O .lm /s throughout the experim ents. The participants are 

provided with a set of clothing which has a total clothing insulation of 

0.55clo and are requested to maintain a sedentary level of activity in the 

chamber, which is l.Omet.
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The votes of the participants are analysed for statistical significance using 

Analysis of Variance (ANOVA) at the 5% probability level. ANOVA is 

used since the votes are considered as parametric data which is typically 

assum ed by other researchers in the field of therm al comfort. The four 

groups of M alaysians who took part are Malay Males, Chinese Males, 

Malay Females and Chinese Females.

Three studies are carried out: two at U.S.M., Malaysia and the third at 

U.C.L., U.K. The two studies in Malaysia are the Longitudinal and the 

Transverse Studies.

The Longitudinal Studies present a group of five participants with a range 

of tem peratures and relative humidities as mentioned previously and are 

carried out for five males and five females only. A simple regression of 

therm al sensation votes and tem perature is carried out for both genders. 

The votes within the m iddle three categories of the therm al sensation 

scale are used as a basis to form a Rough Thermal Acceptability Zone.

The Rough Therm al A cceptability Zone has four corners' which 

represent boundary conditions of acceptable and unacceptable conditions. 

The zone is used as a basis for determ ining the conditions for the 

transverse study. The four conditions which are just outside the 'corners' 

of the Acceptability Zone are investigated further with 7 sub-groups of 

M alay Males, 6 sub-groups of Chinese Males, 7 sub-groups of Malay 

Females and 6 sub-groups of Chinese Females to help define the actual 

Thermal Comfort Zones.
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The thermal sensation and thermal comfort votes of the main four groups 

of participants are compared to determine significance. The votes of the 

Males and Females are com pared to determ ine any voting patterns 

between gender and is followed by a similar comparison between Malays 

and Chinese to determine significance between ethnic groups.

A similar analysis is carried out using the votes of the transverse studies 

of the Malay students in the U.K. The votes of the U.K. Malays and the 

Malaysian Malays are compared to find out whether acclimatisation is a 

factor in their voting trends.

1.4 Outline of Thesis

Following the introduction. Chapter 2 reviews thermal comfort research. 

The chapter begins with a brief outline of the history of thermal comfort 

standards, followed by a discussion on the theories of the hum an 

therm oregulatory mechanism and the conditions for therm al neutrality. 

A brief p resen ta tion  on the in teraction  of therm al com fort and 

perform ance is also included. Next, therm al comfort research in the 

temperate and tropical climatic regions is reviewed. The chapter ends with 

a review of thermal comfort research in the Malaysian Peninsula.
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Chapter 3 discusses the methodology of this study. Details of the thermal 

cham bers, instrum ents and equipm ent used for the experim ents are 

presented. This is followed by a discussion on the participants who took 

part, their clothing insulation and metabolic rate. The two voting scales 

are also discussed, and the chapter ends with an outline of the sequence 

for carrying out the experiments.

Chapter 4 presents the first part of the study, which is the longitudinal 

studies in Malaysia. The major sections of this chapter present the results 

of the longitudinal study of male and female participants. The thermal 

sensation votes of the participants are then used to form a Rough Thermal 

Acceptability Zone, the corners' of which are used for further tests in the 

following chapter.
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The second part of this study, consisting of the transverse study of 

Malaysians in Malaysia, is presented in Chapter 5. The chapter begins with 

a presentation of the thermal sensation votes of the male and the female 

participants. This is followed by an outline of the normalisation procedure 

for the actual conditions tested in this part of the study and a brief 

presentation on the statistical technique used for the following analyses. 

The therm al sensation votes of the m ain four groups of participants, 

nam ely, M alay Males, Chinese Males, M alay Females and Chinese 

Females are compared for significance between their votes. The votes are 

also com pared for significance between gender and ethnicity. Similar 

comparisons are then carried out using thermal comfort votes. Next, the 

thermal sensation and thermal comfort votes of each group are compared 

to determ ine any significance between the votes of the two scales. The 

chapter ends with a comparison between the anthropometric factors of the 

four groups of participants to find out whether these factors contribute to 

the voting trends of the groups.

Chapter 6 analyses further the votes obtained from the transverse study 

which was presented in Chapter 5. The chapter begins with a presentation 

of the linear regression model which is used to determine the neutral and 

comfort tem perature of each group of participants. These tem peratures are 

also determ ined  for the Males, Females, Malays and Chinese and 

M alaysians groupings. Finally the chapter presents the recom m ended 

Malaysian Thermal Comfort Zone.
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Chapter 7 presents the third part of the study which is the transverse study 

of Malay students in the U.K. The analyses are similar to those carried out 

in Chapters 5 and 6 for Malaysians in Malaysia. The votes of the Malays in 

the U.K. are then compared with those of the Malays in M alaysia to 

determine whether the votes are significantly different.

Chapter 8 compares the results of the Malaysian transverse studies with 

other major thermal comfort studies carried out in temperate and tropical 

climatic regions, previously reviewed in Chapter 2, including those of 

Fanger. Comparison is also made between the recom mended Malaysian 

Thermal Comfort Zone and the ASHRAE Summer Comfort Zone and the 

Tropical Summer Index. Hum phreys' and Auliciems' neutrality equations 

are also tested using the Malaysian ambient and indoor conditions. The 

International Standard ISO 7730-1984 is also compared using the Predicted 

Mean Vote and Predicted Percentage Dissatisfied. Finally, a comparison is 

made with other studies carried out in the Malaysian Peninsula, namely 

by Webb and de Dear et al.

Chapter 9 is the conclusion to the study. It begins with a sum m ary of the 

major findings and is followed by some recom mendations for applying 

the results. Finally, possible further research work is identified so that the 

understanding and assessment of thermal comfort can be advanced.
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CHAPTER 2

REVIEW OF THERMAL COMFORT RESEARCH
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REVIEW OF THERMAL COMFORT RESEARCH

2.1 Introduction

This chapter begins with a brief history of therm al comfort research 

highlighting how changes in the proposed comfort zone have occurred 

over the years.

It then  discusses the therm o-regu lato ry  m echanism  for therm al 

equilibrium . The three main models developed by Fanger, Gagge and 

H um phreys are presented. Next, the six conditions for thermal neutrality 

are discussed.

The differences betw een therm al sensation and therm al comfort are 

discussed followed by a short presentation on therm al acceptance and 

P referred  Tem perature. Next, the various indices that have been 

developed to represent thermal comfort are listed.

Next, a short discussion on the relationship between thermal comfort and 

performance of mental and physical work is presented.

Following this, the chapter presents a review of research on therm al 

com fort from the recent past. The review is d ivided into two m ain 

climatic regions, namely, tem perate and tropical. A section on research 

carried out in the Malaysian Peninsula is also presented. The review of the 

trop ical region also includes some desert clim ate stud ies for 

completeness.

33



In tem perate climates where most major therm al comfort research has 

been carried out, the studies have been subdivided into climate chamber 

studies and field surveys. The two methods have yielded different results 

and represent the two m ethods of therm al comfort research. Studies 

carried out in the tropics have also employed both methods.

In the Malaysian Peninsula, thermal comfort research began in the 1950s, 

led by the British and this is discussed. Their classic work, in the form of 

field surveys, is still quoted as the results are found to be still quite valid. 

Lastly, a recent study on thermal preference using the climate chamber 

m ethod by de Dear et al., carried out in the Malaysian Peninsula, which 

showed the superiority of the constancy model, is discussed. As thermal 

comfort is a multi-disciplinary area, scientists from different backgrounds 

tend to use different methods, and these are highlighted.

2.2 Brief History of Thermal Comfort Standards

The earliest published study [1] was carried out in the early 20s of this 

century and was based on a man in a three-piece woollen business suit 

with a cotton shirt and cotton underwear. In this study, which was carried 

out in the United States, the lower extreme of the comfort zone' was 

established as 20.6°C with 20% relative humidity.

By the 1930s, perhaps partly due to the Great Depression, people seemed to 

have become satisfied with living at a slightly lower tem perature [2]. This 

is also evidenced by the British who, according to Kell and Martin [3], were 

living comfortably at about 17.8°C .
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After the Depression and up to 1977, the comfort tem perature began to 

rise. For example, during the 1950s, the lower extreme of the ASHRAE 

therm al comfort zone had risen to 22°C at 20% relative hum idity [4]. By 

1975, this extreme had increased to 22.8°C also at 20% relative hum idity [5].

This increase of 5 degrees in the lower extreme of the comfort zone' over 

a span of 45 years cannot be due to changing biological needs. Instead it is 

quite likely to be due to the impact of social forces which resulted in 

changes in clothing, diet, attitudes and behaviour [6].

2.3 Theories of Hum an Thermo-regulatory M echanism

The hum an body continuously generates heat w ith an ou tpu t ranging 

from lOOW for a sedentary person to lOOOW for a person exercising 

strenuously [7]. Body tem perature m ust be m aintained w ithin a narrow  

tem perature range of 36.5°C to 37.5°C [8] to avoid discomfort and within a 

w ider range to avoid danger from heat or cold stress. Consequently, heat 

m ust be dissipated in a carefully controlled m anner for a body to stay 

w ith in  this range. N evertheless, heat is not generated  uniform ly 

throughout the body nor is it dissipated uniformly.

According to Shapiro and Epstein [8], the therm al experiences of the 

hum an body can be divided into 5 categories, and they are shown in 

Figure 2.1. These zones are determined by climatic conditions, metabolic 

rate and physical properties of clothing.

35



I. NON-COMPENSATORY HEAT ZONE

hot

  II. SWEAT EVAPORATION COMPENSATORY ZONE

w arm

comfortable III. VASOMOTOR COMPENSATORY ZONE

cool

  IV. SHIVERING COMPENSATORY ZONE

cold

V. NON-COMPENSATORY COLD ZONE

Figure 2.1 : Five Categories of Thermal Comfort [8]
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At the centre of the categories, is the physiological thermal comfort zone. 

A bove it, w hen body tem pera tu re  cannot be m ain tained  due to 

accumulation of heat, sweating is initiated (warm zone). The top zone is 

related to cases when heat storage is life threatening and is classified as a 

non-com pensatory heat zone. The lower half of the zones correspond to 

cases of heat losses for cool and cold situations. At the lowest zone, the rate 

of heat loss is life threatening as it cannot be compensated by metabolic 

heat or clothing insulation.

Body tem perature is the result of a fine heat balance between heat gained 

by the body and heat dissipated from it. Two sources which contribute to 

heat accumulation are internal and external heat. The external heat is the 

heat from the therm al environment. Metabolic processes are the main 

source for internal heat production within the body. The hum an body 

transform s chemical energy derived from the oxidation of carbohydrates, 

fats and proteins into mechanical energy. Since the efficiencies of these 

processes are relatively low, at 10% - 20% [8], most of the energy produced 

is transform ed into heat. The metabolic heat production can thus be 

calculated by subtracting the external mechanical work, W, from the total 

metabolic energy production, M, as (M - W). This net heat is either stored, 

causing the body tem perature to rise, or is dissipated to the environment 

through the skin surface and the respiratory tract.
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The heat dissipated from the skin surface is by sensible flow through the 

m odes of convection, C, and rad iation , R, and la ten t flow from 

evaporation of sweat, Esw and evaporation of moisture diffused (through 

skin), E dif. The heat dissipated through the respiratory tract occurs as 

sensible heat flow, Cres, and as latent flow due to evaporation of moisture 

during respiration. Eres. These are the heat flow from a nude person. For a 

clothed person, the heat dissipated from the skin also includes conduction 

to the clothes.

M aintaining constant body tem pera tu re  involves several therm o

regulatory mechanisms, primarily, the vaso-motor regulatory system by 

which blood flow to the skin is regulated. Vasodilation enhances blood 

flow  to the sk in  enab ling  a h igher rate  of heat d issipa tion . 

Vasoconstriction reduces blood flow thus reducing the rate of heat 

dissipation. W hen body tem perature cannot be m aintained by these 

mechanisms, other physiological systems like shivering (when the body 

tem perature is lower) and sweating (when body tem perature is higher) are 

activated. Physiological therm al comfort occurs w hen the net heat 

produced equals the total heat dissipated, and the body tem perature and 

sweat rates are appropriate.

Two commonly used models of energy balance are Fanger's Steady-State 

[9] and Gagge's Two-Node Energy Balance [10].
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2.3.1 Fanger's Steady-State Model

Fanger's Steady-State model assumes that the body is in a state of thermal 

equilibrium with negligible heat storage. The body is assumed to be near 

therm al neutrality; there is no shivering and vaso-regulation is not 

considered since the core and the skin are modelled as one compartment. 

At steady-state, the rate of heat generation is equal to the rate of heat loss 

and the energy balance is :

M  - W  = Q sk +  Qres

= ( C  +  R  +  Esk ) +  ( Cres +  Eres )

where,
M = rate of metabolic energy production. W /sq. m 
W = rate of mechanical work done, W /sq.m  

Q sk = total rate of heat loss from the skin, W /sq. m 
Qres = total rate of heat loss by respiration, W /sq. m 

Esk = rate of total evaporative heat loss from skin,
=  Esw +  Edif, W /sq. m
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2.3.2 Gagge's Two-Node Model

Gagge's two-node model represents the body as two concentric cylinders : 

the inner cylinder representing body core (skeleton, m uscle, internal 

organs) and the outer one representing the skin surface. The m odel 

assum es the following : conductive heat exchange is negligible; the 

tem perature of each compartment is uniform; metabolic heat production, 

external w ork, and respiratory  losses are associated w ith the core 

com partm ent; and the core and skin com partm ents exchange energy 

passively  th rough  direct contact and th rough  therm o-regulatory- 

controlled blood flow. The energy balance is such that the rate of heat 

storage is equal to the net rate of heat gain minus the heat loss. The model

is described by two coupled heat balance equations, one applied to each

com partm ent :

Core : Scr = M - W - ( Cres +  Eres ) - Qcrsk

Skin : Ssk = Qcrsk - ( C  + R + Esk )

w here,
Scr = rate of heat storage in the core, W /sq.m  
Ssk = rate of heat storage in the skin , W /sq. m 

Qcrsk = rate of heat transport from the core to the 
skin, W /sq. m
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Fanger's Steady-State model is the basis for the determination of thermal 

com fort in m oderate  therm al env ironm ents as em bodied  in an 

international standard known as ISO 7730-1984 [11]. The model is also the 

basis for Fanger's Comfort Equation which is widely used by ASHRAE in 

developing the Comfort Charts for various combinations of tem perature 

and hum idity [7].

In the present study, thermal comfort is studied by the direct analysis of 

the therm al sensation and thermal comfort scales. No m easurem ents of 

physiological variables like skin tem perature and sweat rate were carried 

out, and so, the present study will not be able to contribute towards any 

validation of the two models.

2.3.3 Humphreys' Simplified Model for Field Studies

H um phreys [12] has conveniently derived therm al comfort conditions 

especially for applications in field surveys. The equations can be used 

where a range of activities occur at the same time and a range of clothing 

is w orn by different individuals over the period of the studies. The heat 

transfer from the body core to the environm ent has been divided into 

three stages, namely, from the body core to the skin, from the skin to the 

outer surfaces of the clothing and from the outer surfaces of the clothing 

to the environm ent. Com bining the three stages of heat flows, the 

following equation emerges :

M ( Rb + kR c + kR e ) = Tb - Tg
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w here,

M = rate of metabolic heat production, W /sq. m 
k = proportion of metabolic heat dissipated by means 

other than evaporation 
Rb = thermal resistance of peripheral tissues, sq. m °C/W  
R c = thermal resistance of the clothing (in terms of 

Du Bois area), sq. m °C/W  
R e = thermal resistance between clothing surface and 

the surroundings, sq. m °C/W  
Tb = body core temperature, °C 
Tg = globe temperature, °C

The equation is relatively simple and with a knowledge of the constant, k, 

and the thermal resistance, a set of lines for various clothing levels may be 

draw n on a graph with metabolic rate and globe tem perature as axes. The 

w idth of the comfort zone at different metabolic rates and clothing levels 

may then be determined.

2.3.4 Conditions for Thermal Neutrality

The conditions required for thermal neutrality can be categorised under 

tw o  m ain  fac to rs, nam ely , e n v iro n m en ta l and  h um an . The 

en v iro n m en ta l factors inc lude  air tem p era tu re , m ean ra d ia n t 

tem perature, relative hum idity and air movement. Except for the mean 

radiant temperature, the other three factors are familiar terms.
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M ean rad ian t tem perature can be defined as the uniform  blackbody 

tem perature of an imaginary enclosure with which a person exchanges the 

same heat by radiation as he would in the actual complex environment. It 

can be m easured indirectly with a globe thermometer after correcting for 

air velocity and air tem perature. A globe therm om eter is an ordinary 

m ercury-in-glass therm om eter inserted into the m iddle of a 100mm 

copper globe which is painted m att black. Once the air tem perature. T a, 

globe tem perature ,T g , and air velocity, V , are known, the mean radiant 

temperature, Tmrt, can be calculated as follows :

Tmrt =  ( 1 +  0 .2 2  Vv ) ( Tg - Ta ) +  Ta

Note that when no radiative effect exists, i.e. Tg =  Ta, Tmrt is equal to Ta.

The air tem perature and the mean radiant tem perature affect the heat 

exchange of the body by convection and radiation. The rate of the heat 

exchange depends on the air movement. H um idity becomes significant 

when the body attempts to lose heat by evaporative cooling.

The hum an factors that affect thermal neutrality are clothing and bodily 

activity levels. The amount of clothing on the body insulates against heat 

losses or gains while the bodily activity, as measured by the metabolic rate, 

will determine the amount of heat generated internally in the process of 

working and to maintain warmth.
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The conditions for thermal comfort includes subjective or psychological 

factors in addition to the conditions listed for therm al neutrality. Rohles 

[13], one of the prominent psychologists who reviewed 5 previous studies 

that discussed the psychological aspect of thermal comfort, recommended 

a 3 dim ensional representation  of the hum an being in a therm al 

environment. The model consists of a cuboid with each axis representing 

organismic factors (age-sex, psyche, drive, body type, sensory process and 

genetics), physical factors (sound, light, volume, radiation, inspired air, 

atm ospheric pressure, force fields, air m ovem ent, tem perature  and 

relative hum idity) and reciprocative factors ( diet, clothing, exposure, 

social incentive and activity). The model has attributed the condition of 

m ind ' to num erous factors, as above. W hile the s tudy  is not 

comprehensive due to the small sample used, it should make an impact 

on researchers who hold simplistic models of hum an comfort based on a 

set of physical factors only.

2.4. Thermal Comfort and Thermal Sensation

In this section, the terms therm al sensation, therm al comfort, therm al 

acceptance and preferred tem perature are explained. Thermal sensation 

and therm al comfort are different term s which are som etim es used 

interchangeably and therefore require sufficient discussion to show their 

difference.
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2.4.1 Thermal Sensation

Thermal sensation is an expression of the sensation of warmth or its lack. 

This is related to a rational experience that is probably not influenced by 

any factors other than physiological and environm ental, including the 

activity and clothing levels of the person. The ASHRAE [7] Scale, also 

known as the Thermal Sensation Scale as shown in Table 3.4a (Chapter 3), 

is one way of expressing thermal sensation. The neutral tem perature is the 

tem perature at which people experience a sensation which is neither 

slightly warm  nor slightly cool. The neutral sensation is indicated by 

voting for the central category, known as 'neutral' on the therm al 

sensation scale.

2.4.2 Thermal Comfort

Thermal comfort is defined by ASHRAE [7] as "that condition of m ind in 

w hich satisfaction is expressed with the therm al environm ent". The 

phrase 'condition of m ind' implies that psychological as well as 

physiological factors are involved. One way of identifying the condition 

of m ind ' is to develop em pirical equations that can relate comfort 

perceptions or feelings to physiological responses [7]. In this way, the 

subjectivity element of the respondent can be reduced to quantifiable 

factors [7]. It is also possible that emotional factors can affect therm al 

comfort. Thus, therm al comfort is more of a non-objective expression 

when compared to thermal sensation.
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A simple way of expressing thermal comfort is to ask subjects to indicate 

their comfort feeling on a scale which contains term s referring to 

comfortable or uncomfortable conditions. Examples of the terms often 

u sed  are 's ligh tly  com fortable ', 'w arm ly  com fortab le ', 's ligh tly  

uncom fortable', and 'very uncomfortable'. Comfort Tem perature is the 

tem perature at which respondents express comfort feelings by voting with 

the middle category of the comfort scale. The middle category is known as 

'comfortable'.

Hensel [14] acknowledged the differences between thermal sensation and 

therm al comfort and Gagge et al [15] used separate scales for therm al 

sensation and thermal comfort. In the present study, both scales are used. 

Participants were asked to vote on both scales and analyses have been 

carried out for both sets of results.

2.4.3 Thermal Acceptance and Preferred Temperature

Two other frequently quoted terms are thermal acceptance' and Preferred 

Tem perature '. ASHRAE [16] specifies Therm al Acceptability as any 

condition in which " 80% or more of the people express satisfaction with a 

given environment". Another more widely used m ethod considers the 

votes within the three middle categories of the thermal sensation scale, i.e. 

between 3.0 and 5.0 inclusive, as thermal acceptability conditions. This 

m ethod was proposed by Fanger in developing the concept of Predicted 

Percent Dissatisfied (PPD).
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Preferred Temperature is the temperature at which a respondent requests 

no change in temperature or at which the greatest percentage of a group of 

people request no change in temperature. The Preferred Temperature can 

be established by using the McIntyre scale [17].

2.4.4 Thermal Comfort Indices

Many thermal indices have been developed over the years in an attem pt 

to combine some or all of the environmental variables into a single index 

that would uniquely define thermal comfort. ASHRAE [7] classifies the 

indices into three types, namely, direct, rationally derived and empirically 

derived.

Direct indices are those which can be m easured  d irectly  in an 

environm ent, such as, dry-bulb tem perature, w et-bulb tem perature, 

relative hum idity and air velocity. These are the simplest of the indices.

The rationally derived indices are based on the body's therm al balance 

equation, namely. Mean Radiant Tem perature, Predicted Mean Vote 

(PMV), Index of Thermal Stress (ITS), etc.

Predicted Mean Vote is an index developed by Fanger [9] which predicts 

the mean vote (thermal sensation) of a large group of people exposed to 

the same thermal condition. It is based on responses from a large number 

of students from the U.S.A. and Denmark combined w ith a steady-state 

heat balance model of the hum an body (see Thermal Comfort Theory 

Section)
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The Index of Thermal Stress is the cooling rate produced by sweating 

w hich w ould m aintain the person's therm al balance under the given 

condition. It is useful in overheated conditions as long as the physiological 

adjustm ents are able to m aintain thermal balance. ITS was developed by 

Givoni [18] from extensive research in desert climates.

The empirical indices involved experimentation with people. Examples of 

these indices are Effective Temperature, Corrected Effective Tem perature 

(CET), New  Effective Temperature and Predicted Percentage Dissatisfied 

(PPD).

The Effective Tem perature (ET) is the tem perature of the still, saturated 

condition which would, in the absence of radiation, produce the same 

effect as the given condition. It integrates three variables, namely, air 

tem perature, hum idity, and air movement.

The Corrected Effective Tem perature (CET) is similar to the Effective 

T em perature bu t includes the radiative effect, w here the dry-bulb 

tem perature is replaced by the globe temperature. This is useful when the 

condition is not uniform, for example, when the walls are not at the same 

tem perature as the air. The CET is obtained using nomograms [19].
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The N ew  Effective Tem perature (ET*) is defined as the dry-bulb  

tem perature of a uniform enclosure at 50% relative hum idity in which 

people would have the same net heat exchange by radiation, convection, 

and evaporation as they w ould in the varying hum idities of the test 

environment. The ASHRAE [16] SET* scale assumes clothing at 0.6clo, air 

movement at 0.2m /s, time of exposure at 1 hour with the activity level as 

sedentary. This set of specific values is known as the standard condition. 

When lines of constant ET* are plotted under the standard condition, the 

isotherm  for the neutrality threshold is at 23.5°C ET* [16]. N eutrality 

continues to be sensed up to the 25.0°C ET* isotherm . The slight 

discomfort region is represented by the 30°C ET* line. These tem peratures 

are determ ined based on physiological considerations rather than direct 

calculations from thermal scales.

2.5 Thermal Comfort and Performance

Before looking in detail at thermal comfort research, this brief section will 

consider work carried out on the effect of comfort on performance. As it is 

an accepted fact that people prefer to be thermally comfortable, it is to be 

expected that people will perform better when comfortable, whatever they 

are doing.
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Wyon of the National Swedish Institute for Building Research has carried 

out a large num ber of studies on the effects of the indoor therm al 

environm ent on hum an productivity  and perform ance. In one of the 

studies, Wyon et al. [20] observed the effect of moderate thermal stress on 

the potential work performance of factory workers in South Africa. The 

authors observed the perform ance of sim ple m anual tasks, nam ely, 

picking up 3 small pegs and inserting them one after another in the same 

hole using fingers of the preferred hand. The performance of the task is 

found to fall with the reduced finger skin tem perature as shown in Figure 

2.2. The study also noted that there is no difference betw een the 

performances of Black and White Males.

Wyon et al. also studied the relationship between air tem perature and the 

resultant finger tem perature for workers of both ethnic groups. The 

authors found that for tem peratures between 6°C to 20°C, the finger 

tem perature of Black workers are generally about 4°C lower than those of 

white workers. The finding does have practical implications in factories, 

but the reasons for the finding is unknown.

In a separate study, Wyon [21] studied the thermal effects on performance 

of manual work, finger speed, mental task and working rate. Figure 2.3 

shows the performance level of the subjects while wearing different levels 

of clothing and at different levels of activity.
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The figure shows that the performance of manual work and finger speed 

are found to be directly associated with tem perature for conditions below 

the neutrality tem perature of around 25°C, i.e. falling as tem perature falls. 

There is no significant effect on m ental perform ance at low er 

temperatures. This is likely due to the body giving priority to the brain at 

lower tem peratures. The working rate of the subjects sharply reduces at 

tem peratures above 20°C. The subjects reduced the working rate in order 

to reduce bodily heat generation and also perspiration.

It can be seen that manual dexterity is at 100% level at tem peratures above 

24°C, whereas mental performance is reduced at tem peratures above 20°C. 

Thus, there is no ideal tem perature when m ental as well as m anual 

performances are at the 100% level.

Vernon [22] studied the relationship between accident frequencies and the 

tem perature of the working environment in factories. He found that there 

was a 30% increase in accidents in factories at a tem perature of 12°C as 

compared to 20°C. Vernon also found that accidents in factories increased 

by 30% at an ambient temperature of 27°C as compared to 20°C.

M ackworth [23] studied the effect of environm ental w arm th on mental 

performance of young, fit, acclimatised naval personnel at the Psychology 

Laboratory in Cambridge, U.K.. The subjects were stripped to the waist and 

perform ed tasks which involved m ental and physical w ork or m ental 

work only. Mackworth found that there is a critical zone between effective 

tem peratures 83°F and 87.5°F (32.2°C and 65% to 35°C and 70%), above 

which accuracy of performance of mental tasks declined.
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However, according to McNall [24], while thermal comfort or near comfort 

conditions do maximise learning and productivity, the w ide variety of 

o ther factors that also influence any person 's env ironm ent could 

reasonably be suspected of being more im portant than temperature. Any 

person can have a host of environmental and motivational factors which, 

at various times, can strongly influence the person's productivity.

In summary, it can be said that the results do show difference in levels of 

perform ance for a given indoor thermal environm ent. The high critical 

tem perature zone found by Mackworth could be partly due to the lower 

clothing insulation of his subjects.

2.6 Temperate Climate Studies

The tem perate climatic region is the most studied region and the one in 

which some of the most famous researchers of therm al comfort have 

worked.
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2.6.1 Studies in the U.S.A.

The studies carried out by Nevins et al [25] in the U.S.A. were among the 

earliest extensive studies to determine the tem perature-hum idity chart for 

therm al comfort of seated persons. The participants were 720 college 

students: 360 males and 360 females. They took part in groups of 10 

students, 5 males and 5 females. The experiments were conducted in the 

KSU-ASHRAE Environmental Test Chamber which was commissioned at 

Kansas State University (KSU) in 1963. The participants voted on a 

C om fort scale, w hich is a therm al sensation scale w ith the term  

comfortable' as the central (no. 4) vote.

The m ean comfort votes for males and females combined for various 

conditions are shown in Table 2.1. Note the difficulty of the participants in 

sensing small changes in thermal conditions when the mean vote for a 

warm er condition can be lower than a cooler condition.

The results show a strong linear effect of tem perature and a smaller effect 

of relative humidity, however, according to McNall, the interaction effect 

between tem perature and hum idity was statistically significant at the 5% 

probability level. There was no significant difference between afternoon 

and evening tests.

McNall et al [26] studied therm al comfort for four levels of activity, 

namely, sedentary, low, medium and high. They used two scales, one with 

the term  'comfortable' and another with the term 'neutral' at the central 

(no. 4) vote. The m ethod of the experiments was similar to other KSU 

studies.
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The neutral zones for males and females for 3 activity levels beyond 

sedentary is shown in Figure 2.4. Note the shift of the females' neutral 

range as compared to the males'. The neutral range shifted tow ards the 

lower neutral tem perature of the males as the activity level changes from 

low to high. This is also evident from the higher slope of the females 

compared to the males. Thus, even though the neutral tem perature of the 

females is higher than the males at the lower activity level, the neutral 

tem perature is lower at higher activity levels.

Rohles et al [27] studied the influence of clothing and tem perature on 

sedentary comfort. Three clothing sets with 0.4clo, 0.6clo, and O.Sclo were 

tested. They found the relation between new Effective Temperature, ET*, 

and clothing insulation. Id, to be :

ET* = 85.54 - 13.13 Id

Rohles et al. calculated the new Effective Tem perature for a person in 

Business Suit (l.Oclo) to be 72.4°F (22.4°C), while a nude person should feel 

neutral at a temperature of 85.5°F (29.7°C).
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Rohles furthered his work with the developm ent of a M odal Comfort 

Envelope [28], which is a set of 15 conditions in which sedentary hum ans 

feel com fortable. This w as accom plished by using the statistical 

m easurem ent of mode. The mode in this case is the set of tem perature 

and hum idity  conditions in which the largest num ber of respondents 

reported feeling comfortable. The set of conditions are pooled together to 

form the Modal Comfort Envelope. Later Rohles developed a Revised 

Modal Comfort Envelope [29] which was used as a reference for defining 

the KSU-ASHRAE Comfort Envelope. Since the KSU-ASHRAE Comfort 

Envelope is widely used, it is reproduced in Figure 2.5.

2.6.2 Studies in Denmark

Fanger [9] furthered thermal chamber work in Denmark using the climate 

chamber method and employing acclimatised Danish students. A total of 

128 college students participated; half were males and the other half were 

females. They wore the standard KSU uniform of 0.6clo and m aintained 

sedentary activity during the three-hour sessions.

Besides being able to compare therm al comfort betw een males and 

females, Fanger also investigated thermal comfort across ages. He ran the 

same 8 conditions for 64 elderly Danish males and 64 elderly Danish 

females (with a mean of 68 years of age). Altogether, there were four 

groups of participants. Each group was subdivided into 8 subgroups of 8 

persons each and each person only participated once. They voted half- 

hourly on the Thermal Sensation Scale also known as the ASHRAE Scale.
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Figure 2.5 ; Rohle s Revised Modal Comfort Envelope also
known as the KSU-ASHRAE Comfort Envelope [29]
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Fanger used only the last three votes of each participant because their 

metabolic rates were more stable then. The regression lines betw een 

am bient tem perature and mean votes for both the college-age and the 

elderly Danish are shown in Figures 2.6(a) and (b). Note the extremely 

good correlation between mean votes and am bient tem peratures. The 

ambient tem perature has been normalised to an equivalent tem perature 

at 50% relative humidity. Table 2.2 shows the regression equations which 

will be useful for comparisons with other studies.

Table 2.2 also lists the neutral tem peratures found empirically for the 

different groups and by using Fanger's Comfort Equation. The neutral 

tem peratures found by both methods are close and so it is claimed that the 

equation can be used to predict neutrality for other conditions. The neutral 

temperatures of the males and females are close and so too are the neutral 

tem peratures for the elderly Danish males and females. Thus, Fanger 

concludes that gender and age do not influence thermal neutrality.

Further analysis by Fanger revealed that body build and ethnicity do not 

affect therm al sensation votes.

Among the therm al comfort research carried out, Fanger's work has 

greatly influenced the standard for m oderate indoor environments. The 

International Standards Organisation's ISO 7730 [11] for Moderate Thermal 

Environments uses PMV and FED indices for comfort conditions. The 

Standard recommends a winter indoor tem perature between 20°C to 24°C 

w ith  a m ean air velocity less than 0.15m /s. For the sum m er, it 

recom m ends an indoor tem perature of 23°C to 26°C w ith  m ean air 

velocity less than 0.25m/s.
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Figure 2.6 (a) & (b) : The Regression Lines for the College-age
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GROUP NO. REGRESSION EQUATION CORR.
COEFF.

NEUTRAL 
TEMP [°C]

COLLEGE-AGE DANISH 128 Y = 0.3048T - 3.836 0.716 25.71
ELDERLY DANISH 128 Y = 0.3206T - 4.241 0.667 25.71
COLLEGE-AGE
AMERICAN

720 Y = 0.3376T - 4.625 0.796 25.55

COMFORT EQUATION - - - 25.6

c - n

Table 2.2 : Regression Equations and Neutral Temperatures for the College-age 
and Elderly Danish and College-age American subjects and Neutral 
Temperature derived from Fanger's Comfort Equation [9]



The American Society of Heating, Refrigerating and A ir-Conditioning 

Engineers, or ASHRAE, in setting up their standard , w ere greatly  

influenced by the American studies. The ASHRAE Comfort Envelopes [16] 

for winter and summer are shown in Figure 2.7. The Envelopes are meant 

to provide acceptable conditions for occupants wearing typical indoor 

clothing at sedentary activity level. ASHRAE also shares the view that 

people cannot adapt to preferring w arm er or colder environm ents. 

ASHRAE concludes that it is therefore likely that the same comfort 

conditions can be applied throughout the world [16]. The ASHRAE 

Comfort Envelope has been the guideline used by engineers of the many 

countries which do not have the facilities to carry out independent 

investigations.

2.6.3 Reviews by Humphreys

H um phreys [30] has reviewed most of the field studies that have been 

carried out so there is no need to review them singly here. Hum phreys 

reviewed more than 35 field surveys which come from studies in Asia, 

Europe, and Australia, ranging from winter in Sweden to summer in Iraq.
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The mean daytim e tem perature experienced by the respondents of the 

studies he reviewed ranged from 17°C during a mild English w inter to 

34°C during the summer in Baghdad, Iraq. Using regression and probit 

analysis, he derived the range of neutral temperatures of the studies to be 

17°C to 33°C for adults. Figure 2.8 shows the mean tem perature versus 

neu tral tem peratures of the studies he surveyed. The regression line 

w hich  pred ic ts neu tra l tem pera tu re , Tn , from the m ean indoor 

tem perature, Tm is :

Tn =  2 .5 6  +  0 .831  Tm

The simplicity of the equation which requires only the mean tem perature 

is interesting. This suggests that acclimatisation affects the tem perature 

required for thermal neutrality.

In a subsequent study, H um phreys [31] dem onstrated that the mean 

indoor tem perature as experienced by the participants inside the buildings 

is strongly related to the mean outdoor temperature. T o, as shown by the 

following :

Tm =  0 .5 5  To + 14.1

He then derived a relation betw een neutral tem perature and m ean 

outdoor temperature, as shown below :

Tn = 0 .5 3  To +  1 1 .9
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The regression showed a good correlation with the actual data. Thus, the 

dependence of neutral tem perature  on m ean outdoor tem pera tu re  

suggests that acclimatisation to the prevailing climate influences comfort.

2.6.4 Field Survey in Britain by Oseland

O seland [32] from the Building Research Establishm ent, studied  the 

environm ental conditions in 'starter' homes and found that the 'neutral' 

thermal sensation rating was given at 18.7°C. Those households who were 

content with the prevailing tem perature had a mean thermal sensation of 

5.0 (slightly warm) at this condition. This neutral tem perature is lower 

than Fanger's prediction. Oseland suggested that context affected response 

i.e. the climate chamber appears colder as it simulates a "meat-locker" 

could be one of the contributing factors. He also suggested that the "range" 

effect may also be occurring as the subjects in climate chambers were 

exposed to fairly high tem peratures. The "range effect", according to 

McIntyre [17], is a psychological effect whereby the acceptance value of a 

range of temperatures by the respondents tends to occur half-way between 

the extreme temperatures tested.
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6.5 Comments by McIntyre

McIntyre [17] also compared the climate chamber studies of Fanger with 

the field studies reviewed by Humphreys. He conjectured that Fanger had 

focused on identifying preferred temperature while Hum phreys calculated 

the neutral tem perature. These two tem peratures are different in that 

while the subjects may identify a certain neutral tem perature, they may 

prefer a different temperature that is lower or higher. In a hot climate, for 

instance, the preferred tem perature could be lower than the neutral 

tem perature, and in a cold climate, the reverse could hold.

In his later work, McIntyre [33] favoured field studies to climate chamber 

ones as he found field studies closer to the 'real' world. He suspected that 

certain intervening variables that occur in the 'real' world may not be 

reproducible in the climatic chamber. For instance, building occupants 

may claim that sore throats are due to low humidities. In actual cases, 

suspended particulates also contribute to sore throats. Any attem pt in a 

climate chamber to examine the effect of low hum idity on comfort while 

keeping all other variables constant, including particulate concentrations 

in the air, is bound to be complex and not worth the time and expense 

involved.
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To sum m arise the Temperate Region Studies, O seland’s field survey in 

'starter' homes had the lowest neutral tem perature of 18.7°C among 

contem porary research. Hum phreys' review, which includes studies in 

the tem perate climatic region, resulted in a Neutral Temperature Equation 

that shows acclimatisation to the local climate. The neutral tem perature 

can be calculated using the indoor and outdoor tem peratures. All the 

chamber studies had neutral tem peratures close to each other, clustering 

around the neutral tem perature of 25.6°C as predicted by Fanger's Comfort 

Equation. Table 2.3 summarises the findings of the studies that determine 

the neutral temperatures so that they can be compared to the results of the 

present study in Chapter 7.

Thus the choice of method would seem to predict the likelihood of the 

outcome. The Field Surveys show adaptation effects while the chamber 

m ethods continually show constancy of neutral tem perature irrespective 

of geography.

2.7 Tropical Climate Studies

Research work discussed in this section was carried out w ithin the 

approxim ate tropical region. This contains climates which are both hot, 

hum id and hot, dry. Appropriate mention of the respective climate will be 

m ade when each piece of research work is discussed.
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STUDIES NEUTRAL 
TEMP. [C]

COMMENTS

NEVINS - U.S.A. 25.55 THERMAL CHAMBER
FANGER - DENMARK 25.71 THERMAL CHAMBER
COMFORT EQUATION - U.S.A. and 

DENMARK
25.6 THERMAL CHAMBER

HUMPHREYS - WORLD-WIDE INCLUDES TEMPERATE CLIMATE, 
FIELD SURVEYS 
NEUTRAL TEMP DEPENDS ON 
MEAN INDOOR TEMP

OSELAND - BRITAIN 18.7 FIELD SURVEY

Table 2.3 : Summary of Temperate Region Studies



2.7.1 Tropical Summer Index Studies in India

Sharma and Ali [34] carried out a major field study in the tropics using 

acclimatised Indian subjects in their working environments. The subjects 

recorded environmental conditions along with their votes on an adapted 

Bedford scale which included both sensation and comfort terms. After 

observing that therm ally  equivalent conditions p roduce  d ifferent 

subjective sensations, Sharma and Ali developed an index for the tropical 

area known as the Tropical Summer Index (TSI). TSI combines into a 

single index the effects of air tem perature, relative hum idity , air 

movement, and radiation on the thermal sensations of the participants. 

Specifically, the index relates the wet-bulb tem perature, T w , globe 

tem perature, Tg, and air velocity, V, in the following equation :

T SI =  O.aOSTw + 0 .7 4 3 T g  - 2 .06Vv + 0 .8 0

The tem peratures are in centigrade and the air velocity in m etres per 

second.

The authors have also compared TSI with several well-known indices like 

C orrected Effective T em perature, Index of Therm al Stress, Globe 

Temperature and Equatorial Comfort Index (discussed in the next section). 

Direct correlation coefficients determ ined among the indices show that 

TSI is superior in predicting thermal sensation of the local participants. 

The correlation coefficient of CET is the smallest while the other four 

indices produced coefficients which are quite close to TSI.
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Sharm a and Ali found that 27.5°C is the optim um  tem perature for 

thermal comfort. Optim um  tem perature is the tem perature within each 

category of the therm al scale that has the highest percentage of vote. 

Overall, the comfort zone for the tropics as tested on Indian subjects lies 

between 25°C - 30°C and 30% - 70% relative humidity. Thus TSI ranges 

from 19°C - 34°C at 50% relative hum idity when the 3 middle intervals are 

included for the comfort interval as shown in Table 2.4. The optim um  

tem perature for each category coincides w ith the m iddle value of the 

tem perature range.

As the Tropical Summer Index is an im portant index in the tropics, the 

Index superimposed on the Psychometric Chart is presented in Figure 2.9 

for convenience of comparison with other studies.

2.7.2 Studies in Iraq and India by Nicol

Nicol [35], in his analysis of observations of thermal comfort in Roorkee, 

India, and Baghdad, Iraq, found that individuals accustomed to living and 

w orking in a hot and dry climate were more comfortable at a globe 

tem perature of 32°C. He contrasted the result with English office workers 

[36] who were comfortable or comfortably warm at globe tem peratures of 

20°C - 25°C.
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THERMAL TEMPERATURE OPTIMUM
SENSATION RANGE [°C] TEMP. [°C]
SLIGHTLY COOL 19.0 - 25.0 22.0
COMFORTABLE 25.0 - 30.0 27.5
SLIGHTLY WARM 30.0 - 34.0 32.0

Table 2.4 : Temperature ranges and Optimum Temperature 
of the Indian Subjects as found by Sharma 

and Ali [34]
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In the m ultiple regression equation computed for the responses in both 

locations, a statistically significant air velocity term was present. However, 

the hum idity  term is not significant. Nicol found that as long as the air 

velocity is greater than 0.25m/s, the sedentary acclimatised subjects had 

little discomfort. Thermal discomfort exceeded 20% when the tem perature 

rose above 36°C.

Fanger's equation gives a comfort optim um  of 26.5°C when assum ing 

sedentary activity with 0.5 do  value and a mean air velocity of 0.15m/s. At 

32°C, Fanger's m ethod predicts that 70% of the population  will be 

uncomfortable. Thus, Nicol claimed that acclimatised subjects can be 

comfortable at tem peratures considered unacceptable in the models which 

were developed for different climatic regions.

2.7.3 Studies in Sudan and Saudi Arabia by Abdelrahman

Abdelrahm an [37] studied thermal comfort in Khartoum, Sudan during 

the hot season. He compared the Corrected Effective Tem perature index 

with the Index of Thermal Stress in terms of the prediction of comfort. 

Forty-six subjects w earing light sum m er clothing and taking on a 

sedentary level of activity were tested under four different conditions. The 

subjects voted on a 9-point interval scale which is shown in Table 2.5. 

Note that the m id-point of the scale is labelled 'slightly warm ' thus 

making the scale biased tow ards the w arm  side. The scale has both 

sensation and comfort terms in it.
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0 UNBEARABLY COLD
1 VERY COLD
2 COLD
3 COOL
4 COMFORTABLE
5 SLIGHTLY WARM
6 W ARM
7 HOT
8 VERY HOT
9 UNBEARBLY HOT

Table 2.5 : Comfort scale used by
Abdelrahman [37] which 
is biased towards the 
warm side
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The Index of Thermal Stress predicted 29°C as the dry-bulb tem perature 

w hile Corrected Effective Tem perature, which is typically used by 

Sudanese engineers, predicted 25°C. The comfort votes of the participants 

was found to be closer to 29°C. Thus, ITS (developed for a desert climate) 

was a better predictor of comfort level than GET for the tropical region that 

Abdelrahm an studied.

Abdelrahm an suggested that the GET may not be suitable for applications 

outside the region in which it was developed, that is, it m ight have a 

geographical bias. He also found that 25% of energy used in the air- 

conditioning in Khartoum could be saved by increasing the tem perature 

of the indoor design condition by 4°G.

Abdelrahm an [38] also carried out another field survey to verify the 

capability of a comfort meter in assessing comfort levels in air-conditioned 

classrooms. The location was Dhahran, Saudi Arabia, which has a hot and 

hum id climate. As no outdoor hum idity data was provided, it is not 

possible to categorise the location as having m oderate or high hum idity 

levels.

Fifteen participants who wore Arabian summer dress which has a 0.7clo 

value, m aintained sedentary activity throughout the one hour stay in the 

classrooms. The same participants took part in all the six different 

environm ental conditions with tem perature ranging from 23°G to 25°G, 

relative hum idity  from 52% to 61% and air velocity from 0.17m /s to 

0.27m /s. The participants' subjective sensory responses on the ASHRAE 

Thermal Sensation scale were compared with the Thermal Gomfort Meter 

readings.
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The author found that for five of the conditions, the participants' votes 

reg istered  a percentage of dissatisfaction of 20% or less. At those 

conditions, the Comfort M eter show ed an alm ost sim ilar P redicted 

Percentage D issatisfied of 20% or less. The partic ipan ts ' therm al 

assessm ent compares quite closely to the Meter readings. Abdelrahm an 

concluded that the two methods are in agreement. The Thermal Comfort 

Meter can thus be used as a convenient alternative to the more laborious 

vote taking method.

It should be pointed out that the range of conditions tested was narrow  

and is around the conditions for which the Comfort Meter was developed. 

For conditions further away from the comfort range, it is uncertain 

whether the Comfort Meter will be able to match the thermal assessment 

of the subjects.

2.7.4 Theoretical Study in Bangladesh by Ahmed

Ahmed [39] compared various thermal indices for Dacca, Bangladesh, and 

found that most of them predicted overheated conditions compared to the 

prevailing climate. The experience of living in Dacca suggests that there 

are times when the Bengalis do feel comfortable.

Since H um phreys and Nicol [36] have suggested higher acceptable 

tem peratures for lower latitude regions, Ahmed has chosen Hum phreys' 

neutral equations to determine the comfort zone for Bengalis. He used 

Dacca's mean monthly outdoor temperatures in the neutral equation and 

added ±2°C to them to form the comfort zone.
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According to Ahmed, using Hum phreys' neutrality equation to determine 

the therm al comfort zone matches the real experience observed in Dacca. 

How ever, Ahm ed did not provide any survey or experim ental data to 

support his claim.

2.7.5 Studies in Solomon Islands by Woolard

The Solomon Islands, which are in the north-east of Australia and also in 

the tropics, were the location of a field study carried out by Woolard [40]. 

The weather in the Solomon Islands is warm and humid. In the survey, 

the respondents indicated their sensation on a graphical scale calibrated 

w ith the ASHRAE scale. When their thermal assessments were correlated 

w ith several indices, W oolard found that air-tem perature provides a 

reasonable thermal index to measure the thermal neutrality of Solomon 

Islanders which is found to be 27.5°C ± 2°C.

An interesting point about W oolard's findings is that when a Thermal 

Sensation scale is used (which is supposed to be less subjective than a 

Thermal Comfort scale) the respondents voted for a higher tem perature 

than predicted by Fanger, possibly supporting the adaptive m odel of 

therm al comfort.
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2.7.6 Field Survey of Thai Office Workers by Busch

Busch [41] carried out a survey on thermal response to the Thai office 

environm ent. The office w orkers voted on an ASHRAE Therm al 

Sensation scale which was presented as a line graph w ith a m id-point 

betw een the intervals as shown in Figure 2.10. Physical m easurem ents 

w ere sim ultaneously  taken. The office bu ild ings w ere either air- 

conditioned or naturally ventilated and the period of the survey included 

the hot season and the wet season.

The natu ra lly  ventilated  build ing respondents reg istered  a neutral 

tem perature of 28.5°C while the air-conditioned building respondents 

registered a neutral temperature of 25°C.

The full Thai sample i.e. air-conditioned and naturally ventilated groups, 

indicated their therm al acceptability from 22°C to 30.5°C. The higher 

extreme of the acceptability range is 4°C greater than the hot and humid 

corner of the ASHRAE Summer Comfort Envelope, which is at 26.5°C. 

The ASHRAE Summer Comfort Envelope is presented in Figure 2.4.

Busch concluded that relaxing slightly the criteria for defining the thermal 

comfort zone boundary (from the ASHRAE boundary) will result in 

savings in air-conditioning energy consumption in Thai office buildings.
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ASrlRA E Scale: "Raic. how you fcei a: iras momcnL"
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cold cool slighdy ncou-al slighiiy wann hot
c o o l w arm

Figure 2.10: Busch s Line Graph Thermal Sensation Scale [41]
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2.7.7 Climate Chamber Study using Hot and Hum id Condition in 

France by Berger

Berger et al. [42] studied thermal comfort under hum id tropical climates in 

a climatic chamber in Strasbourg, France. Twenty local participants took 

part in 24 different conditions at temperatures of 25.6°C, 28.9°C and 32.2°C 

and relative humidities of 50%, 70% and 90%. The sessions were carried 

ou t one after another w ithout any time gap betw een them  and the 

sessions lasted for four hours.

These were experiments where the participants, after taking part in the 

50% relative hum idity condition, took part in the other two conditions 

with 70% and 90% hum idity consecutively. The experiment that followed 

was a repeat except that after the 50% relative hum idity condition, the 

participants took part in the 90% hum idity condition first and then the 

70% hum idity condition. By so doing, the authors were able to check for 

consistency of responses.

The observed mean votes showed that reversing the order of the relative 

hum idities influenced their votes. The differences are between 0.5 to 1.5 

units of the voting scale for the 70% hum idity condition. The predicted 

mean votes were significantly different from the actual mean votes. So the 

authors concluded that the prediction of therm al comfort based on the 

Predicted Mean Votes may not be accurate for humid tropical conditions.
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It is w orthw hile to note that the participants were not acclimatised to 

tropical climates and that the whole study was carried out using the 

thermal chamber method as used in Fanger's studies.

2.7.8 Climate Chamber Study in Tapan by Tanabe et al.

Another climate chamber study was conducted by Tanabe et. al [43] in 

Japan. The participants were acclimatised Japanese college students who 

took p a rt for 3 hours w earing the 0.6clo standard  uniform  w hile 

m aintaining sedentary  activity. There were 32 m ale and 32 female 

participants. The conditions of the experiments were hot and hum id, 

sim ilar to Japanese sum m er conditions. Before the analysis, the  

environmental conditions were converted to a normalised tem perature at 

50% relative hum idity and air velocity of O .lm /s using Fanger's comfort 

equation.

The neutral tem perature (which is normalised to 50% relative hum idity) 

of the Japanese males and females were found to be 25.8°C and 26.8°C 

respectively. The overall neutral tem perature is thus 26.3°C and not 

significantly d ifferent from the neutral tem perature  of the Danish 

students of 25.7°C.

The authors noted that at high relative hum idities, high percentages of 

uncomfortable' feelings were recorded. Thus, they concluded that at high 

relative hum idities, therm al comfort appears different from therm al 

sensation.
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Tanabe et. al also carried out another study to investigate the effect of air 

velocity on therm al sensation. The results show ed that the therm al 

sensation vote at higher air velocities ( > 0.5m /s ) were lower than the 

PMV. The results challenged the suitability  of the PMV m odel in 

predicting sensation at higher air velocities which typically prevail in the 

hot and hum id summers of Japan.

2.7.9 Climate Chamber Study in Hong Kong by Chung and Tong

Chung and Tong [44] carried out another thermal comfort study using the 

therm al chamber m ethod similar to the study by Tanabe et al.. The 

participants were college-age H ong Kong Chinese who w ore 0.6clo 

standard clothing and were exposed under sedentary activity for 3 hours to 

several different therm al conditions. They voted on the ASHRAE 

Thermal Sensation scale.

For the analysis, the ambient tem peratures and relative hum idities were 

first norm alised to 50% relative hum idity  using Fanger's com fort 

equation. The norm alised tem perature that corresponds to the m ean 

neutral vote, known as the neutral tem perature, is 24.9°C for the Hong 

Kong Chinese. The tem perature is lower than the American neutral 

tem perature of 25.6°C by 0.7°C and lower than the Danish neutral 

tem perature of 25.7°C by 0.8°C. The authors found these differences to be 

not significant.
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A probit analysis showed that the neutral zone (for votes on the neutral 

point only), is 22°C to 25.2°C. The neutral tem perature of 24.9°C lies nearer 

to the upper boundary of the zone. A preferred tem perature was found to 

be 23.7°C, which is lower than the neutral temperature.

The neutral tem perature of the females is 1°C higher than the neutral 

tem perature of the males and according to the authors, is significant at the 

5% level. No significant difference was found in the neutral tem peratures 

between persons of different build as measured by their pondéral indices.

2.7.10 Studies in Australia by Williamson et al.

W illiamson et al. [45] carried out field studies of therm al discomfort in 

hou sing  in the hum id tropics of D arw in, A ustralia . Thirty-one 

households, half w ith air-conditioning and the other half w ithout, were 

involved. Environm ental conditions were recorded and  subjective 

responses were collected by interviews and votes. The uniqueness of this 

study is the use of a 7-point thermal discomfort scale as shown in Figure 

2.11. The scale has only one comfortable point and the rest of the scale 

relates to discomfort of varying levels.

W illiamson et al found that the International S tandard Organisation's 

PMV and other models provide values numerically greater than the mean 

votes recorded by the households. The researchers suggested that one 

possible reason is the lack of any predictable relationship between thermal 

preference and thermal discomfort or thermal sensation.
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Figure 2.11 : Williamson's 7-point Thermal Discomfort Scale [45]

HA



2.7.11 Field Studies in Australia by de Dear and Auliciems

de Dear and Auliciems [46] carried out six field surveys of free-running 

and air-conditioned buildings to determ ine therm al neu tra lity  and 

acceptability. They compared Fanger's equation [9], Hum phreys' neutrality 

equation [30] and Auliciem's equation [47] w ith the observed results. 

A uliciem s' m u ltip le  regression  equation  re la tes the  n e u tra lity  

tem perature, Tn, with the mean indoor temperature, Tm , and the monthly 

mean outdoor temperature. T o, The equation is shown as follows :

Tn =  0 .48T m  + O .M To +  9 .2 2

Table 2.6 shows the comparison of neutrality tem peratures for Brisbane 

and  M elbourne sum m er a ir-conditioned and non a ir-conditioned  

buildings. For the air-conditioned surveys, Auliciems' multiple regression 

equation came closest to the observed neutrality. Fanger's equation over 

predicted in the range of 1°C to 2°C. In the two non air-conditioned 

buildings, Hum phreys' equation came closest to the observed neutrality, 

while Fanger's equation overpredicted by as much as 3°C.

The results support the adaptive model of therm al comfort against 

Fanger's and Nevin's work. As Fanger's equation was developed for air- 

conditioned space, applying it to naturally ventilated spaces m ay be 

considered to be out-of-context.
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METHOD EQUATION BRISBANE - 
SUMMER

MELBOURNE - 
SUMMER

CONDITIONS AIR-
COND

NON A-C AIR-
COND

NON A-C

OBSERVED
NEUTRALITY

PROBIT
ANALYSIS

23.9[C] 25.6[C] 22.7[C] 21.8[C]

FANGER’S EQN P.M.V. 25.1[C] 26.2[C] 24.8[C] 25.0[C]
HUMPHREYS’ EQN NEUTRALITY N.A. 25.2[C] N.A. 21.8[C]
AULICIEM’S EQN MULTIPLE

REGRESSION
24.0[C] 26.2[C] 23.1[C] 23.5[C]

?
Table 2.6 : Neutrality Temperature obtained using different methods for

air-conditioned and non air-conditioned buildings in Australia[46]



In sum m ary in the air-conditioned spaces, three studies, namely in Saudi 

Arabia, Thailand and Hong Kong, produced neutral tem peratures around 

25°C. In naturally ventilated buildings, the neutral tem perature found 

from the Tropical Summer Index was 27.5°C. The Thai office workers 

registered a neutral tem perature of 28.5°C and the Sudanese workers 

reg istered  their neutra l tem pera tu re  at 29.0°C. The three neu tra l 

tem peratures for the naturally ventilated buildings range over 1.5°C. The 

sum m ary of the studies in the tropics which determ ined the neutral 

tem peratures are listed in Table 2.7 so that they can be compared with the 

results of the present study in Chapter 8.

Thus, in the tropics, the neutral tem perature of the respondents seems to 

depend on the type of building as well as the climate. The neutral 

tem perature in the air-conditioned space is lower than the naturally  

ventilated space.

2.8 Comfort Studies in Singapore

The predom inant climate of Singapore is hot and humid. The studies that 

are discussed in this section have been carried out by Ellis, Webb, Lim and 

Rao and de Dear et al.
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TROPICAL STUDIES NEUTRAL 
TEMP. [C]

COMMENTS

SHARMA AND ALI - INDIA 27.5 T.S.I. , FIELD SURVEY
ABDELRAHMAN - SUDAN 29.0 I T S. , FIELD SURVEY
ABDELRAHMAN - SAUDI

ARABIA
25.0 P.M.V. FROM COMFORT METER, 

AIR-COND., FIELD SURVEY
DE DEAR - BRISBANE

MELBOURNE
23.9
22.7

NEUTRAL TEMP., AIR-COND BLDG. 
IN SUMMER, FIELD SURVEY

BUSCH - THAILAND 25.0
28.5

NEUTRAL TEMP., AIR-COND. AND 
NAT. VENT. BLDG.,
FIELD SURVEY

TANABE - JAPAN 26.3 NEUTRAL TEMP., 
THERMAL CHAMBER

CHUNG - HONG KONG 23.7
24.9

PREFERRED AND NEUTRAL TEMP., 
THERMAL CHAMBER

3>

Table 2.7 : Summary of Tropical Region Studies



2.8.1 Studies by Ellis

Ellis, who was a Navy Commander during the Second W orld War, used 

his naval personnel as subjects for his comfort studies [48]. The studies 

were carried out on board warships at sea in two geographical areas, on the 

South China Sea and in Japanese waters.

The naval personnel answ ered questionnaires and also voted on the 

Bedford comfort scale. Physical m easurements taken included dry-bulb 

tem pera tu re , w et-bulb  tem pera tu re , globe tem p era tu re , and  air 

m ovem ent. Globe tem perature readings show ed that there was no 

substantial difference betw een m ean rad ian t tem pera tu re  and air 

tem perature. An Effective Tem perature for an average air speed of 

0.50m/s was derived.

Ellis found that 26.7°C is the upper acceptable and 22.2°C is the lower 

acceptable Effective Tem perature for which more than 80 percent voted 

'comfortable'. He included 'comfortably warm ' and 'comfortably cool' 

w ithin the comfort zone. W hen the Effective Tem perature got above 

26.7°C, more than 80 percent of the subjects stripped to their waist.

Ellis also found that the comfort responses of the subjects at the second 

location (near Japan) were consistently lower and dropped faster with 

tem perature than the responses at the first location. The responses were 

similar near the comfort zone. According to Ellis, "the men had become 

less tolerant of the w arm th and particularly of the hum idity  of the 

atm osphere."

74



In another piece of research, Ellis [49] employed European naval officers 

and Asian naval officers, including Singaporeans, as his subjects. The 

Europeans had lived in Singapore between 6 months and 2.5 years. They 

perfo rm ed  sedentary  w ork at their w orkplace and they recorded 

m easurem ents of dry-bulb and wet-bulb tem peratures and air speed as 

well as comfort vote. The recordings were done over 1 to 4 m onth 

periods.

Ellis found the Effective Tem perature ranges for all the four groups of 

European men, European women, Asian men and Asian wom en as 

shown in Table 2.8. The Asian women preferred the warm est condition 

and Ellis conjectured that it was probably due to their being the more 

sedentary group. However, he did not elaborate.

When the Effective Temperature range for the European men and women 

are pu t together, the resulting range is 22.2°C - 26.1°C. A similar range for 

the Asian men and women is 21.7°C - 27.2°C. A lthough the Asian 

participan ts ' tem perature range is w ider, it overlaps the European 

participants ' range for the m ost part. This result indicates that the 

European naval officers have acclimatised to the Equatorial climate of the 

Singapore area.

Ellis also investigated preferred air movement of the Europeans on the 

subjective basis of still air, slight movement, m oderate and turbulent 

conditions. The results are shown in Table 2.9. Ellis assigned to each of the 

four air movements a rough velocity value partly based on his previous 

study on the warships.
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GROUPS EFFECTIVE TEMP [°C]
EUROPEAN MEN 22.8 - 26.1
EUROPEAN WOMEN 22.2 - 25.6
ASIAN MEN 21.7 - 27.2
ASIAN WOMEN 24.4 - 26.7

Table 2.8 : Comfortable Effective Temperature ranges 
for the 4 groups found by Ellis [49]



en<s>

TEMPERATURE RANGE [°C] PREFERRED AIR CONDITIONS
> 28.3 2.0 m /s, TURBULENT
< 28.3 - MEN
< 27.2 - WOMEN

0.5 m /s , SLIGHT AIR 
MOVEMENT

< 25.0 0.1 m /s , STILL AIR

Table 2.9 : Preferred Air Movement of the Europeans as found 
by Ellis [49]



2.8.2 Studies by Webb

Webb [50] while working at the University of M alaya in Singapore, 

conducted another field study using 14 local Singaporeans and 2 

Europeans who had lived there for more than 20 years. Besides taking 

readings of physical measurements, the participants voted on a 9-point 

interval comfort scale also known as the extended Bedford scale'. The 

term s 'extrem ely hot' and extremely cold' w ere added to the two 

extremes of the scale. The participants carried out their daily routine as 

occupants of the houses (which were of different types) and buildings.

Webb found that m axim um  comfort was found at a m ean Effective 

Tem perature of 26.2°C when the maximum percentage of votes were 

registered. Table 2.10 shows the full results of Webb's study. The range of 

comfort, according to Webb, lies between votes of 2.5 and 5.5 which refers 

to 25°C to 27.2°C. However, the range of comfort is usually considered to 

be between 'comfortably warm ' and 'comfortably cool' on the comfort 

scale between the votes of 3.0 to 5.0 inclusive. When the latter range of 

comfort is used, the temperature is found to lie between 25.3°C to 26.7°C.

The upper limit of comfort as found by Webb is similar to the upper limit 

of neutrality of the Europeans and Asians in Ellis's study. It is interesting 

to note that Ellis and Webb used thermal sensation and thermal comfort 

scales respectively.

In a separate analysis, multiple regression was used to obtain the following 

relation, known as the Singapore Index or the Equatorial Comfort Index 

(E.C.I.). The index in terms of air temperature, T, vapour pressure, P and 

air velocity, V, is as follows:
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COMFORT VOTE VOTE RANGE MEAN EFFECTIVE 
TEMP [°C]

COMFORTABLY COOL 2.5 - 3.5 25.1 - 25.8
COMFORTABLE 3.5 - 4.5 25.8 - 26.6
COMFORTABLY
W ARM

4.5 - 5.5 26.6 - 27.3

Table 2.10 : Mean Effective Temperature Range for the 3 middle 
Categories of the Comfort Scale [50]



0 =  0 .5 7 4  T  +  0 .4 8 8  P  - 0 .2 3 1  V v  +  2 1 .2 3

The Equatorial Comfort Index is also written by Webb in terms of dry-bulb 

temperature, T d, wet-bulb temperature, Tw, and air velocity as follows:

0  =  0 .4 4 7  Td +  0 .5 5 3  Tw - 0 .2 3 1  V v

The coefficients of the variables suggest that a sim plification of the 

equation is possible. The simplification will result in errors between 0.2 to

0.4°F (0.1 to 0.2°C) in most cases. The simplified form of the ECI, according 

to Webb is as follows:

0 = 4 ( T d  + T w )  - 0.25 Vv

where 0  = the index in °F
T  = air temperature °F 
P = vapour pressure in mm Hg 
V = air velocity in ft/m in 

Td = dry-bulb temperature in °F 
Tw = wet-bulb temperature in °F

The correlation coefficient between thermal sensation and the dry-bulb 

tem perature is 0.52. The maximum percentage of subjects who are 

comfortable is 68 percent, which is at 26°C. The nom ogram  of the 

Equatorial Comfort Index is shown in Figure 2.12.
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It is im portant to note that since Webb used a comfort scale, his results 

represent comfort rather than neutrality.

2.8.3 Studies by Lim and Rao

Lim and Rao [52] conducted field surveys of pre-university students in 

their classes and 'hawker centres' (cooked food stalls) in Singapore. A 

Comfort Meter was also used to provide Predicted Mean Votes while the 

subjects voted on the Thermal Sensation scale.

The authors suggested that the neutral E.C.l. developed by Webb may be 

low ered from 26°C to 25°C. At 25°C, the m axim um  percentage of 

neutrality assessment, which was 59 percent, was obtained. The PMV from 

the Comfort Meter also gave a neutrality zone around 25°C. The results 

obtained by Lim and Rao generally agree with Webb's, despite the fact that 

E.C.l. is a comfort index and PMV is a neutrality index.

2.8.4 Climate Chamber Study by de Dear et al.

While all the studies conducted in the equatorial region have been of the 

survey type, a recent study has been carried out using the thermal chamber 

method. The experiments were carried out by de Dear, Leow and Ameen 

[53] at the National University of Singapore.
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Thirty-two college students, half males and half females, participated in 

two and half-hour sessions. They wore the standard KSU uniform  of 0.6 

d o  value and m aintained sedentary activity throughout the experiment. 

They took part one by one rather than on a group basis as is common in 

other cham ber studies. The participants filled in a questionnaire sheet 

which contained instructions and procedures for the experim ent and 

voted on the Therm al Sensation and Preference Rating Scales. The 

participants answ ered the questionnaire sheet and the scales every 10 

minutes. According to the preference rating of the participant (which was 

conveyed to the technician via an intercom), the tem perature of the 

chamber was adjusted immediately in accordance with the participant's 

preference.

The mean of the 32 participants' preferred temperatures was found to be 

25.4°C and at 95% confidence interval, the estimate of this mean ranged 

from 25.0°C to 25.8°C. The preferred tem peratures of the males and the 

females were not statistically significant.

W hen the participants were at their preferred tem perature, the average 

vote is -0.3. This value is closer to the neutral vote of 0.0 than the slightly 

cooler vote of -1.0. The authors calculated that the -0.3 vote, when 

converted into tem perature, gives a neutral tem perature of 26.4°C, which 

is IK  h igher than the preferred tem perature. The m ean preferred  

tem perature of 25.4°C is very close to Webb's E.C.I.

The authors also quoted a field study [54] they conducted in a high-rise 

build ing  in Singapore. The neutral tem perature obtained was 28.5°C, 

which is 2K w arm er than that predicted by the PMV m odel for the 

humidity, air speed, clothing and metabolic rate observed in the survey.
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The authors commented that the discrepancy in the results between the 

chamber m ethod and the field studies can be attributed to the difference 

betw een 'neutrality ' and 'preference'. The authors concluded that the 

preferred tem perature of Singaporeans is not significantly different from 

the preferred tem peratures of the people from the tem perate or tropical 

climates.

de Dear, Leow and Ameen carried out a follow-up study [55] to investigate 

the acceptability of am bient tem peratures that are w arm er than the 

preferred temperature. Two hum idity levels, 35% and 70% were used at 

six different temperatures that ranged from 25°C to 30°C. The participants 

voted on the Therm al Sensation scale and the Com fort scale and 

responded 'yes' or 'no' to a question on acceptability of the condition.

Using a 20% dissatisfaction criterion, the upper limit of the acceptable 

comfort zone at 70% relative hum idity was established at 27.6[°C] while 

the corresponding value at 35% was 27.9[°Cj. Note that the tem peratures 

are alm ost similar so the participants were not sensitive to the different 

humidities. ASHRAE [16], prescribed an acceptable tem perature of 26.5°C 

at 50% relative humidity, which is 1.5K cooler.

Finally, Markus and Morris [56] who had worked in Malaysia, attempted to 

explain why the therm al comfort of tropical people is different from 

temperate people. Markus and Morris observed that tropical people exhibit 

a slower pace of movements, which would lead to lower metabolic rates. 

This might suggest that in everyday life tropical people can tolerate higher 

am bient conditions.
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In summary, there is a large discrepancy between the neutral temperatures 

of the field study which includes high-rise buildings, as carried out by Lim 

and Rao and a similar study by de Dear et al. The difference between the 

neutral temperatures is 3.5°C. The field studies carried out in the 1950s by 

Ellis and Webb show close similarity in the upper comfort limit.

The climate chamber study by de Dear et al determ ined the Preferred 

Tem perature of the Singapore students to be 25.4*C. Table 2.11 gives a 

sum m ary of the major studies carried out in the equatorial region.
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EQUATORIAL STUDIES TEMP. [C] COMMENTS
ELLIS - TROPICAL SEAS 22.2 - 26.7 EFFECTIVE TEMP., EUROPEANS ON 

WARSHIP
ELLIS - SINGAPORE 22.2 - 26.1 

21.7-27.2
EFFECTIVE TEMP. FOR EUROPEAN 
EFFECTIVE TEMP. FOR ASIAN , 
FEILD STUDIES

WEBB - SINGAPORE 25.0 - 27.2 EFFECTIVE TEMP. FOR 
SINGAPOREANS, FIELD STUDIES

WEBB - SINGAPORE 26.0 DRY-BULB TEMPERATURE, 
SINGAPOREANS, FIELD STUDIES

LIM - SINGAPORE 25.0 FIELD STUDIES AND PMV FROM 
COMFORT METER

DE DEAR - SINGAPORE 25.4 PREFERRED TEMP., THERMAL 
CHAMBER

DE DEAR - SINGAPORE 28.5 NEUTRAL TEMP., FIELD SURVEY
DE DEAR - SINGAPORE 27.6 UPPER ACCEPTABLE TEMP. AT 70% 

REL. liUM. THERMAL CHAMBER

Table 2.11 : Summary of Equatorial Region Studies
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METHODOLOGY

3.1 In troduction

In this chapter, details of the method used in the study and the reasons for 

choosing it are discussed.

The chapter begins with a discussion of the difference between therm al 

chamber and field methods. Then, argum ents in favour of cham ber 

studies are given. Next, the thermal chambers at the University of Science 

Malaysia, Pulau Pinang and at University College London, are presented. 

This is followed by a description of the indiv idual equipm ent and 

instrum ents used in the experiments. Photographs of the instrum ental 

set-up are also included.

Following this, a description of the participants is presented. Then, 

clothing insulation level and metabolic rate are discussed, followed by a 

section which discusses the biodata sheets which each participant had to 

complete. Next, the voting scales are presented and the reasons for the 

particular choice of scales are given.

Finally, the sequence of the experimental procedures is presented so that 

the whole methodology can be visualised clearly.
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3.2 Comparison of Thermal Chamber and Field Method Studies

The Thermal Chamber Method is a m ethod where the environm ental 

param eters in the chamber can be set by the experimenter. The particular 

set of conditions, nam ely, tem perature, relative hum idity  and air 

m ovem ent can be controlled and maintained easily throughout the whole 

period of the experiment, which is three hours in this study. The thermal 

cham ber itself is sometimes referred to as a climatic chamber. The 

metabolic rate of the participants and the clothing insulation values can 

be controlled at the desired level for each experiment. W hile in the 

cham ber, the m etabolic rate may be controlled by restric ting  the 

participants to a few activities that represent the desired rate. Clothing 

insulation values may be controlled by providing a common set of 

clothing for the participants to wear during the experiments.

The Chamber m ethod allows all variables to be effectively held constant 

except for the variable to be studied. It also allows the experimenter to 

identify the independent variables that affect the dependent variable, 

namely, the thermal comfort vote. The extent of the dependence m ay also 

be determined.
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In contrast to the Chamber method, the Field m ethod, involves on-site 

experim ents w here the environm ental param eters cannot be closely 

controlled. This can lead to variations of the param eters during  the 

experiment. Also, the metabolic rate and the clothing insulation of the 

subjects cannot be closely controlled. The experim enter refrains from 

controlling these factors so that the results are applicable to the norm al 

conditions encountered by the respondents during the season of study. 

However, this m ethod loses the advantages of a planned and controlled 

experim ental design as found in cham ber studies. For this reason, 

H um phreys[l] suggests that field m ethods are m ore like surveys 

accompanied by measurements, rather than experiments.

Therm al comfort studies carried out in thermal chambers assum e that 

op tim um  com fort is experienced w hen there is m inim al therm o

regulatory strain on the body. This is the basis of the therm al comfort 

equation developed by Fanger[2].

Due to the expensive cost of setting up the thermal chamber and related 

equipm ent, most chamber studies have been carried out in tem perate 

climates. Lately, a few studies using thermal chambers in the tropics have 

been reported. The field method, on the other hand, has been carried out 

in all the climatic regions.
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The fact that there are 6 variables that influence therm al neutrality, 

implies that only these factors are studied in chamber studies. The field 

m ethod does not lim it the study to these six factors and is able to 

incorpora te  factors that m ay influence therm al com fort. A nother 

advantage of the field m ethod is that it is an in-situ experiment which 

means that the results of the m ethod can be directly applied to similar 

therm al environm ents.

There seems to be a relationship between each study and its corresponding 

method. The thermal neutrality studies by Humphreys, Auliciems and de 

Dear (as discussed in Chapter 2) [3] which used the field m ethod showed 

that adaptation influences thermal neutrality. The thermal comfort study 

by Fanger using the thermal chamber method showed no effect due to 

adaptation to outdoor environmental conditions.

In the present study, the therm al cham ber m ethod is used w ith 

participants who are acclimatised to a tropical (equatorial) climate.

3.3 Description of Thermal Chambers

The therm al cham ber in Pulau Pinang at the University of Science, 

Malaysia, has floor dimensions of 4.7metres by 3.2metres and a height of 

2.5metres. The plan of the chamber is shown in Figure 3.1.
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The walls of the chamber are 192mm thick and originally consisted of 

115mm of bricks and 20mm of plaster on both sides. Soft-boards of 12mm 

thickness fitted on 25mm studs were later added on the inside surfaces to 

provide extra insulation so that the chamber may quickly stabilise to the 

required condition. Double-sided building paper was placed in the air-gap. 

The overall heat transfer coefficient, U-value, of the wall is calculated to be 

0.22W/sq.mK.

The ceiling consists of 12mm softboard panels which are screwed to 25mm 

studs which run across the w idth of the chamber. The air gap is left empty 

except for the double-sided building paper. The roof of the chamber, which 

is 300mm thick is also the floor of the storey above. The U-value is 

calculated to be 0.23W/sq.mK.

The timber floor is 25mm in thickness and is raised on 100mm studs 

which sit directly on the reinforced concrete surface. The air gap is left 

empty. The U-value is approximately 0.54W/sq.mK.

The tim ber door contains a Fiberglas m at to increase the insulative 

property. A section of the door was cut out in order to fit a double glazed 

viewing window. The w indow has a curtain which is closed during the 

experiment except on occasions when the participants were being viewed.

Figure 3.2 shows the plan of the therm al cham ber in relation to the 

equipment and the laboratory in which it is located. It should be noted that 

the inlet and outlet points are located in the wall. The inlet is at the centre 

of the wall and closer to the ceiling. The outlet is towards the side of the 

wall and closer to the floor.
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The therm al chamber at University College London was built recently 

and has a floor plan of 6m by 3m and a height of 2.5m. Figure 3.3 shows 

the plan of the chamber.

The walls of the chamber are 350mm thick and consist of 25mm plywood 

sheets fixed to studs on the inside and outside. The gap of 300mm is filled 

with micafil insulation. Micafil is heat treated vermiculite and the type 

used as insulator for the chamber comes in sandy coloured flakes. Its 

thermal conductivity, k, is 0.062W/mK[6]. This give the wall a U-value of 

approximately 0.15W/sq.mK.

The floor is also made of 25mm plywood raised on 150mm studs which sit 

directly on the floor surface. The 150mm gap is also filled with micafil 

insulation. The overall heat transfer coefficient, U, for the floor is 

approximately 0.31W/sq.mK.

The ceiling consists of 25mm plywood panels screwed (so that they can be 

taken down) to 300mm studs which stretch across the w idth  of the 

chamber. There is also a layer of 300mm deep micafil insulation on top of 

the plywood ceiling. To assist maintenance and the fixing of ductwork to 

the chamber, plywood panels, also of 25mm thickness, are rested on the 

ceiling studs. The U-value is approximately 0.31W/sq.mK.

To avoid m oisture movement, polythene sheeting is fixed on the inside 

and outside faces of the stud supports in the wall, the floor, and the 

ceiling.
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Figure 3.3 also shows the set of doors which provide an air-lock 

arrangement. The air-lock consists of a small space with an area of 0.76sq 

m. The space is suitable for one or two people to stand, enabling the outer 

door to be closed before the inner door is opened, thus reducing the 

environm ental impact of people entering or leaving, the chamber. All the 

doors have viewing glass w indows which are helpful for viewing the 

participants.

The walls, floor, and ceiling are wired with surface contact thermocouples. 

The therm ocouple readings showed that after stabilisation (before the 

experiment begins), the surface temperatures are quite similar to the dry- 

bulb tem perature of the air in the chamber. The experim ents were 

therefore carried out with the dry-bulb tem perature almost equal to the 

mean radiant temperature.

The inlet and exhaust for the chamber are on the ceiling, thus they cannot 

be seen on the plan view. There are several inlets that may be used to 

convey the conditioned air into the chamber. In this experiment, only the 

m iddle inlet is used and the others were covered. There is a diffuser at this 

inlet in order to distribute the air evenly. There are also a few outlets for 

the exhaust but only two were used.

Figure 3.4 shows the plan of the thermal chamber in relation to the other 

equipm ent and the laboratory in which it is located. Note that the inlet 

and outlet points are located in the ceiling.
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Given the size of the chambers at both U niversities, the num ber of 

subjects participating was limited to 5 each time. A large table is placed in 

the m iddle of the chamber to hold the instrum ents and there are five 

chairs for the subjects to sit on. Some reading m aterial is placed on the 

table for the participants who like to read during the 3 hour stay in the 

chamber.

3.4 Equipm ent and Instrum entation

The m ain equipm ent used in the experim ents is associated w ith 

environm ental control. The instrum ents used were an om ni-directional 

therm o-anem om eter, globe therm om eter and w hirling hygrom eters. In 

the following sub-sections, the equipm ent and each of the instruments are 

discussed in detail.

3.4.1 Environmental Control Equipment

This equipm ent supplies conditioned air to the therm al cham ber and 

extracts used air. The equipm ent at the University of Science, Malaysia 

(USM) is described first followed by that at University College London 

(UCL).

The control panel, shown in Picture 3.1, which forms the top half of the 

E nvironm ental C ontrol Equipm ent, has controls to regu la te  the 

conditions in the chamber. These are tem perature, fan, compressor and 

hum idifier controls.
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Picture 3.1 : Control Panel Section of the Environmental 
Control Equipment at University of Science, 
Malaysia(U.S.M.) in Pulau Pinang
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The heating battery consists of fin heaters over which air flows and is 

heated. It is located in the main body of the equipment which is below the 

control panel. The num ber of heaters that are active depends on the 

difference betw een the tem perature set and the tem perature  of the 

chamber. The heaters are capable of m aintaining up  to 32°C in the 

chamber.

The laboratory air provides the fresh air for the equipm ent and also the 

chamber. Not all of the air from the chamber is recirculated in order to 

avoid carbon dioxide build-up within the chamber.

The cooling and dehum idifying needs are provided by the compressor 

w ith Refrigerant 12 as the working fluid. The compressor is shown in 

Picture 3.2.

The humidifying needs of the experiment are met by the centrifugal type 

humidifier which is connected to the last section of the duct which feeds 

to the chamber via a grille. Water, at room tem perature, is fed to the 

humidifier, whose blades spin to inject very tiny droplets in the form of a 

mist to the air passing by above it (in the duct). The hum idifier is shown 

in Picture 3.3.

The fan, which has high and low speed settings, is always set at the low 

speed, which corresponds to an air speed of less than 0.15m /s in the 

chamber. It is housed just before the heaters within the main body of the 

Equipment.
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Picture 3.2 : Compressor component of the Environmental 
Control Equipment at U.S.M., Pulau Pinang
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Picture 3.3 : Humidifier component of the Environmental 
Control Equipment at U.S.M., Pulau Pinang
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Before operating the equipm ent, the tem perature and relative hum idity 

required have to be set. The relative hum idity is set using the hum idistat 

which is in the chamber. The fan switch is turned on first before bringing 

the compressor, heater, and humidifier into operation.

The environm ental control system at University College London (U.C.L.) 

is a more m odern unit but basically functions in the same way as the one 

at U.S.M.

Pictures 3.4, 3.5 and 3.6 show various components of the Environmental 

Control Equipm ent at UCL. Picture 3.4 shows two Control Panels. The 

smaller panel has the fan switch and a variable speed control which has a 

range from 0 to 10. The chiller, heater, hum idifier, and dehum idifier 

switches are located on the main panel. The leftmost is the tem perature 

set vary ing  from  0°C to 30°C. The heater is activated w hen the 

tem perature of the chamber is lower than the tem perature set. Next to it is 

the chiller setting control which also has a tem perature range of 0°C to 

30°C. The control brings the chiller into operation if the tem perature of 

the chamber is higher than the tem perature set on it. The remaining two 

controls are for the hum idifier and dehumidification. Depending on the 

hum idity in the chamber, the humidifier or the chiller will be operational 

to bring the hum idity to the value set on the control.
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Picture 3.4 : Control Panels of the Environmental Control
Equipment at University College London(U.C.L.)



Picture 3.5 shows the heater battery which is regulated by the tem perature 

sensor in the chamber via the control panel. The heater is insulated and is 

placed in the way of the ductwork. Below it is the housing that contains 

the chiller and the fan. The fan is the second component that the partly 

recirculated air meets after the chiller. The speed of the fan is always set in 

order to m aintain an air speed in the chamber at below 0.15m /s in the 

occupied zone.

Picture 3.6 shows the hum idifier which is a fresh steam type. W ater is 

boiled and the emerging steam is injected into the air duct. The level of 

operation of the humidifier is guided by a four step controller.

Before operating  the equipm ent, the tem pera tu re  and hum id ity  

parameters must be set. The fan switch is the first to be turned on followed 

by the setting of the air speed in the chamber using the variable air speed 

knob. The chiller, heater and the humidifier switches may then be turned 

on. Depending on the tem perature and hum idity of the chamber prior to 

switching on the equipm ent, it may require from 20min. to 60min. to 

stabilise the conditions in the chamber.

Next, the com plete set of instrum ents to m easure environm ental 

variables are described.
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Picture 3.5 : Main Section of the Environmental Control 
Equipment at U.C.L.
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Picture 3.6 : Humidifier component of the Environmental 
Control Equipment at U.C.L.



3.4.2 Omni-directional Thermoanemometer

Dry-bulb tem perature and air speed in the room are m easured by this 

therm oanem om eter which is placed on the table in the m iddle of the 

chamber. The sensor is connected to its readout m eter via a cable. The 

meter is placed on a table outside the chamber to facilitate recording of the 

readings.

The sensor has a disc base and a cylindrical stem of 10cm. The sensor is at 

the top of the stem and it is protected by two wire circles of 7cm diameter.

The omni-directional feature of the therm oanem om eter is a significant 

im provem ent over an ordinary uni-directional therm oanem ometer. This 

feature allows the sensor to sense the air movement from all directions. 

Thus, the thermoanemometer is able to give a representative value of the 

air m ovem ent in the room  as sensed by the partic ipan ts . The 

measurement of air speed below 0.15m/s is reliable, unlike certain types 

w hich are only reliable for air speeds above 0.1 or 0 .2m /s. The 

instrumental error of the thermoanemometer at O .lm /s is ±0.02m/s.

The calibration of the omni-directional therm oanem om eter is regularly 

m aintained by the Laboratory Technician at the Bartlett School, in 

accordance with the advise of the m anufacturer. Furtherm ore, the air 

movement in the chamber is allowed to vary as long as it is always below 

0.15m/s, so accurate readings are not required.
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Picture 3.7 shows the om ni-directional therm oanem om eter along with 

other instruments that are described in the following sections. Note that 

the B & K Thermal Comfort Meter, although shown, was not used in the 

experiments in this study.

3.4.3 Whirling Hygrometer

The W hirling Hygrometer provides dry and wet bulb tem peratures of the 

air in the chamber. Relative hum idity can be determ ined from the two 

tem peratures using tables or specially prepared rulers. The thermometers 

used read from -5.0°C to 50.0°C. The smallest readable value is 0.5°C, thus 

the reading error, which is half of the readable value is ±0.25°C. The 

therm om eters were calibrated at 0°C using an ice-water bath. Only 

thermometers reading 0°C at this condition were used. The m uslin cloth 

which covers one of the mercury bulbs has to be wet each time with 

distilled water before the experiment begins to ensure that the cloth is 

always saturated. Two whirling hygrometers were used and they were 

whirled by two participants who sat diagonally across the table from each 

other.

The participants whirl the hygrometers for about one minute or forty-five 

turns at moderate speed. The readings were then recorded as dry and wet 

bulb temperatures.

Picture 3.7 shows the two whirling hygrometers lying on the table.
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Picture 3.7 : The various sensory instruments placed on 
the table in the middle of the chamber:

(a) thermoanemometer transducer
(b) Whirling Hygrometers
(c) Relative Humidity Sensor



3.4.4 Globe Thermometer.

The globe thermometer is used to provide an estimate of the mean radiant 

tem pera tu re  of the air in the cham ber in conjunction w ith  the 

tem perature and air movement data. It can also assess the w arm th of the 

chamber for hum an comfort.

Studies by Hum phreys[4] and M cIntyre[5] suggest that the optim um  

diam eter of the sphere is around 40mm. M cIntyre suggested a globe 

diam eter of 40mm and 25mm for air m ovements around 0.15m /s and 

O.lOm/s respectively. A mercury-in-glass thermometer is inserted into the 

sphere that is painted matt black.

For practical purposes, a table-tennis ball with a diameter of 38mm is used 

and painted m att black. A mercury-in-glass therm om eter is inserted so 

that the bulb  is positioned in the centre of the globe. The globe 

thermometer is then suspended from the ceiling at a height just above the 

head of the participants when sitting around the table.

The globe therm om eter was read every half an hour by one of the 

participants immediately after the votes were recorded. The reading error 

is also ±0.25°C as the smallest readable temperature is 0.5°C.

Picture 3.8 shows the globe thermometer suspended from the ceiling in 

the chamber.
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Picture 3.8 : Globe Thermometer suspended from 
the ceiling of the chamber



3.5 Participants

Most therm al comfort studies in Denmark, the U.S.A., and in tropical 

regions employed college students as their participants, who were paid. 

Since the present study will be compared to these studies, participants of 

college age, namely students, were invited to participate. They were also 

paid.

A dvertisem ents giving a very brief description of the experim ent were 

posted around both of the campuses (University of Science, Malaysia and 

University College London) and at times personal representations were 

m ade to give further details of the experiments. Prospective participants 

w ould phone in or call personally at the laboratories before the actual 

participation days.

The self-selecting procedures mentioned assures sufficient random ness in 

the selection of participants who took part in the experiments.

The participants were classified according to gender and ethnicity. An 

experim ent w ould only take place if there was a sufficient num ber of 

participants of the same gender and ethnic group who had promised their 

participation for the particular date. However, there were times when the 

experim ent had to be called off due to an insufficient num ber of 

participants reporting in the m orning of the appointed date. The ideal 

num ber of participants is six, where one becomes a reserve. However, five 

participants are considered adequate since this is the num ber who 

participate in the chamber. In rare circumstances, the experim ent was 

allowed to proceed with only four participants.
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The dates of participation were normally determ ined by the group of 

participants themselves except during popular periods like sem ester 

breaks and vacation times where the late applicants would have to fit into 

the rem aining available dates.

In Malaysia, the participants were students who are acclimatised to the 

local equatorial climate and their ages ranged from 18 (pre-University) to 

24 (final year of the 4-year degree programmes). They were of Malay and 

Chinese ethnic origin and half of them were males. For the longitudinal 

studies, six male and six female students participated  over several 

experim ents. For the transverse studies, sixty-five male and sixty-five 

female students participated. Of these, thirty-five were Malays and thirty 

were Chinese of each gender.

In the U.K., the participants were Malaysian students who have lived in 

the U.K. for at least the past six months before the commencement of the 

experiments. Their ages ranged from 20 to 24 and were of Malay ethnic 

origin. Fourteen of them are males and thirteen of them are females.

3.6 Clothing Insulation

Clothing insulation is one of the six factors that contribute tow ards 

therm al comfort. It relates to the heat transfer between the skin and the 

external surface of the clothing. The heat transfer modes involved are 

convection and radiation in the narrow spaces between the skin and the 

inner surface of the clothing and conduction through the clothing. Gagge 

et al. [7] introduced Id , for the total thermal resistance from the skin to the 

external surface of clothing. The expression for one d o  is defined as :
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Id = R / 0.18

where R = total heat transfer resistance from skin 
to outer surface of clothing (mhr°C/kcal)

There are three m ethods of determ ining the clothing insulation value. 

The first is by m easuring the clothing ensemble on a heated m anikin as 

done by McCullough and Jones[8].

The manikin is m ade of anodised copper shaped in the form of a typical 

man, that is, w ith a 1.8 sq.m body surface area. The skin tem perature of the 

m anikin is m aintained at about 33°C by internal sources of heat. The 

env ironm en ta l condition in the laboratory  is set at a pa rticu la r 

tem perature, hum idity and air movement. The power needed to maintain 

the skin tem pera tu re  (nude) is recorded continuously for about 30 

m inutes. Next, the set of clothing to be tested is carefully put onto the 

m anikin. The pow er needed to m aintain the skin tem perature is then 

recorded. The clothing insulation can be computed using the differences 

between the two powers recorded.

The second m ethod involves m easurem ents on active participants as 

done by N ishi et a l[9]. Copper-Constantan therm ocouples m easure the 

tem peratures of the external surface of clothing and the skin surface. The 

next step in the analysis to determine the insulative value of the clothing 

is carried out similar to the thermal manikin method.
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The third m ethod, which is the simplest, is by estim ating the clothing 

insulation value based on tables and equations. The equations and tables 

w ere form ulated after extensive studies from  the first m ethod of 

m easurem ents on therm al m anikins as given in M cCullough and 

Jones [8].

In the present study, the third method is used.

The experiments done in Denmark and at Kansas State University (KSU), 

U.S.A., used similar sets of clothing which are now term ed the standard 

KSU uniform[10]. The clothing is listed in Table 3.1, with their d o  values. 

Both the male and female participants wore similar uniforms and did not 

wear shoes.

Clothing insulation values of typical individual pieces of clothing are 

listed in the ASHRAE Fundam entals H andbook[ll]. The d o  values of 

individual pieces of an ensemble are then totalled and p u t into an 

equation to determ ine the clothing insulation of the ensemble. The 

equation which is recommended by the B & K Thermal Comfort Meter 

Manual[12] is given below:

= 0.75 I  Id + 0.08

For the KSU uniform, the equation gives a value of,

= 0.75( 0.29 + 0.32 + 0.04 + 0.05 ) + 0.08 
= 0.61 
= 0.6 do
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Clothes Clo values
Cotton Twill Shirt 0.29
Cotton Twill Trousers 0.32
Cotton Socks 0.04
Underclothes 0.05

Table 3.1 : Components and the corresponding do  
values of the standard KSU uniform
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For the present study, the participants were provided with a set of clothes 

which resembles closely the working clothes in M alaysian offices. The 

uniform was unisex and did not include underwear. It consisted of a light 

long sleeve shirt, which has a cream colour, light blue heavy trousers and 

ankle-length white nylon socks. The participants provided their own 

underclothes.

Picture 3.9 shows a male participant wearing the uniform. Table 3.2 lists 

the clothing used by the participants in this study and the corresponding 

clothing insulation values. The calculation to determine the clo value for 

the entire clothing is as follows.

Clo value = 0.75(0.05 + 0.22 + 0.32 + 0.04) + 0.08 

= 0.55 clo

In metric units, 0.55clo is equal to 0.09 sq.mK/W  and 0.60clo is equal to

0.10 sq.mK/W.

The uniforms were laundered each time one group of participants had 

completed their set of experiments, so that every new group wore only 

freshly laundered clothing.

As for the chairs used for the participants in the experiments in Malaysia 

and in the U.K., the thermal insulation is likely to be roughly similar. The 

chairs used in the thermal chamber in Malaysia are m ade of thin foam 

seats which are covered with black vinyl and the frames are wooden 

including the back rest. The chairs used in the therm al chamber in the 

U.K. have hard plastic seats which extend to the back rest and the frame is 

hollow metal painted black.
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Picture 3.^ : Male Participant in Uniform in this study
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Male Clothes Insulation Female Clothes Insulation
L.Slv. Shirt 0.22 L.Slv. Shirt 0.22
Heavy Trousers 0.32 Heavy Trousers 0.32
Socks 0.04 Socks 0.04
Brief 0.05 Bra and Panties 0.05

Table 3.2 : Complete clothing and the individual clo values for 
participants in this study
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3.7 M etabolic Rate

Metabolism is the process of converting food into living matter and useful 

forms of energy. The rate of energy released through the consumption of 

oxygen and production of carbon dioxide is known as the metabolic rate. 

The energy is used for external mechanical power and internal body heat. 

The internal body heat when expressed per unit body surface area gives 

the unit of met. One unit of met is equal to 58.2W/sq. m or SOkcal/hrsq.m. 

For an average size person, one met unit corresponds to the rate of energy 

production of approxim ately lOOW or 90kcal/hr, and is equivalent to a 

quietly seated person.

The participants in this study were instructed to sit on the chairs provided 

and were allowed to talk, read, write or play board games. They were 

specifically told not to attem pt any activity that may alter their metabolic 

rate during the experiment like exercising or jogging in the chamber.

The m etabolic rates used in the present study  are obtained from 

recom m ended tables. Table 3.3[11] lists m etabolic rates for various 

activities. The metabolic rate that corresponds to the list of allowed 

activities of the participants in this study corresponds to l.Omet.
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ACTIVITIES MET RATE 
(met)

Sleeping 0.8
Seated quietly 1.0
Standing at ease 1.2
Typing 40 w ords per min. manually 1.2
Typing 40 words per min. electrically 1.0
Filing, checking ledgers 1.0-1.2
Drawing office 1.2
General laboratory work 1.6
Setting up apparatus 2.2
Teaching at school 1.6

Table 3.3 : Metabolic rates for various activities[13]



3.8 B iodata

Everyone who participated in the experiments was required to provide 

personal anthropometric and other personal data. Participants were given 

a Biodata Sheet to fill in and a copy of the sheet is shown on the next page.

The questions on frequency of exercise, games and susceptibility to 

sw eating can indicate the typical level of activity and provide a rough 

value of the relative metabolic rates of the participants w ith respect to 

others.

The question on air-conditioning in dorm itories or residences and 

classrooms was m eant to identify the daily environm ental conditions to 

which the participants were exposed.

The next question requests inform ation about the level of clothing 

insulation the participants are used to. It is well-known that the Chinese 

tend to be more casual in their clothing and the Malays, especially 

females, tend to be very well clothed (covered up including the head).

Finally, the question of m enstrual cycle of female participants was 

included as it was thought useful to identify if this affected comfort votes. 

As will be seen from the discussion in the following chapters, it was not 

possible, within the scope and time scale of this study to carry out an 

analysis of the effect of menstrual cycles on voting pattern. These issues 

will be investigated in later studies.
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BIODATA OF PARTICIPANTS [SUMMER 90]

NAME : SEX :
RACE : RELIGION:
AGE :
WEIGHT : [KG] HEIGHT : [M]

FOR THE QUESTIONS BELOW, PLS CIRCLE THE CORRECT RESPONSE

RATE YOUR EXERCISE/ : daily , alt. days, sometimes,
GAMES FREQUENCY almost never

DO YOU SWEAT : frequently, sometimes, almost never

IS YOUR RESIDENCE/DORM : air-conditioned, fanned, none,
none but airy

IS YOUR CLASSROOM : air-conditioned, fanned, none,
none but airy

RATE YOUR PREFERENCE/ : daily, alternate days, sometimes, 
CONSUMPTION OF almost never
CHILLY FOOD

CIRCLE THE CLOTHES YOU TYPICALLY WEAR AT 
COLLEGE[SUMMER]

HEAD : full cover, scarf, hat, uncovered
TOP : short sleeve, long sleeve, T-shirt,pullover
BOTTOM : shorts, longs, sarong, skirt
LEG : sandals, shoes
SOCKS : yes, no

IF YOU'RE FEMALE, PLEASE LIST THE DATE/S OF THE EXPT 
ON WHICH YOU HAVE A PERIOD :

I PROMISE TO PARTICIPATE AND COOPERATE IN THE 4 EXPT, 
AND IF I FAIL TO DO SO, MY PAYMENT WILL BE EORFEITED :

SIGNED :



3.9 V o tin g  Scales

Voting scales form the heart of this study as they carry the responses of the 

participants to the environment they experience in the chamber.

Many scales have been proposed and H um phreys[ll] has listed most of 

them. Most are either ordinal or interval scales. Ordinal scales merely 

represent order of response or rankings from one extreme to another. The 

difference between any two consecutive ranks may not be the same as the 

difference between another two consecutive ranks on the same scale.

Interval scales which are also known as ratio scales give more than order 

or ranking information. They provide inter-interval values which are 

reliable. The scales used in the present study are ord inal scales. 

Nevertheless, researchers in the field of thermal comfort have treated 

ordinal scales as interval scales so that the votes may be averaged and 

regressed over one or more variables, and so in the present study the 

scales used are similarly treated as interval scales.

For the two scales used in this study, the participants have to round off 

their sensation and comfort responses to the description available on the 

voting slip. They are therefore not allowed to vote for any value in 

between the responses available.
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It is also important to distinguish the two scales used from another aspect. 

Am ong the scales available are thermal sensation and therm al comfort 

scales. They are different as the former refers to level of warm th sensation 

and the latter refers to a subjective comfort feeling, as discussed in Chapter

2. The ASHRAE scale[ll], as shown in Table 3.4a, is a therm al sensation 

scale while the Bedford scale[ll] shown in Table 3.4b is a thermal comfort 

scale.

Due to the verbosity of the words in the Bedford scale, namely too warm', 

'much too warm', 'too cool' and 'much too cool', simpler words which do 

not change the relative positions w ithin the scale are preferred. The 

changes are shown below :

too warm —> warm 

much too warm —> hot 

too cool —> cool 

much too cool —> cold

W hen the Bedford scale is modified with these four replacem ents, it 

appears as a modified Bedford scale and is shown on the right half of Table 

3.5. In this study, the modified Bedford scale is used as the therm al 

comfort scale.

Each participant was given seven slips of each of the two scales as shown 

in Table 3.5 so that one slip is used each time. Participants need only to tick 

the em pty spaces beside the words that m ost closely resem ble their 

therm al sensation and thermal comfort at the time of voting.
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ASHRAE SCALE
3 Hot
2 W arm
1 Slightly Warm
0 N eutral
-1 Slightly Cool
-2 Cool
-3 Cold

Table 3.4a : ASHRAE Scale

BEDFORD SCALE
3 Much too warm
2 Too warm
1 Comfortably warm
0 Comfortable
-1 Comfortably cool
-2 Too cool
-3 Much too cool

Table 3.4b : Bedford Scale
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ASHRAE SCALE MODIFIED BEDFORD 
SCALE

7 Hot 7 Hot
6 W arm 6 W arm
5 Slightly warm 5 Comfortably warm
4 N eutral 4 Comfortable
3 Slightly cool 3 Comfortably cool
2 Cool 2 Cool
1 Cold 1 Cold

Table 3.5 : Thermal Sensation and Thermal Comfort Voting
Scales used in the experiments
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In addition, the participants were given three additional questions which 

are also known as the McIntyre Scale of Acceptability. They are as follows:

1. DO YOU FEEL COMFORTABLE OR UNCOMFORTABLE?
2. DO YOU PREFER A WARMER OR A COOLER AIR?
3. DO YOU PREFER A WETTER OR A DRIER AIR?

The first question double-checks the participant's response to the thermal 

comfort scale (second scale). It is basically the same question the participant 

asks himself or herself before responding to the comfort scale.

The second question will elicit from the participant his or her preference 

especially if the vote for the second scale is either of the m iddle three 

choices ('comfortably warm ', 'comfortable' or 'com fortably cool'). The 

participant has three possible answers to this question: warmer, cooler or 

none. None indicates almost perfect m atching of the condition in the 

chamber to the feeling of the participant.

The th ird  question provides a guide to the range of relative hum idities 

preferred. However, due to the short time scale possible for this study and 

the fact that significant information can already be obtained from the 

analysis of the thermal comfort votes, the data from the McIntyre scale 

was not analysed.
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3.10 E xperim ental S equence

The five or six participants reported to the laboratory at the agreed time. 

The times of last food consumption for all the participants were noted. 

This inform ation is necessary to ensure that the experim ent will only 

commence one hour after food was last consumed. This precaution is 

similar to Fanger's in his studies [2]. The participants were inform ed 

during the initial contact to have their breakfast well before coming to the 

laboratory.

For the first day of each group's participation, a briefing about the 

experiment and its objectives was given. The group was also instructed 

about the instruments and a few ' Dos and Don'ts ' during the experiment. 

The following is a summary of the briefing given.

Welcome! The purpose of this experiment is to determine 
the effect of temperature and humidity on how you feel. 
Once it's time to start, you will enter the thermal 
chamber leaving your shoes outside the door. Please 
take the seat that will be assigned to you shortly.

During the experiment, you may read, write, engage in 
quiet conversation or play board games on the table. You 
may not engage in any other activity, smoke, eat or drink. 
Every half hour, you will hear a signal to indicate the 
time to vote on the voting slip provided (sample voting 
slip is shown). Vote for the scales by ticking in the column 
beside the word or phrase that most closely resembles 
your feeling at that time. Next you will answer on the 
blank space to the right of the second scale, the three 
questions, which are written on a separate sheet.
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The relative meaning of the words in both scales will 
be given very briefly so that you would be able to relate 
your sensations and feelings to them. 'Neutral' is a sensation 
of neither slightly warm nor slightly cool. 'Slightly warm' is 
a slight sensation of warmth, while 'warm' is warmer than 
'slightly warm'. 'Hot' is very warm. 'Slightly cool' is a slight 
sensation of coolness and cool' is cooler than slightly cool. 
'Cold' is very cool.

For the second scale, comfortable' is a feeling of most 
comfortable. 'Comfortably warm' is a feeling of comfort 
which is on the warm side and 'comfortably cool' is a 
corresponding feeling on the cool side. For anyone who 
senses 'slightly warm' and does not feel any slight comfort, 
should vote warm on the second scale. Also for anyone who 
senses 'slightly cool' and does not feel any slight comfort at 
all, should vote cool in the second scale.

You are not allowed to discuss the way you vote, 
conditions in the chamber or give signals that 
may give a clue of what you will vote or have voted.

After you have voted and answered the three questions, 
turn the voting slip face downwards in front of you.
Please use a new slip everytime. Next, you will do the 
following:
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Student A will read out every half-hour, 
the globe thermometer temperature. Be careful not to 
touch the globe component of the thermometer. 
Student B and C will whirl the whirling hygrometers 
for about one minute and then read the dry and wet 
bulb temperatures. Student D will record all these 
tem peratures on the blank data sheet provided, along 
with the time. Student E has no corresponding 
responsibility. The seats to be taken up depend on 
individual responsibilities (the sheet displaying 
the seating arrangement is shown). After the data 
have been taken, you may resume your activities prior 
to hearing the time signal. When the next signal is 
given, after about half-an-hour, please repeat the same 

steps.

The experiment will last up to 3 hours, at the end of 
which, you should leave the chamber bringing out 
the voting slips and the data sheet. You will change 
into your own clothes and hang the uniform on the 
clothes hanger provided.

You will get your payment of R$/£6.25 per experiment, 
times the number of experiments participated, after 
the last experiment. You must sign the payment sheet 
as proof of receipt of payment.

Do you have any questions? ( Any questions were duly 
answered.)
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The participants' body tem peratures were taken and recorded using a 

clinical thermometer with a Celsius scale. If there were five or six subjects, 

then the subject who had a body tem perature beyond the accepted healthy 

tem perature range was not allowed to participate. The healthy body 

tem perature ranges from 36.0°C to 37.7°C[13]. In this study, the range is 

shortened to 36.5°C to 37.2°C to be safer.

Next, the participants changed into the uniform provided in the make

shift changing room. The changing room was m ade by partitioning a 

section of the laboratory with curtains hanging from curtain rails held 

from the ceiling.

After they have changed, they sat around the laboratory waiting for the 

time set to begin the experiment.

When it was time, the participants entered the thermal chamber leaving 

their shoes outside. They took their seats around  the table and 

immediately voted for both scales and answered the three questions. The 

assigned participant then took the globe tem perature reading. Another 

two assigned participants whirled the whirling hygrometers and another 

one recorded the readings.

This procedure was the first of their seven responses throughout the three 

hour stay in the chamber. Participants would hear a signal every half-hour 

from then on and accordingly voted, answered the questions, and took 

readings of the globe and whirling hygrometers. The time was kept by the 

experimenter outside the chamber.
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After the participants had recorded their seventh responses, answers and 

data, they left the chamber. They changed into their own clothes and left 

the laboratory. If there was to be another experiment in the afternoon, they 

reported back after their lunch. From then on, the procedures outlined 

earlier for the m orning experim ent w ere repeated . The tim e the 

partic ipan ts fin ished lunch w ould  be no ted , thus the afternoon 

experim ent w ould only start one hour after lunch was taken. The 

participants' oral tem peratures were taken again and they then changed 

into the uniform  they wore earlier. The experim ent w ould start at the 

specified time and besides the conditions in the chamber, everything was 

similar to the morning experiment.

3.11 Summary

In this chapter, the complete m ethod of carrying out the experiment was 

presented. The chamber method that is used was described along with the 

equipm ent and the instrum entation. The metabolic rates and clothing 

insulation were set at l.Omet and O.SSclo respectively. Finally, the briefing 

given to the participants and the sequence of the experiment were listed.
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CHAPTER 4

LONGITUDINAL STUDIES IN MALAYSIA
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LONGITUDINAL STUDIES IN MALAYSIA

4.1 Introduction

Two sets of studies, the longitudinal and transverse studies, were carried 

out in M alaysia. Longitudinal studies involve only one g roup  of 

participants experiencing a whole range of combinations of tem peratures 

and relative humidities. The response of the participants to these different 

conditions are then observed. The study carried out is used to form a 

rough boundary  of therm al acceptability. Due to the small num ber of 

participants, the study may not be representative of the population. 

Nevertheless, it may be used as a first step in forming a rough thermal 

acceptability envelope.

Following the longitudinal study, a transverse study which involves a 

larger num ber of participants was carried out. This is presented in the next 

chapter.

The longitudinal study was carried out for Malaysian males and females 

of college age, namely 18 to 23 years of age.

The present chapter begins by presenting the results for participants of a 

group for one session.
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Next, the longitudinal studies are presented as the longitudinal studies of 

the m ale participants and the longitudinal studies of the female 

participants. Two sections detail both of these sub-studies. The average 

votes for all the conditions tested are sum m arised and then analysed 

using simple regression of votes over tem perature and relative humidity.

Following this, a rough thermal acceptability envelope for both genders is 

sketched. Finally a brief comparison is m ade between the male and the 

female longitudinal studies.

4.2 Votes

The participants voted on both the therm al sensation and therm al 

comfort scales and answered three questions. An example voting slip with 

the responses is presented in Table 4.1(a). Table 4.1(b) lists a sample set of 

answers to the three questions.

The responses of the participants are tabulated and an example response 

table is presented in Table 4.2 for one session. The set of conditions of the 

session is at the top of the table.
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NAME:
THAZUDEEN

TIME : 1330[PM] DATE: 7/2/90

ASHRAE SCALE MODIFIED BEDFORD SCALE

7 HOT 7 HOT
6 WARM 6 WARM
5 SLIGHTLY WARM / 5 COMFORTBALY 

W ARM
/

4 NEUTRAL 4 COMFORTABLE
3 SLIGHTLY COOL 3 COMFORTABLY COOL
2 COOL 2 COOL
ICOLD ICOLD

•p (a)

COMFORTABLE
COOLER /
DRIER

(b)

Table 4.1 (a) and (b) : An Example of Responses for the Voting Slip and
the 3 Questions



Xo»

CONDITIONS TEMP = 27°C-28°C, REL. HUM. = >80[%], 
AIR MOVEMENT < 0.15M/S

PARTICIPANTS

TIME

1 2 3 4 5

1330 5 ,5 ,C C D 5 ,4 ,C - - 5,5, C C D 5 ,4 ,C -- 4 ,4 ,C - -
1400 4 ,4 ,C -D 3 ,4 ,C - - 5 ,5 ,C C - 3 ,4 ,C -- 3 ,4 ,C - -
1430 4 ,4 ,C -D 2, 2, U W D 3, 3, C - - 3,3, C - - 3,3, C - -
1500 4 ,4 ,C -D 4 ,4 ,C - - 4 ,4 ,C - - 4 ,4 ,C -- 4 ,4 ,C - -
1530 4 ,4 ,C -D 4 ,4 ,C - - 4 ,4 ,C - - 4 ,4 ,C -- 4 ,4 ,C - -
1600 4 ,4 ,C -D 4 ,4 ,C - - 4 ,4 ,C - - 4 ,4 ,C - - 4 ,4 ,C - -
1630 4 ,4 ,C -D 4 ,4 ,C - - 4 ,4 ,C - - 4 ,4 ,C - - 4 ,4 ,C - -
AVERAGE 4,4 4,4 4,4 4,4 4,4

Table 4.2 : An Example of a Response Table for the Specified Conditions



The columns represent the five participants and the rows represent their 

responses at half-hourly intervals. As an exam ple, the responses 

represented by Tables 4.1 (a) and (b) would be abbreviated as the 1330 

response of the first participant, i.e. 5,5,CCD. The first two numbers stand 

for the votes on the two thermal scales, that is, the ASHRAE therm al 

sensation scale and the modified Bedford therm al comfort scale. Each 

description in the two scales is assigned a num ber from 1 to 7 as can be 

seen beside each scale in Table 4.1(a). The three letters that follow are 

abbreviations for the answers to the three questions. The first 'C  stands 

for comfortable, the second 'C  stands for cooler air and D stands for drier 

air.

So, in this exam ple, the votes from the two scales show that the 

participant sensed 'slightly warm ' and felt 'com fortably warm '. The 

answers to the three questions say that the participant is 'comfortable' and 

preferred a 'cooler' and a 'drier' condition.

The dashes found elsewhere in Table 4.2 indicate complete satisfaction 

with tem perature an d /o r relative hum idity of that condition at that time 

of the session.
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4.3 L ongitud inal S tu dy  o f  M ale Participants

Five male students participated over several days to complete various 

com binations of tem perature  and relative hum idity . The range of 

combinations tested is presented in a Psychometric Chart as shown in 

Figure 4.1. The range of combinations is also presented in Table 4.3. The 

blank cells of Table 4.3 m eant that those combinations were not carried 

out.

Each participant voted and answered the questions half-hourly for three 

hours including one imm ediately after entering the chamber. So, each 

participant voted and answered seven times throughout the three hour 

stay in the chamber. The votes on the thermal sensation scale (the first 

number in the entries in Table 4.2), that is, the ASHRAE scale, will be used 

in the following discussions and analysis, because Fanger[1] used this scale 

in his work.

Fanger[l] has show n that the last three of the seven votes of each 

participant are likely to be uniform. This is because the participant's 

metabolism requires some time to stabilise and Fanger found that the 

metabolic rate is stable during the last one and a half hour (of the three 

hours). Therefore, in this study, only the last three votes of each 

participant are included in the analysis. The sample votes shown in Table

4.2 support this premise.
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Figure 4.1 : Psychrometric Chart showing the range of combinations tested for 
Longitudinal Studies of Male and Female Participants (Malaysia)



TEMP [°C]

RELATIVE 
HUMIDITY [%]

23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31

40-50 3.0
60%

3.7
100%

3.7
100%

4.0
100%

4.8
100%

5.2
40%

50-60 2.6
20%

3.4
100%

3.7
100%

4.1
100%

3.8
100%

4.9
80%

5.1
60%

60-70 1.7 2.8 3.3 3.7 4.1 4.9 5.2 5.2
0% 60% 100% 80% 100% 100% 40% 40%

70-80 2.0 2.2 3.4 3.9 4.2 5.0 5.0 5.4
0% 20% 80% 100% 100% 60% 80% 40%

>80 2.6 2.9 3.6 3.9 4.0 5.0 5.2 6.0
40% 60% 100% 100% 100% 60% 40% 0%

Table 4.3 : Average of Group Votes and Percentages for each condition for 
Longitudinal Study of Male Participants carried out in Malaysia



The last three votes of each participant were therefore averaged to 

determ ine each participant's average vote for that particu lar set of 

conditions. For example, based on Table 4.2, the votes of every participant 

at 1530, 1600 and 1630 were averaged individually. The average votes are 

listed as the last row of Table 4.2.

Next, the average votes of the five participants are further averaged to 

obtain the group's average vote for that condition. The group's average 

vote for the above example is 4.0. Similar steps of calculating the group's 

average votes for every other conditions were done. The groups' average 

votes are recorded as the first entries in each cell in Table 4.3.

The transverse study which follows this chapter needs 4 conditions to be 

tested further in order to form a Thermal Comfort Zone. Thus, the 

longitudinal study has to generate a rough therm al acceptability zone 

which is based on the thermal acceptability interval. The criterion used to 

define a therm al acceptable interval is that 80 percent or more of the 

participants should have voted w ithin the 3.0 and 5.0 bands inclusive. 

This criterion is related to comfort interval [1]. The votes of 3.0 and 5.0 

represent the outer limits of slightly cool and slightly warm levels of the 

therm al sensation scale. In the example given in Table 4.2, the average 

votes of all the five participants are between 3.0 and 5.0. The percentage is 

above 80% and so, this condition is w ithin the therm al acceptability 

interval.

The percentage of participants in the group who voted between 3.0 and 5.0 

inclusive for every condition is calculated and recorded as the second 

entries in each cell in Table 4.3.
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Next, the relationships between thermal sensation votes and tem perature 

and relative hum idity were investigated. The method of simple regression 

of average votes over the temperatures was carried out and the result, in 

graphical form, is presented in Figure 4.2(a). The regression line may be 

represented by the following equation :

Y = (0.454)T - 8.415

where T = temperature [°C[

The tem perature and votes have a strong correlation coefficient of 0.95. 

The residual standard error is 0.33 which is typical of other therm al 

sensation experiments [1] having a similar grouping of thermal sensation 

votes. For an average response of 4.0, which represents the neutral 

condition, the temperature is found to be 27.3°C.

Another simple regression of average votes over relative hum idity was 

carried out and the result is presented in Figure 4.2(b). Every hum idity 

range is represented by the middle point of the range. For example, 45% 

was taken to represent the relative hum idity range 40% to 50%. It is very 

obvious that the votes hardly change for a corresponding change in 

relative humidity. This result is similar to Fanger's [1] findings.
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4.4 Longitudinal Study of Female Participants

Five female participants took part in the study over basically similar 

combinations of temperature and relative humidity. Table 4.4 shows the 

range of tem perature and relative hum idity tested. The blank cells meant 

that those combinations were not tested. N ote that the combinations 

tested were similar to those in the male longitudinal study except that an 

extra condition with temperature of 31°C - 32°C and relative hum idity of 

40% - 50% was carried out to test the changes at a slightly more extreme 

condition. The range of com binations tested are also show n on a 

Psychometric Chart shown in Figure 4.1. Note that the shaded cell is the 

additional condition that is only tested for females.

Similar sets of calculations were done for the female participants' votes. In 

these calculations, the average vote of every individual participant, using 

the last three votes only, was included. Next, the average vote for the 

group is determ ined. Then, the percentage of participants who voted 

between 3.0 and 5.0 inclusive was calculated.

Table 4.4 shows the average votes and percentages of the groups for all the 

sets of conditions tested. For the condition with tem perature between 

25°C and 26°C and relative hum idity between 40% and 50%, Table 4.4 

shows that 60 percent of female participants voted between 3.0 and 5.0 

inclusive. For the condition next to it, w ith tem perature between 26°C 

and 27°C and similar relative humidity, the percentage is 80 percent. Thus, 

the former condition is considered to be outside the thermal acceptability 

range while the latter condition is considered to be within the thermal 

acceptability range.
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TEMP [°C]

RELATIVE
HUMIDITY[%]

23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31 31-32

40-50 2.1 2.9 3.0 4.2 4.3 4.4 5.4 5.5
0% 60% 80% 100% 100% 100% 40% 20%

50-60 2.1 2.7 3.4 3.7 3.9 4.4 5.0
0% 60% 100% 100% 100% 100% 60%

60-70 2.1 2.3 3.0 3.6 4.0 4.5 4.7 5.2
0% 20% 80% 1009& 100% 80% 80% 60%

70-80 2.3 2.6 3.2 3.6 4.0 4.8 5.0 5.2
20% 40% 100% 100% 80% 60% 60% 40%

>80 2.3 3.6 3.2 4.0 4.7 5.0 5.0 5.3
20% 100% 100% 100% 80% 60% 60% 20%

7*

Table 4,4 : Average of Group Votes and Percentages for each condition for 
Longitudinal Study of Female Participants carried out in Malaysia



A simple regression of votes over tem perature and relative hum idity was 

carried out and the results are presented graphically in Figures 4.3(a) and 

(b). The regression equation is :

Y = (0.445)1-8.315

where T = temperature °C

There is a strong correlation coefficient of 0.96 and the standard error is 0.3. 

For an average response of 4.0, which represents the neutral condition, the 

tem perature found from the equation is 27.7°C.

Another simple regression of average vote over relative hum idity  was 

computed and the result is presented in Figure 4.3(b). It is obvious that the 

responses hardly change for changes in relative humidity.

4.5 Rough Thermal Acceptability Zones

Further information which can be derived from the longitudinal studies 

is the therm al acceptability zone. Since only one group of male and one 

group of female participants took part, the acceptability zone that can be 

sketched will be called the Rough Male and Female Thermal Acceptability 

Zones'. These zones will be useful when deciding which conditions 

should be tested in the Transverse Studies for the production of more 

accurate Comfort Zones.
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y = .445x - 8.315,  R-squared:  .918

TEMP

(a)

y = . 0 0 4 x  + 3 . 5 9 6 ,  R - s q u a r e d :  . 0 0 2
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Fig. 4.3(a) & (b) : Simple Regression for Females (Malaysian Study)
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As can be seen in section 4.3, the condition 27°C to 28°C and >80% 

relative hum idity is considered to be within the acceptability interval. The 

adjacent condition with tem perature 28°C to 29°C and relative hum idity 

>80% is outside the acceptability zone since the percentage of participants 

voting between 3 and 5 is 60% (less than 80%). This pair of conditions 

therefore defines a boundary point between acceptable and non-acceptable 

conditions. The former condition will be inside the acceptability zone 

boundary while the latter will be outside. This boundary point is for the 

high tem pera tu re , high hum id ity  corner of the rough  therm al 

acceptability zone.

The criteria used for the selection of pairs of conditions (one inside and 

another outside) that form the acceptability boundary are set out next:

(i) temperature and humidity for the pair of 
conditions should be as extreme as possible

(ii) a boundary is drawn between 
conditions of different temperatures but 
similar humidities as relative humidity 

has been shown not to contribute to 
thermal acceptability

As an example, notice in Table 4.3 that a pair of condition w ith 

tem peratures between 25°C and 26°C and relative humidities 40% to 50% 

and 50% to 60% can form a boundary. But the pair of conditions with 

tem peratures 25°C to 26°C and 26°C to 27°C and a common relative 

hum idity  of 40%-50% is chosen as the boundary. The chosen pair of 

conditions met the criteria of extremity, as seen in Table 4.3, and having 

different tem peratures and similar humidity.
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Similar pairs of conditions representing the inside and the outside 

boundary conditions for the other three corners of the acceptability zone 

were found by examining the data in Table 4.3. They were for the corners 

w ith high tem perature and low hum idity, low tem perature and high 

hum id ity  and low  tem perature and low hum idity . The results are 

displayed in Table 4.5. The (i) represents the set of conditions inside the 

boundary  and the (o) represents the set of conditions outside the 

boundary.

The data in Table 4.5 can be presented on Psychom etric Chart and 

Temperature-Relative H um idity Chart for easy visualisation. Figure 4.4 

shows the 4 pairs of conditions that form the corners of the Rough 

Therm al Acceptability Zone. Figure 4.5 shows the same 4 pairs of 

conditions on the tem perature-relative hum idity graph. The tem perature 

and the relative hum idity  points show n are the m id-points of their 

intervals. For exam ple, 26.5°C represents 26°C to 27°C, w hile 45% 

represents 40% to 50%. Figure 4.5 shows that the Rough Therm al 

Acceptability Zone for the male participants has the shape of a trapezoid 

rather than a parallelogram . The bottom  w idth, which represents the 

lower hum idities, is longer than the top one, which represents higher 

hum idities. Also note that the zone should strictly not be a closed 

envelope for the low er and higher hum id ity  sides since those 

experiments were not carried out due to financial limitations.

A similar procedure is followed to determine the boundary conditions for 

the female participants. Table 4.6 lists the four pairs of conditions that 

form the thermal acceptability boundaries.
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T

CORNERS TEMPERATURE, °C REL, HUMIDITY, %
1 LOW TEMP & (i) 26-27 40-50

LOW HUMIDITY (o) 25-26 40-50
2 HIGH TEMP & (i) 29-30 40-50

LOW HUMIDITY (o) 30-31 40-50
3 LOW TEMP & (i) 25-26 >80

HIGH HUMIDITY (o) 24-25 >80
4 HIGH TEMP & (i) 27-28 >80

HIGH HUMIDITY (o) 28-29 >80

Table 4.5 : The Four Corners (inside and outside) of the 
Rough Thermal Acceptability Zone for Male 

Participants (Malaysian Study)
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Figure 4.4 : The Four Pairs of Conditions that forms the Rough Thermal Acceptability 
Zone for Male and Female Participants (Malaysia)
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CORNERS TEMPERATURE, °C REL. HUMIDITY, %
1 LOW TEMP & (i) 26-27 40-50

LOW HUMIDITY (o) 25-26 40-50
2 HIGH TEMP & (i) 29-30 40-50

LOW HUMIDITY (o) 30-31 40-50
3 LOW TEMP & (i) 25-26 >80

HIGH HUMIDITY (o) 24-25 >80
4 HIGH TEMP & (i) 27-28 >80

HIGH HUMIDITY (o) 28-29 >80

o
Table 4.6 : The Four Corners(inside and outside) of the

Rough Thermal Acceptability Zone for Female 
Participants (Malaysian Study)



Notice that the female boundary conditions are sim ilar to the male 

boundary conditions. Thus, when Table 4.6 is presented in graphs, as 

show n in Figures 4.4 and 4.6, a similar trapezoidal shape of Rough 

Thermal Acceptability Zone is seen.

4.6 Comparison

The male and female simple regressions show very strong similarity. The 

tem perature that corresponds to an average vote of 4.0 is 27.3°C for males 

and 27.7°C for females. The difference of 0.4°C is not significant. The four 

corners of the Rough Thermal Acceptability Zones are similar for males 

and females. These sim ilarities provide early evidence that therm al 

acceptability of participants in this study may be independent of gender.
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CHAPTER 5

TRANSVERSE STUDIES IN MALAYSIA
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TRANSVERSE STUDIES IN MALAYSIA

5.1 Introduction

After the longitudinal studies were carried out for both genders, the 

transverse studies followed. The longitudinal studies had identified the 

four 'corners' of conditions which form the Rough Acceptability Zones for 

each gender as listed in Tables 4.5 and 4.6 respectively. Four outer 

conditions, one for each corner of the Rough Thermal Acceptability Zone, 

are selected for further investigation using transverse study methods. The 

male and female participants of the longitudinal studies were disqualified 

from taking part in the transverse studies.

Transverse studies involve testing each condition with many participants. 

In this way, the acceptability of the condition is provided by a sample 

larger than the sample size of the longitudinal study. The participants of a 

larger sample size are able to give a more representative vote for each 

condition.

The purpose of the transverse study is two fold. Firstly, to provide a 

sufficient sam ple size of therm al sensation votes of four groups of 

participants, namely, Malay Males, Chinese Males, Malay Females and 

Chinese Females in order to test for significance between them. This is 

followed by a comparison for significance of ethnic and gender factors 

between Males, Females, Malays and Chinese.
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Secondly, the transverse study is used to determine the Thermal Comfort 

Zone for Malaysians. The Thermal Comfort Zone is formed by identifying 

conditions which are voted as being between 3.0 and 5.0 on a therm al 

comfort scale by at least 80% of the participants. The first part of the 

transverse study is discussed in detail in this chapter, while the second 

part is analysed in the following chapters.

This chapter describes the transverse studies carried out in Malaysia for 4 

major groups of populations. These are Malay Males, Chinese Males, 

Malay Females and Chinese Females. Only one sample per group is tested. 

The therm al sensation votes are presented first followed by statistical 

analyses.

A brief description of the chosen statistical technique, which is Analysis of 

Variance (ANOVA), is given. Comparison of the sensation votes using 

ANOVA is carried out between the four groups and also between gender 

and ethnicity groups.

After this comparison, the thermal comfort vote which is based on the 

modified Bedford scale is analysed in the same way as the sensation votes. 

Finally, the anthropometrical factors of the participants were investigated 

in order to find out whether these factors contribute to the voting patterns.
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5.2 T ransverse S tu dy  o f M ale Participants

The four conditions that were chosen for this study  are the outer 

boundary  conditions, i.e. the conditions that fall outside the Rough 

Thermal Acceptability Zones as shown in Figures 4.3 and 4.4. The choice 

is m ade due to the closeness of the outer conditions to the acceptability 

boundary. It is possible that the outer conditions may become acceptable 

with further tests.

The procedure of the experiments was the same as in the longitudinal 

studies. Voting slips and the three questions were given to participants. 

Every participant registered seven votes for each of the thermal sensation 

and thermal comfort scales and answered the three questions seven times, 

at half-hourly intervals.

The votes from the thermal sensation scale, i.e. the ASHRAE scale, are 

used in the calculations that follow. The last three votes of each 

participant are averaged becauseonly at the end of the period in the 

cham ber do participants vote consistently. They are presented as the 

participan t's vote in Table 5.1. The table is arranged according to 

conditions and the major groupings participating, namely, Malay Males, 

Chinese Males, Malay Females and Chinese Females. Tables 5.1 (a) and (b) 

show the therm al sensation votes of Malay Males and Chinese Males, 

respectively. There are seven sub-groups except for the Chinese Males 

where there are six sub-groups. There were five participants in most sub

groups but in a few sub-groups, as can be seen from the table, there were 

four participants. Thus, four or five votes are listed in each box which 

represents each condition.
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CONDITION

SUB-GROUP

25 - 26[°C] 
40-50 [%]

24-25[°C] 
> 80 [%]

28 - 29[°C] 
> 80 [%]

30-31 [°C] 
40-50 [%]

1 3.0 3.0
3.0 3.0
3.0

3.0 2.3
3.0 3.7
3.0

3.3 4.0
3.3 4.0 
4.0

4.7 4.7
4.7 4.7
3.7

2 2.7 2.7 
3.0 2.7

2.7 3.0 
3.3 2.3

3.7 4.0 
4.0 4.0

3.7 4.0
3.7 4.0 
4.0

3 3.0 2.3
3.0 2.7 
2.7

3.7 3.0
3.0 2.3

4.0 4.0
5.0 5.3 
4.7

5.3 4.0 
5.0 5.3

4 3.7 3.0
3.3 2.7
3.3

4.0 3.3
3.0 3.3 
2.7

6.0 5.0
4.7 4.0
5.7

5.0 4.0
4.0 4.7 
4.7

5 3.0 2.7
3.0 2.7 
2.7

2.3 3.0
2.7 3.0
2.7

6.0 4.0
4.0 4.0
4.0

5.7 5.0 
4.3 5.3
4.7

6 3.0 3.7
3.0 3.0 
2.7

3.0 3.0
2.7 3.0
2.7

4.0 4.7 
4.3 5.0
5.0

4.0 4.0
3.7 3.7
4.7

7 3.0 3.0 
3.3 3.7
3.0

3.0 3.3
4.0 3.0
3.0

4.0 4.0 
3.7 4.0 
4.3

5.0 5.0
5.0 5.0
5.0

(a)
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CONDITION

SUB-GROUP

25 - 26[°C] 
40-50 [%]

24 - 25[°C] 
> 80 [%]

28 - 29[°C] 
> 80 [%]

30-31 [°C] 
40-50[%]

1 3.0 3.3 
2.7 3.0 
3.3

2.3 3.7
2.3 3.0 
3.0

4.0 4.0
4.0 4.0
5.3

4.0 4.3
4.0 4.7 
4.7

2 3.3 3.3
3.3 3.3 
4.0

4.0 3.0 
3.3 3.7 
3.7

5.3 5.3
5.3 4.7
5.3

5.3 5.7
4.3 4.7 
5.7

3 3.0 3.3 
3.3 3.3 
3.7

3.0 4.0
4.0 3.3 
3.3

4.0 4.0 
4.3 4.3 
4.7

4.0 5.7
5.7 5.3
5.7

4 2.0 3.3
3.0 3.0
3.0

2.3 3.3 
3.0 3.3 
3.7

6.0 5.3
5.0 4.3 
4.7

5.3 6.0 
5.0 4.7
5.3

5 2.7 2.7
3.0 3.0
3.0

2.3 3.3
2.3 2.7
3.0

4.0 3.3
4.0 3.7 
4.7

5.0 4.3 
4.3 4.7
5.0

6 3.3 3.3 
3.0 3.3
3.3

3.0 4.0
2.7 3.7
3.7

3.7 4.3 
5.0 5.0 
5.3

4.3 5.0
4.7 4.3
4.7

(b)

Table 5.1 (a) & (b) (a) Malay Male and (b) Chinese Male participants' 
Thermal Sensation Votes for every condition in 
the Transverse Study of Male participants



Next, a simple statistical description of the data in Table 5.1 is carried out 

and this is given in Table 5.2 for both the Malay Males and Chinese Males. 

It includes for each of the four conditions the total num ber of participants, 

percentage of participants who voted between 3.0 and 5.0(inclusive), the 

mean vote of the participants, the standard deviation of the votes, the 

standard error and the 95% confidence interval.

In Table 5.2, the first row below the headings represents the num ber of 

participants. Note that there are conditions in which the Malay Male 

participants were less than 35. This is due to one or two sub-groups of 

Malay Male participants comprising of only 4 members. The difference in 

the num ber of participants for each of the groups does not affect the 

statistical analysis carried out because the Analysis of Variance technique 

can calculate significance for groups with different sample sizes.

The next row  lists the percentage of participants who voted between 3.0 

and 5.0 (inclusive) which represents the thermal acceptability interval. A 

percentage of 80% or more indicates that the condition can be considered 

w ithin the therm al acceptability range. Thus, the therm al acceptability 

percentage for the tem perature of 30°C-31°C and relative hum idity of 40- 

50% (last condition) indicates that the condition is within the acceptability 

interval for Malay Males but not for the Chinese Males. The Malay Males 

find the last two conditions acceptable, while the Chinese Males find only 

the first condition acceptable. Both Malay and Chinese Males voted the 

second condition as outside the acceptability interval.
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CONDITIONS

DESCRIPTIONS

25 - 26 r a  
40-501%]

24-25 PC] 
>80[%]

28-29 PC] 
>80[%]

30-31 PC] 
40-501%]

ETHNIC MALAY CHINESE MALAY CHINESE MALAY CHINESE MALAY CHINESE
NUMBER 34 30 33 30 34 30 34 30
ACCEPTABILITY 
INTERVAL 
VOTE [%1

71 87 67 77 91 73 88 67

MEAN VOTE 3.0 3.1 3.0 3.2 4.3 4.6 4.5 4.9
STD. DEVN. 0.31 0.35 0.43 0.56 0.68 0.65 0.57 0.57
STD. ERROR 0.05 0.06 0.07 0.10 0.12 0.12 0.09 0.10
CONE. INTERVAL ±0.10 ±0.12 ±0.14 ±0.20 ±0.24 ±0.24 ±0.18 ±0.20oO

Table 5.2 : Simple Statistical Analysis of the Male Transverse Study data 
for the four selected conditions



The third row in Table 5.2 represents the mean vote. Note that the mean 

vote is not a sufficient criterion for thermal acceptability although it may 

be within the acceptability interval of 3.0 and 5.0. Also note that the Malay 

Males voted consistently lower (over all the 4 conditions) than  the 

Chinese Males. The significance of this difference is investigated in section 

5.6.

The next row lists the standard deviations of the votes which are the 

spread of the votes from the means. Note that the standard deviations are 

lower for the lower tem peratures and higher for the higher temperatures. 

This observation is discussed at the end of the following section.

Standard errors are listed in the following row. Each value indicates the 

departure of the group mean (listed two rows above) from the mean of 

the population (from which this sample is taken). It is the error of the 

observed mean due to being based only on one sample of the population.

For instance, for the condition with the tem perature of 25°C-26°C and 

relative humidity of 40-50%, the mean vote of this sample of Malay Males 

(34 participants) between the age of 18-24 years is 0.05 from the estimated 

m ean vote of the population of all Malay Males between the ages of 18-24 

years. It is computed as follows :

S.E. = S.D. /  Vn

where,

S.D. = standard deviation

N = total no. of participants for the condition
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Standard error varies directly with standard deviation and inversely with 

the square root of the sample size.

The standard error can be used to find the Confidence Interval of the 

mean. Confidence interval is 2 * STD. ERROR. It is quoted based on the 

significance level desired, like 99%, 95%, 90%. For the present study a 

significance level of 95% is used as in other thermal comfort studies. The 

last row of Table 5.2 lists the confidence interval of the mean votes at the 

95% level.

5.3 Transverse Study of Female Participants

Thirteen sub-groups of female students participated in this study over 

four conditions similar to those of the male participants.

Tables 5.3(a) and (b) list the same four conditions that were tested and the 

mean votes of each participant from each of the thirteen sub-groups. The 

arrangement of this table is similar to the arrangement in Table 5.1.

A simple statistical analysis was then carried out and the results are listed 

in Table 5.4.

The first row lists the num ber of participants. Note that there were 35 

Malay Females and 30 Chinese Females for each of the four conditions.
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CONDITION

SUB-GROUP

25-26[°C] 
40-50 [%]

24-25 m  
> 80 [%]

28-29 m  
> 80 [%]

30-31 m
40-50 [%]

1 3.0 3.0
2.7 2.3
2.7

3.3 2.7 
2.7 2.7 
3.0

5.0 4.7
4.3 5.0
5.3

4.7 4.3
4.7 4.7 
4.3

2 3.7 3.0
3.7 2.7 
2.3

3.3 3.3 
3.0 3.0 
2.7

3.3 3.7
3.0 3.3
4.0

4.7 4.7
4.3 4.3
5.3

3 2.7 3.0 
2.0 2.7 
3.3

2.7 3.0 
2.0 2.3
3.7

4.3 4.3 
3.7 4.0 
4.0

5.3 5.3
5.3 5.0 
4.0

4 3.0 3.3
2.7 2.7
2.7

2.7 3.7
3.0 2.0
3.0

4.3 3.7
4.3 3.7 
4.0

4.3 5.3
3.7 3.7
3.7

5 3.0 3.3 
2.3 3.3
3.0

2.3 3.7 
2.7 3.3 
3.0

4.0 4.3 
4.7 5.0 
4.3

4.7 4.0
4.3 4.3
4.3

6 2.7 2.3 
3.0 2.7
2.7

2.0 2.0 
3.0 2.7 
2.7

4.0 3.7
4.7 3.7
3.7

4.7 4.3 
4.0 4.3
3.7

7 3.0 3.0 
3.3 2.7
3.0

3.0 3.0
3.0 3.0
3.0

4.0 4.0
4.0 4.0 
4.3

3.7 4.3
3.7 4.7 
4.3

(a)
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CONDI
TIONS

SUB-GROUP

25 - 26[°C] 
40-50 [%]

24 - 25 [°C] 
> 80 [%]

28 - 29[°C] 
> 80 [%]

30 - 31 [°C] 
40-50[%]

1 3.3 3.3 
3.0 3.3 
2.7

3.0 3.0 
3.3 4.0 
2.7

5.0 4.7 
5.3 4.7
4.0

5.3 4.7
5.3 5.3 
4.7

2 2.3 1.7
2.3 2.7 
2.7

2.7 2.3
2.3 2.0
3.3

4.0 3.0
3.7 4.3
3.7

5.3 5.3
3.7 4.7
3.7

3 3.0 3.0
3.7 3.7
2.7

3.7 3.0
3.0 3.0
3.0

3.7 5.0
3.7 4.0
3.7

3.7 5.3 
4.3 3.7
3.7

4 3.0 4.0
3.0 3.0
3.0

3.7 4.0
3.3 2.7
3.3

4.7 5.0
5.7 4.3 
4.3

5.3 6.0 
5.0 5.3 
4.7

5 3.0 3.3 
3.3 2.3 
3.7

3.7 2.7
4.0 2.7
3.0

4.3 4.0
5.3 4.3 
4.7

4.7 4.7
5.7 5.3 
5.0

6 3.0 3.0 
2.7 3.0
4.0

3.3 2.3
2.7 3.0
3.3

4.0 4.0 
4.7 4.3 
5.3

4.3 5.0 
4.7 4.7 
5.0

(b)

Table 5.3 : (a) Malay Female and (b) Chinese Female participants' 
Thermal Sensation Votes for every condition in the 

Transverse Study of Female participants



CONDITIONS

DESCRIPTIONS

25 - 26 m  
40-50 [%]

24-25 m  
>80[%1

28-29 m  
>80[%1

30-31 r a  
40-50 [%]

ETHNIC MALAY CHINESE MALAY CHINESE MALAY CHINESE MALAY CHINESE
NUMBER 35 30 35 30 35 30 35 30
ACCEPTABILITY 
INTERVAL 
VOTE [%]

51 70 57 70 97 83 86 63

MEAN VOTE 2.9 3.0 2.9 3.1 4.1 4.4 4.4 4.8
STD. DEVN. 0.38 0.51 0.45 0.52 0.51 0.62 0.50 0.58
STD. ERROR 0.06 0.09 008 0.10 0.09 0.11 0.08 0.11
CONE. INTERVAL ±0.12 ±0.18 ±0.16 ±0.20 ±0.18 ±0.22 ±0.16 ±0.22

Table 5.4 : Simple Statistical Analysis of the Female Transverse Study data 
for the four selected conditions



The next row  lists the percentage of votes for the acceptability interval. 

The percentage of the votes of Malay Female and Chinese Female for the 

tem perature of 28°C-29°C with relative hum idity of >80% is above the 

required 80%. Thus, this condition meets the therm al neutrality criteria 

and is considered within the acceptability range. For the first and second 

conditions, the acceptability interval votes are below 80%, thus, they are 

considered outside the acceptability interval. For the last condition, the 

Malay Females voted w ithin the acceptability interval bu t the Chinese 

Females voted outside the interval.

The following row in Table 5.4 lists the mean votes for each condition. 

N ote tha t even though the first two conditions are ou tside  the 

acceptability range, their average votes are very close to or w ithin the 

neutrality interval of 3.0 and 5.0. The Malay Females voted consistently 

lower (for all four conditions) than the Chinese Females. This observation 

is similar to the trend of votes between the Malay Males and the Chinese 

Males. This trend will be investigated to determine the significance of the 

difference in section 5.6.

The standard deviations of the participants' votes from the means are 

listed next. Again, note that the standard deviation is smaller for the lower 

tem perature conditions and higher for the higher tem perature conditions. 

This observation is similar to the Male participants' study.

The standard errors are listed in the following row. It can be seen that the 

errors are close to one another, around 0.08. Finally, the confidence 

intervals are listed in the last row.
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5.4 N o rm a lisa tio n  o f R elative H u m id ities

The four conditions of the transverse study are converted to a normalised 

tem perature at a common relative hum idity of 50%. This will mean that 

simple regression will be sufficient to investigate the relationship between 

tem perature  and votes. Another reason for the norm alisation of the 

relative hum idities is to make the regressions, determ ined in the 

following chapter, comparable to Fanger's and other studies.

M ultiple regression equations can be developed from the tem perature and 

relative hum idity  data presented. When the relative hum idity  in the 

m ultiple regression equations are made to be 50%, the tem perature 

obtained will be the normalised temperature.

The therm al comfort equation developed by Fanger can also be used for 

norm alisation. Fanger has also produced graphs from his equation to 

represent various combinations of metabolic rates and clothing insulation. 

So, it is convenient to determ ine the norm alised tem perature directly 

from the graphs.
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Note that the conditions in this study are represented by temperatures and 

relative hum idities which are over certain ranges rather than a specific 

value as mentioned in the previous chapter. The tem perature is over 1°C 

range and relative hum idity is over 10% range. For simplicity, the m id

point value will be chosen to represent each range. For example, the 

condition of 25°C-26°C and 40-50% is represented by 25.5°C and 45%. The 

>80% hum idity is represented by 90%, since >80% represents an interval of 

80%-100%. These m id-point values are used in the graphs to obtain the 

norm alised temperatures.

Figures 5.1 (a) and (b) show two graphs taken from Fanger [1] for sedentary 

activity of l.Omet and clothing insulation values of 0.5clo and l.Oclo.. The 

m etabolic rate and the clothing insulation of the participants in this 

transverse study are 1 .Omet and 0.55clo respectively as described in Chapter 

3 on M ethodology. The air velocity is approxim ately O .lm /s. Thus, in 

order to determine the equivalent tem peratures for the conditions in this 

study, interpolation is necessary between the two graphs for 0.5 and 1.0 do  

at identical metabolic rates and air velocity.

For the 0.5clo graph, (near the <0.1m/s air velocity line), a change of 90% 

to 50% hum idity results in an increase of 0.9°C in temperature. A change 

of 45% to 50% hum idity results in a drop of 0.2°C in temperature.

For the l.Oclo graph, (near the <0.1m /s air velocity line), a change of 90% 

to 50% hum idity results in an increase of 0.9°C, which is similar to the 

0.5clo graph. A change of 45% to 50% humidity results in a drop of 0.2°C in 

tem perature, which is similar to the l.Oclo graph. Thus, interpolation 

between the two graphs is no longer necessary.
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A condition with a tem perature of 24.5°C and relative hum idity of 90% 

w hen norm alised  to 50% relative hum id ity  gives an equivalent 

tem perature of 25.4°C, an increase of 0.9°C. The other three conditions 

were also norm alised accordingly, and their tem peratures are listed in 

Table 5.5.

5.5 Statistical Techniques

One of the most interesting pieces of information that can be seen from 

Table 5.2 is that the Malay Male votes are consistently lower than the 

Chinese Male votes. The votes of the two groups have to be compared to 

determine if they are statistically significant. The m ethod of determining 

statistical significance of the votes is by determining the probability of the 

difference occurring by chance with an acceptable probability level of, say, 

5%. The probability  of 5% is the usual probability  level taken for 

comparisons in most statistical analyses [3]. In other w ords, w hen the 

probability of the difference in the votes occurring by chance is less than 

5%, the difference can be considered real or significant. If the probability of 

the difference occurring by chance is greater than 5%, any difference can be 

attributed to chance rather than a variance factor, which in the above 

example is ethnicity of the male participants.
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ORIGINAL CONDITIONS NORMALIZED CONDITIONS
25.5[°C] & 45[%] 25.3[°C] & 50[%]
24.5[°C] & 90[%] 25.4[°C] & 50[%]
28.5[°C] & 90[%] 29.4[°C] & 50[%]
30.5[°C] & 45[%] 30.3[°C] & 50[%]

Table 5.5 : Original and Normalized conditions of the 
Transverse Study in Malaysia



There are various techniques which can be em ployed to determ ine 

significance. In this study, the votes collected are, strictly speaking, ordinal 

data where only non-parametric techniques like the Chi-Square and the 

Mann-W hitney Tests may be used. Nevertheless, all the research in the 

field of Thermal Comfort has assumed the votes as interval data, where 

param etric tests like Analysis of Variance (ANOVA) and Regression are 

perform ed. For example, Fanger [1] used Regression to determ ine the 

relation between votes and normalised temperatures.

In this study, the ANOVA technique is used.

ANOVA investigates the effect of an independent variable, like ethnicity, 

on a dependent variable, like votes. A one-way ANOVA has only one 

independent variable and one dependent variable. There are two types of 

ANOVA, namely. Factorial and Repeated Measures Design. In this study, 

the Factorial Design, which investigates the effect of the same condition 

over all the groups of participants, is used.

The variance between the groups compared may be calculated using the 

following :

Sb = I  ( Xi - X )V  DF

where,

Xi = mean vote of a group 

X = grand mean (of all members of all groups) 

DF = degrees of freedom ( no. of groups -1)
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Next, the variance within each group is calculated using the following

2 _
Sw = J  ^  ( Xit - Xi ) /  g(n-l)

where,

Xit = a vote from a group 

Xi = mean vote of a group 

n = no. of votes in each group 

g = no. of groups

Next, the F-test is done, where the key question is w hether Sb is large 

relative to Sw . The relation to compute F is.

F =  nSb /  Sw

F is also referred as the F-ratio. A qualitative representation of F-ratio is :

F = Explained Variance /  Unexplained Variance

The num erator represents the variance between the groups' votes while 

the denominator represents the sample or random  variance that cannot be 

systematically explained by the group differences. When F is large, due to a 

large explained variance, then it is likely that the differences between the 

groups are significant.

The ANOVA table summarises all the above calculations and gives the 

probability value of the difference between the two com pared groups, 

which allows a quicker determination of the significance.
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ANOVA is used in this study to compare thermal sensation votes between 

different pairs of the four groups of participants, namely, Malay Males, 

Chinese Males, Malay Females, and Chinese Females. There are six 

possible pair-wise comparisons for the four groups which are as follows :

Malay Males V Chinese Males

Malay Males V Malay Females

Malay Females V Chinese Females

Chinese Males V Chinese Females

Malay Males V Chinese Females

Chinese Males V Malay Females

The technique is also used to compare the votes among ethnic groups and 

also among gender groups.

The software package used for the ANOVA computations is ST AT VIEW 

512, a statistical analysis package available on the Macintosh Computer. 

The initial ANOVA results from STATVIEW 512 were checked against 

the results obtained using MINITAB 2.0, a better known piece of statistical 

analysis software. The results were identical and the rest of the ANOVA 

computations are determined using STATVIEW 512 due to its more user 

friendly nature.

137



5.6 Comparison Between The Four Groups

In this section, comparisons of the thermal sensation votes betw een the 

four groups of participants are investigated. A statistical significance 

analysis of the votes, which is shown in Tables 5.1 and 5.3, was determined 

for the four groups using ANOVA. The four groups are com pared 

together and when the probabilities show significance, then a comparison 

on a pair basis is carried out in order to identify significant differences 

more specifically.

For example, when the ANOVA of the thermal sensation votes of all the 

four groups is carried out, the probability is 0.06 for the first of the four 

norm alised conditions. The probability is 0.05 for the second and third 

norm alised conditions and is 0.005 for the last condition. As the 

probabilities are very close to the cut-off probability of 0.05, it is useful to 

determ ine an overall significance of the differences of the therm al 

sensation votes.

The four probabilities are put together to find the chi-square which is then 

compared with the critical chi-square for the same degree of freedom. The 

m ethod is proposed by Fisher, R., in his book, 'Statistical M ethods for 

Research Workers'. The equation is as follows :

X = 2 ( I - l o g e P i )  

where.

Pi = probabilities
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Each probability has 2 degrees of freedom, which gives a total of 8 degrees 

of freedom for all the 4 conditions. The total computed chi-square is 28.206 

while the critical chi-square is 15.5. This shows that there is a significant 

overall difference betw een the therm al sensation votes. This finding 

suggests that it is useful to identify the pairs of groups that m ay be 

contributing to the overall significance.

Malay Males and Chinese Males are com pared for the norm alised 

condition of 25.3°C and the detailed results are presented in Table 5.6. The 

table shows that the probability of the difference between the Malay Male 

and Chinese Male votes occurring by chance is 0.061, which is greater than 

0.05. The difference in their votes can be attributed to chance and so is not 

statistically significant. Thus, it cannot be stated that the Malay Males 

voted differently than the Chinese Males at the norm alised condition of 

25.3°C.

The remaining five pair-wise comparisons, as listed previously, are carried 

out among the four groups, four of which have only one independent 

variable prevailing i.e. either the ethnic or gender factor. The other two 

pair-w ise com parisons have both ethnic and gender as independent 

variables.
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SOURCE DEG. OF FREEDOM SUM OF SQUARES MEAN OF SQUARES F-TEST
BETWEEN GROUPS 1 0.383 0.383 3.641
WITHIN GROUPS 62 6.529 0.105 PROB. = 0.061
TOTAL 63 6.912

Table 5.6 : Example of ANOVA Table for Malay Male versus Chinese Male Participants' Thermal Sensation 
Votes for the normalised 25.3°C condition



The results of the comparisons for the four groups together are shown in 

detail in Appendix 1. The final results of the comparisons, namely, the 

probabilities of the differences, are listed in the first row below the row of 

conditions in Table 5.7. All the comparisons show that the differences are 

not significant for all the conditions except for the extrem e 30.3°C 

condition. As the probabilities are found to be around 0.05, it is appropriate 

to check for significance among the six pairs of comparisons possible for 

each condition. The probabilities are listed in Table 5.7 It can be seen that 

there are significant differences among the pairs for the norm alised 

condition of 30.3°C and also those between Chinese Males and Malay 

Females for all the four conditions. The rest of the comparisons show 

non-significant difference. Thus, the votes of Malay Males and Malay 

Females, Malay Females and Chinese Females, and Chinese Males and 

Chinese Females are considered to be similar.

The last condition with a norm alised tem perature of 30.3°C shows a 

probability of 0.005 for the comparison of the four groups together. This is 

a reflection of the significant differences found in three out of the six pair

wise comparisons under the same condition. The three pairs that show 

significant differences are Malay Males and Chinese Males, Malay Females 

and Chinese Females, and Chinese Males and Malay Females. These pairs 

have at least an ethnic variable among them.

Note that the mean votes of all the 4 groups as shown in Tables 5.2 and 5.4 

are close to each other except for the normalised condition of 30.3°C. This 

supports the finding of significant difference of the votes at 30.3°C.
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CONDITIONS

COMPARISONS

25.3[°C] 25.4[°C] 29.4[°C] 30.3[°C]

ALL 4 GROUPS PROB. = 0.06 PROB. = 0.05 PROB. = 0.05 P = 0.005
SIMILAR SIMILAR SIMILAR SIGNIFICANT

DIFFERENCE
MALAY MALES PROB. = 0.06 PROB. = 0.12 PROB. = 0.18 P = 0.02

V SIMILAR SIMILAR SIMILAR SIGNIFICANT
CHINESE MALES DIFFERENCE
MALAY MALES PROB. = 0.08 PROB. = 0.20 PROB. = 0.24 PROB. = 0.54

V SIMILAR SIMILAR SIMILAR SIMILAR
MALAY FEMALES
MALAY FEMALES PROB. = 0.08 PROB. = 0.10 PROB. = 0.07 PROB. = 0.006

V SIMILAR SIMILAR SIMILAR SIGNIFICANT
CHINESE FEMALES DIFFERENCE
CHINESE MALES PROB. = 0.33 PROB. = 0.35 PROB. = 0.28 PROB. = 0.70

V SIMILAR SIMILAR SIMILAR SIMILAR
CHINESE FEMALES
MALAY MALES PROB. = 0.67 PROB. = 0.58 PROB. = 0.75 PROB. = 0.07

V SIMILAR SIMILAR SIMILAR SIMILAR
CHINESE FEMALES
CHINESE MALES PROB. = 0.005 PROB. = 0.010 PROB. = 0.004 PROB. = 0.002

V SIGNIFICANT SIGNIFICANT SIGNIFICANT SIGNIFICANT
MALAY FEMALES DIFFERENCE DIFFERENCE DIFFERENCE DIFFERENCE

o7»

Table 5.7 : Summary of ANOVA of Thermal Sensation Votes for all the Four normalised conditions



Overall, the sim ilarities outw eigh the differences, thus it m ay be 

reasonably concluded that college-age Malay Males, M alay Females, 

Chinese Males and Chinese Females exhibit a reasonably similar thermal 

sensation voting pattern for conditions below 30°C. However, the votes of 

the Chinese Males and Malay Females are significantly different for all the 

conditions.

5.7 Comparison Between Ethnicity and Gender

Given that Malaysia is a multi-racial country with Malays and Chinese 

forming practically 85% of the population, it is relevant to investigate any 

ethnic differences in the votes.

A follow-up analysis to the comparisons in the previous section is the 

Analysis of Variance between the votes of Males and Females and also 

between the votes of Malays and Chinese. Males consist of Malay Males 

and Chinese Males and correspondingly for the Females. The Malays 

consist of Malay Males and Malay Females, and correspondingly for the 

Chinese. In this way, each new group consists of two of the other groups. 

Malaysians is a group which consists of all the participants together.
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5.7.1 Comparison between Gender

Table 5.8 shows the means, standard deviations and standard errors of 

votes of Males, Females, Malays, and Chinese and the Grand Mean Votes 

of Malaysians. The mean votes of the Males and the Females are closer to 

each other for all the four conditions compared to the mean votes between 

the Malays and the Chinese.

An ANOVA of the sensation votes was carried out. Tables 5.9 (a) - (d) 

present the ANOVA results for comparing voting patterns with gender. 

The probabilities between Males and Females are greater than 0.05 for all 

the four conditions indicating that the votes of Males and Females are not 

significantly  different. Thus, M alaysian M ales and Females show  

similarity in their thermal sensation voting pattern.

5.7.2 Comparison between Ethnicity

The comparison between Males and Females for all the four conditions 

show that the Sum of Squares between them are very small, e.g. for the 

norm alised tem perature of 30.3C it is 0.189. This compares w ith the Total 

Sum of Squares of 48.264, which is very large.
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GROUPS

CALCULATIONS

MALES FEMALES MALAYS CHINESE

NUMBER 64 65 69 60
MEAN VOTE 3.05 2.94 2.93 3.08
STD, DEVN, 0.333 0.447 0.347 0.435
CONE.
INTERVAL

±0.08 ±0.11 ±0.09 ±0.11

GRAND MEAN 3.0
(a)

y
GROUPS

CALCULATIONS

MALES FEMALES MALAYS CHINESE

NUMBER 63 65 68 60
MEAN VOTE 3.09 2.96 2.93 3.13
STD. DEVN. 0.515 0.492 0.443 0.554
CONE.
INTERVAL

±0.13 ±0.12 ±0.11 ±0.14

GRAND MEAN 3.02
(b)



GROUPS

CALCULATIONS

MALES FEMALES MALAYS CHINESE

NUMBER 64 65 69 60
MEAN VOTE 4.45 4.24 4.23 4.47
STD. DEVN. 0.67 0.574 0.61 0.637
CONE.
INTERVAL

±0.17 ±0.14 ±0.15 ±0.18

GRAND MEAN 4.34
(c)

GROUPS

CALCULATIONS

MALES FEMALES MALAYS CHINESE

NUMBER 64 65 69 60
MEAN VOTE 4.68 4.6 4.47 4.835
STD. DEVN. 0.64 0.589 0.56 0.619
CONE.
INTERVAL

±0.16 ±0.15 ±0.13 ±0.16

GRAND MEAN 4.64
(d)

Table 5.8 (a) - (d) : Statistical Description of the Thermal 
Sensation votes of Males, Females,

Malays and Chinese for (a) 25.3°C,
(b)25.4°C, (c)29.4°C and 30.3°C normalised conditions



SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN
GROUPS

1 0.39 0.39 2.509

WITHIN GROUPS 127 19.758 0.156 PROB. =0.12
TOTAL 128 20.148

(a)

o
SOURCE D.F. SUM OF SQ. MEAN OF 

SQ.
F-TEST

BETWEEN
GROUPS

1 0.598 0.598 2.36

WITHIN GROUPS 126 31.937 0.253 PROB =0.13
TOTAL 127 32.535

(b)



SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN
GROUPS

1 1.278 1.278 3.221

WITHIN GROUPS 127 50.392 0.397 PROB. =0.08
TOTAL 128 51.67

(c)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN
GROUPS

1 0.189 0.189 0.499

WITHIN GROUPS 127 48.075 0.379 PROB. =0.48
TOTAL 128 48.264

(d)

Table 5.9(a) - (d) : ANOVA of Thermal Sensation Votes for comparisons 
between Males and Females for (a) 25.3°C,
(b)25.4°C, (c) 29.4°C]and (d) 30.3°C normalised conditions



One possible extension to this result is to break up the Sum of Squares 

w ithin the groups (or random  variance)which is equal to 48.075 for the 

norm alised 30.3°C condition, into explainable variance and a random  

residual. One obvious explainable variance that can be introduced is the 

ethnicity variance. Thus, two independent variables, gender and ethnicity, 

affecting one dependent variable, votes, can be investigated.

5.7.3 Comparison of the Ethnic Factor and Two-Way ANOVA

The investigation of the dependency of votes on gender and ethnicity is 

called a two-way ANOVA. The two-way ANOVA was carried out and the 

detailed results are shown in Tables 5.10 (a) - (d). The tables show that the 

probabilities for the comparison between Malays and Chinese are less than 

0.05 for all the four conditions. This means that the Malays and the 

Chinese voted significantly differently from one another.

It can also be seen from the tables that for the condition of 30.3°C, the 

in troduction of a second independent variable changed the Sum of 

Squares within the groups from 48.264 to 43.731 (bottom row of Table 

5.10(d)). The Sum of Squares for the second variable, ethnicity, is 4.339. 

The interesting point to note in all four conditions is that the probability 

of the difference in votes between Malays and Chinese is less than 0.05 

which indicates that the ethnic factor influences the votes of the Malays 

and the Chinese significantly.
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SOURCE D.F. SUM OF SQ. MEAN OF SQ. F-TEST PROB.
MALE-FEMALE (A) 1 0.381 0.381 2.507 0.116
MALAY-CHINESE (B) 1 0.75 0.75 4.935 0.028
AB 1 3.263 E-5 3.263 E-5 2.146 E-4 0.988
ERROR 125 19.007 0.152

(a)

SOURCE D.F. SUM OF SQ. MEAN OF SQ. F-TEST PROB.
MALE-FEMALE (A) 1 0.568 0.568 2.299 0.132
MALAY-CHINESE (B) 1 1.278 1.278 5.167 0.025
AB 1 4.064 E-4 4.064 E-4 0.002 0.968
ERROR 124 30.658 0.247

(b)



SOURCE D.F. SUM OF SQ. MEAN OF SQ. F-TEST PROB.
MALE-FEMALE (A) 1 1.236 1.236 3.183 0.0768
MALAY-CHINESE (B) 1 1.863 1.863 4.799 0.0303
AB 1 0.008 0.008 0.022 0.883
ERROR 125 48.519 0.388

(c)

SOURCE D.F. SUM OF SQ. MEAN OF SQ. F-TEST PROB.
MALE-FEMALE (A) 1 0.172 0.172 0.492 0.484
MALAY-CHINESE (B) 1 4.339 4.339 12.404 0.0006
AB 1 0.003 0.003 0.009 0.9247
ERROR 125 43.731 0.35

iP

(d)

Table 5.10 (a) (d) : Two-way ANOVA of gender and ethnicity for 
(a) 25.3°C,(b) 25.4°C, (c) 29.4°C and 

(d) 30.3°C normalised condition



Nevertheless, the two independent variables do not combine to affect the 

votes significantly. This is shown by the probabilities of greater than 0.05 

in the rows labelled AB, for all the four conditions. In statistical terms, the 

probability is called the interaction probability betw een gender and 

ethnicity. The four conditions show that there is no interaction between 

gender and ethnicity.

Besides being significantly different in their votes, the Chinese participants 

voted consistently higher than the Malay participants. This can be seen in 

Tables 5.8 (a) - (d). The differences may be small for certain conditions, 

however, the votes are always higher. Given this consistency, a few 

possible explanations are proposed. Firstly, there could be physical 

differences, such as age, body weight and height. Secondly, diet, lifestyle 

and other cultural peculiarities may contribute to this difference although 

it is very difficult to quantify these qualitative factors for analysis. Only the 

first  p ro p o sitio n  w ill be investigated  in Section 5.10 as the 

anthropometrical data were collected and are quantifiable.

5.8 Time of Day of Experiment

Another factor which could affect the voting pattern is the time of day of 

the experimental sessions. The experiments were conducted either in the 

m orning or in the afternoon. Two differences exist between the m orning 

and afternoon sessions, namely, the am bient tem perature outside the 

laboratory and the amount of food consumption prior to each session.
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The am bient tem perature, an external factor, was experienced by the 

participants before entering the laboratory. The difference in the ambient 

tem peratures between early morning and early afternoon in Malaysia is 

typically around 7°C [4].

As for the level of food consumption, breakfast is typically much lighter 

than lunch. While breakfast may consist of toast, puddings or cakes, lunch 

alm ost always consists of a multiple course meal with rice as the main 

energy provider. The digestive system, which is the most energy intensive 

of the bodily processes, will be significantly busier in the afternoon than in 

the morning. The investigation will indicate w hether time of day of 

experiment influences thermal sensations.

The comparisons of votes between morning and afternoon experiments 

are carried out separately for each of the four groups of Malay Males 

(MM), Chinese Males (CM), Malay Females (MF) and Chinese Females 

(CF). The votes of the participants of each group who took part in the 

m orning are com pared w ith those in the afternoon under identical 

conditions. The choice of time of experiment is not decided ahead of time 

and is simply allowed to occur.
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The full details of the times of experiments for the sub-groups within each 

group are listed in Appendix 2. As an example, among the 7 sub-groups of 

Malay Males (MMl - MM7), the second and sixth sub-groups participated 

in the morning, while the first, third, fourth, fifth and seventh sub-groups 

participated  in the afternoon. Also note that because the tim es of 

experiments were simply allowed to occur, all of the 6 Chinese Female 

sub-groups under the condition of 25.3C and 50% participated in the 

afternoon. This is the only case in which all the sub-groups participated at 

the same time of day.

The mean vote, standard deviation and standard error of each group is 

calculated for both morning and afternoon sessions. The results are listed 

in Table 5.11. The mean votes in the morning and in the afternoon for 

each of the four groups under each condition are close. ANOVA 

perform ed on the votes in the m orning and in the afternoon shows no 

significant difference for all groups under all the four conditions. Thus, it 

can be inferred that conducting the experiments either in the m orning or 

in the afternoon does not influence the votes of the participants. The 

thermal sensation votes of the participants are independent of the time of 

day the experiments were conducted. This result is similar to Fanger's [1].
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CONDITIONS 25.3[°C] 25.4[°C] 29.4[°C] 30.3[°C]

SESSIONS

GROUPS

MORN AFT MORN AFT MORN AFT MORN AFT

MALAY MALES - MEAN
S.D.
S.E.

2.9
0.32
0.11

3.0
0.34
0.06

3.0
0.46
0.11

3.0
0.40
0.10

4.1
0.58
0.15

4.5
0.76
0.17

4.6
0.55
0.11

4.4
0.66
0.22

CHINESE MALES - MEAN
S.D.
S.E.

3.1
0.35
009

3.2
0.36
0.09

3.0
0.59
0.15

3.4
0.49
0.13

4.6
0.76
0.24

4.6
0.62
0.14

4.7
0.54
0.19

5.0
0.59
0.19

MALAY EEMALES - MEAN
S.D.
S.E.

2.9
0.41
0.09

2.8
0.35
0.09

2.7
0.54
0.17

2.9
0.41
0.08

4.3
0.47
0.12

4.0
0.51
0.11

4.5
0.53
0.11

4.2
0.31
0.10

CHINESE EEMALES - MEAN
S.D.

S.E.

3.1
0.41
0.11

2.9
0.59
0.15

3.2
0.62
0.11

4.1
0.69
0.18

4.6
0.49
0.13

4.9
0.52
0.12

4.7
0.82
0.26

Table 5.11 : Mean votes. Standard deviations and Standard error of each group for morning 
and afternoon experiments under all four normalised conditions



5.9 T herm al C om fort V ote A n alysis

The analysis carried out in Chapter 4 and up to the last section of this 

chapter used the thermal sensation votes of the participants. In the present 

study, thermal comfort votes were also obtained as a measure of comfort 

rating. While therm al sensation votes are used in m ost major studies, 

therm al comfort votes should also be investigated to find out if there are 

any differences between them.

A brief but complete analysis of the thermal comfort votes is presented in 

this section. The analysis is similar to that carried out for the thermal 

sensation votes.

5.9.1 Comparison of Thermal Comfort Votes Between the Four Groups

Firstly, an ANOVA of thermal comfort votes of the four groups together is 

determ ined. Detailed ANOVA tables for comparison of the four groups 

together are listed in Appendix 3. Table 5.12 sum m arises the results 

showing the probabilities of the differences of all the comparisons carried 

out. The probability of the difference of votes occurring by chance between 

the four groups is 0.002, which is less than 0.05. The probability shows that 

the votes of the four groups of participants are significant and it is 

appropria te  to carry out pair comparisons to identify the pairs that 

contributed to the significance found.
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CONDITIONS

COMPARISONS

25.3[°C] 25.4[°C] 29.4[°C] 30.3[°C]

ALL 4 GROUPS PROB. = 0.002 PROB. = 0.002 PROB. = 0.009 PROB. = 0.0002
SIGNIFICANT SIGNIFICANT SIGNIFICANT SIGNIFICANT
DIFFERENCE DIFFERENCE DIFFERENCE DIFFERENCE

MALAY MALES PROB. = 0.047 PROB. = 0.004 PROB. = 0.009 PROB. = 0.002
V SIGNIFICANT SIGNIFICANT SIGNIFICANT SIGNIFICANT

CHINESE MALES DIFFERENCE DIFFERENCE DIFFERENCE DIFFERENCE
MALAY MALES PROB. = 0.834 PROB. = 0.861 PROB. = 0.829 PROB. = 0.807

V SIMILAR SIMILAR SIMILAR SIMILAR
MALAY FEMALES
MALAY FEMALES PROB. = 0.055 PROB. = 0.069 PROB. = 0.123 PROB.= 0.002

V SIMILAR SIMILAR SIMILAR SIGNIFICANT
CHINESE FEMALES DIFFERENCE
CHINESE MALES PROB. = 0.081 PROB. = 0.13 PROB. = 0.117 P ROB.= 0.918

V SIMILAR SIMILAR SIMILAR SIMILAR
CHINESE FEMALES
MALAY MALES PROB. = 0.15 PROB. = 0.116 PROB. = 0.227 PROB. = 0.005

V SIMILAR SIMILAR SIMILAR SIGNIFICANT
CHINESE FEMALES DIFFERENCE
CHINESE MALES PROB. = 0.0003 PROB. = 0.001 PROB. = 0.003 PROB. = 0.0004

V SIGNIFICANT SIGNIFICANT SIGNIFICANT SIGNIFICANT
MALAY FEMALES DIFFERENCE DIFFERENCE DIFFERENCE DIFFERENCE

Table 5.12 : Summary of the ANOVA of Thermal Comfort Votes for all the Four Normalised Conditions



The ANOVA of the thermal comfort votes of Malay Males and Chinese 

Males for all the conditions are found to be less than 0.05. This means that 

the difference is significant, thus, Malay Males and Chinese Males voted 

differently for all the four conditions. Similar results are seen in the 

comparison between the votes of Chinese Males and Malay Females.

The votes of the pairing of Malay Males and Malay Females, and the votes 

of the pairing of Chinese Males and Chinese Females show similarities for 

all the four conditions. Note that these two pairs compare gender within 

the same ethnic background. The comparisons of the votes of the pairing 

of Malay Females and Chinese Females and the votes of th epairing of 

Malay Males and Chinese Females show significance only in the last 

condition.

These results can be compared with similar comparisons based on thermal 

sensation as shown in Table 5.7. It can be seen that Malay Males and 

Chinese Males voted sim ilarly for the first three conditions on the 

therm al sensation scale, but voted differently on the therm al comfort 

scale. Thus, Malay Males and Chinese Males generally shared similar 

therm al sensations but had different comfort levels. Similar observations 

are seen for the comparison with all four groups together.
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5.9.2 Comparison of Thermal Comfort Votes Between Gender and 

Ethnic Factors

Next, using the ANOVA technique, a comparison of gender and ethnicity 

was carried out. The statistical description of the votes of Males, Females, 

Malays and Chinese are listed in Appendix 4. The detailed ANOVA tables 

are listed in Appendix 5. The probabilities of the difference in comfort 

votes are presented in Table 5.13. The results show that Males and Females 

voted similarly while Malays and Chinese voted differently.

Next, the interaction between gender and ethnicity is investigated. This is 

carried out by performing a two-way ANOVA with gender and ethnicity as 

independent variables. The results are listed in the bottom row of Table 

5.13. There is also no interaction between the two factors, which means 

that gender does not interact with ethnicity to affect the thermal comfort 

votes of Malaysians.

The difference betw een the therm al sensation votes and the therm al 

comfort votes can be investigated by comparing them for each of the four 

groups separately. Analysis of Variance is again used to compare the 

votes. The detailed results are listed in Appendix 6A, 6B, 6C and 6D, while 

the probabilities are presented in Appendix 7. The difference between the 

therm al sensation votes and the thermal comfort votes of each group is 

found to be not significant. Thus, the votes between the two scales for each 

group can be considered to be similar.
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CONDITIONS 25.3[°C] 25.4[°C] 29.4[°C] 30.3[°C]
MALES P = 0.264 P = 0.288 P = 0.220 P = 0.912

V SIMILAR SIMILAR SIMILAR SIMILAR
FEMALES
MALAYS P = 0.006 P = 0.004 P = 0.027 P = 0.0001

V SIGNIFICANT SIGNIFICANT SIGNIFICANT SIGNIFICANT
CHINESE DIFFERENCE DIFFERENCE DIFFERENCE DIFFERENCE
TWO-WAY P = 0.139 P = 0.172 P = 0.308 P = 0.805
ANOVA NO INTERACTION NO INTERACTION NO INTERACTION NO INTERACTION

-e:

Table 5.13 : ANOVA of Thermal Comfort Votes for Ethnic and Gender comparisons including 
a Two-way interaction



A graphical representation of the above comparisons are presented in 

Figures 5.2(a) - (e). Figures 5.2(a) - (b) show the mean thermal sensation 

and mean comfort votes of the four conditions for Males and Females. 

The mean thermal sensation and comfort votes of the Males are slightly 

different, but not significant at the lower temperatures. The mean thermal 

sensation and comfort votes of the Females tend to m aintain the slight 

difference throughout the range of conditions shown.

Figures 5.2(c) - (d) show similar graphs for Malays and Chinese. The mean 

therm al sensation and comfort votes of the Malays show a slight though 

not a significant difference at the lower temperatures, similar to the graphs 

for Males. The graphs for the Chinese are similar to the Females.

Figure 5.2(e) shows the graphs for Malaysians. The thermal sensation and 

thermal comfort votes are very close to each another.

One of the im portant conclusions that can be made is that the Malaysians 

have treated the two scales, which are supposed to m easure slightly 

different factors, almost similarly. Thus a participant who voted 'slightly 

warm ' on the sensation scale is likely to vote 'comfortably warm ' on the 

comfort scale. The similarities between the two scales may be one of the 

reasons many researchers tend to use only one voting scale, namely, the 

thermal sensation scale.
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Scattergram  for co lu m n s:  X1 Y 1 ... X1 Y 2
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Figure 5.2(a) : Graph of Mean Thermal Sensation and Comfort Votes of 
Males
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Scattergram  for co lu m n s:  Xi Y 1 ... X-| Y 2
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Figure 5.2(b) : Graph of Mean Thermal Sensation and Comfort Votes of 
Females



Scattergram  for co lu m n s: X-| Y i ... X1 Y 2

O MALAY TS □  MALAY TC
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Figure 5.2(c) : Graph of Thermal Sensation and Comfort Votes of Malays
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Scattergram  for co lu m n s:  X1 Y 1 ... Xi Y 2

O CHINESE TS + CHINESE TC
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Figure 5.2(d) : Graph of Mean Thermal Sensation and Comfort Votes of 
Chinese
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Figure 5.2(e) : Graph of Mean Thermal Sensation and Comfort Votes 
of Malaysians
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It is relevant at this stage, before summarising the findings of this section 

and the previous two, to clarify this difference of votes. As an example, 

take the therm al sensation votes and the therm al comfort votes of the 

Malay Males for 25.3°C condition. The votes are similar according to 

Appendix 7. The Appendix also shows that the therm al sensation votes 

and the therm al comfort votes of the Chinese Males for the same 

condition are also similar. W hen only the therm al sensation votes for 

Malay Males and Chinese Males are compared, the results, as shown in 

Table 5.7, are also similar. However, when the thermal comfort votes of 

the same two groups are compared, they are found to be significantly 

different. This is seen in Table 5.12.

A graphical representation of the comparisons are presented for visual 

clarity. Figure 5.3 shows the four mean therm al sensation and comfort 

votes of Malay Males and Chinese Males for the normalised condition of 

25.3°C. It is clear that the mean sensation and comfort votes of Malay 

Males are close to each other, and so are the mean sensation and comfort 

votes of the Chinese Males. The mean therm al sensation votes of the 

Malay and Chinese Males are also relatively near to each other. However, 

their mean thermal comfort votes are further apart as indicated in Table 

5.12.
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Figure 5.3 : Mean Thermal Sensation and Comfort Votes of Malay 
and Chinese Males



In summary, the ANOVA of thermal sensation votes for Malay Males and 

Chinese Males show non-significance but the ANOVA of thermal comfort 

votes show significance. When the four groups are com pared together 

using therm al sensation votes, the difference in their votes are not 

significant. However, when the therm al comfort votes are used, their 

votes are significantly different. One likely explanation for the difference 

between the thermal sensation votes and the thermal comfort votes is the 

fact that the thermal sensation votes are objective responses to sensations 

of warmth. The thermal comfort votes, on the other hand, are subjective 

responses and represent more than sensations of w arm th, which can 

include other factors like mood, personality, etc. The ANOVA of thermal 

sensation votes and thermal comfort votes for each group shows non

significance, which means that the participants cannot differentiate 

between the two scales.

5.10 Comparisons of Anthropometrical Differences

Anthropometric data for each participant was recorded on their Bio-data 

Sheet. The data included age, body weight and height. Appendix 8 lists 

these data for every participant. Note that the tables in Appendix 8 are 

arranged to have a blank row in the m iddle to separate the seven sub

groups of Malay Males (MMl - MM7) from the six sub-groups of Chinese 

Males (CMl - CM6), and also to separate the seven sub-groups of Malay 

Females (MFl - MF7) from the six sub-groups of Chinese Females (CFl - 

CF6).
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Table 5.14 shows the statistical description of the ages of the participants. 

The description includes the total num ber of participants, the averages, 

standard deviations and standard errors.

5.10.1 Comparisons of Body Weights and Heights

Next, the body weights of the participants are compared using ANOVA. 

The results are presented in Table 5.15. All the pair-wise comparisons 

among the four groups of Malay Males, Chinese Males, Malay Females 

and Chinese Females show significance except for the pair, Malay Females 

and Chinese Females. The body weights of Males and Females show 

significant difference, but the body weights of Malays and Chinese are not 

significant. The results show a tendency towards significant difference in 

body weights among the participants.

Next, the heights of the participants are compared using ANOVA and the 

results are shown in Table 5.16. It can be seen that the results are almost 

similar to the body weights comparisons, except that the heights of Malays 

and Chinese are also significant. Thus, the heights of the participants show 

a stronger tendency than body weights tow ards significance among the 

four groups, except for the pair, Malay Females and Chinese Females.

Overall, the Malay Male, Chinese Male, Malay Female, and Chinese 

Female participants tend to show dissimilar anthropometric characteristics 

except for the pair, Chinese and Malay Females.
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GROUPS

ANALYSIS

MALAY
MALES

CHINESE
MALES

MALAY
FEMALES

CHINESE
FEMALES

NUMBER 35 30 35 30
AVERAGE (YRS) 20.5 20.5 19.2 19.9
STD. DEVN. 2.0 2.0 1.8 1.4
STD. ERROR 0.3 0.4 0.3 0.3

3 3

Table 5.14 : Statistics of the Ages of the Participants



GROUPS

ANALYSIS

MALAY
MALES

CHINESE
MALES

MALAY
FEMALES

CHINESE
FEMALES

MALES FEMALES MALAYS CHINESE

NUMBER 35 30 35 30 65 65 70 60
AVERAGE 59.06 64.27 52.63 52.97 61.46 52.79 55.84 58.62
STD.
DEVN

9.65 7.02 6.86 5.83 8.87 6.36 8.92 8.57

STD. ERR 1.63 1.28 1.16 1.06 1.1 0.8 1.07 0.11
ANOVA PROB. = 0.0001 SIGNIFICANT DIFFERENCES

SIGNIFICANT DIFFERENCES FOUND BETWEEN 
EVERY PAIR-WISE COMPARISON, EXCEPT 

1) MALAY FEMALES AND CHINESE FEMALES

PROB. = C 
SIGNIFICAh

.001
DIFF.

PROB. = 
NOT SIGh

3.07
JIFICANT

cOw0»
Table 5.15 : ANOVA of Body Weights (kilograms)



GROUPS

ANALYSIS

MALAY
MALES

CHINESE
MALES

MALAY
FEMALES

CHINESE
FEMALES

MALES FEMALES MALAYS CHINESE

NUMBER 35 30 35 30 65 65 70 60
AVERAGE 1.68 1.72 1.57 1.59 1.696 1.580 1.625 1.654
STD.
DEVN

0.04 0.05 0.06 0.05 0.05 0.05 0.07 0.08

STD. ERR 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
ANOVA PROB. = 0.0001 SIGNIFICANT DIFFERENCES

SIGNIFICANT DIFFERENCES FOUND 
BETWEEN
EVERY PAIR-WISE COMPARISON, EXCEPT 

1) MALAY FEMALES AND CHINESE FEMALES

PROB. = 0.001 
SIGNIFICANT DIFF.

PROB. = 
SIGNIFICAr

0.04
sJT DIFF.

unu>
o

Table 5.16 : ANOVA of Heights (metres)



5.10.2 Comparison of Pondéral Indices

Finally, the pondéral index of the participants was com puted w ith the 

following equation :

PONDERAL INDEX = [WEIGHT**(1/3)]/HEIGHT

The units of pondéral index is k) . The pondéral indices of the four 

group of participants were compared using ANOVA. The pondéral indices 

are listed in Appendix 9. The results of the ANOVA are shown in Table 

5.17. The average pondéral index of all the four groups ranges from 2.32 

for Malay Males to 2.38 for Malay Females. The ANOVA shows statistical 

significance am ong the four groups when com pared together, and 

especially, for the comparisons between Malay Males and Malay Females, 

and Chinese Males and M alay Females. The other four pair-w ise 

com parisons show non-significance. The statistical significance of the 

pondéral indices between Chinese Males and Malay Females is interesting 

because their thermal sensation and thermal comfort votes are also always 

statistically significant.

The pondéral indices of Males and Females show significant difference, 

but the pondéral indices of Malays and Chinese are not significantly 

different.
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GROUPS

ANALYSIS

MALAY
MALES

CHINESE
MALES

MALAY
FEMALES

CHINESE
FEMALES

MALES FEMALES MALAYS CHINESE

NUMBER 35 30 35 30 65 65 70 60
AVERAGE 2.32 2.328 2.383 2.36 2.32 2.37 2.35 2.34
STD.
DEVN

0.11 0.08 0.11 0.08 0.098 0.096 0.112 0.084

STD. ERR 0.02 0.02 0.02 0.02 0.012 0.012 0.01 0.01
ANOVA PROB. = C

SIGNIFIC
BETWEEN

1) MAU
2) CHIN

.03 SIGNIFICANT DIFFEl

ANT DIFFERENCES FOUT 
si
AY MALES AND MALAY 
[FSE MALES AND MALA^

^N C E S

^D

FEMALES 
' FEMALES

PROB. = C 
SIGNIFICAI'

.005
slT DIFF.

PROB. = 
NOT SIGb

3.68
JIFICANT

Table 5.17: ANOVA of Pondéral Indices



These results on the significance of the pondéral indices contrast with the 

pattern  of significance results on votes. The com parisons on votes 

typically show significance for Malays and Chinese and non-significance 

for Males and Females. The comparisons on pondéral indices show the 

opposite results. It is likely that pondéral indices do not influence the 

therm al sensation votes or thermal comfort votes of the participants in 

this study.

In order to test this point, a correlation of pondéral index with vote was 

calculated. The index of each of the four group is correlated with each of 

their votes to investigate the influence of pondéral index on votes. Table 

5.18 summarises the results for all the four environmental conditions. It 

can be seen that the correlation coefficients are small, and that the 

majority of them are positive. This indicates that there is a positive but 

small correlation between pondéral index and votes.

5.11 Summary

The four groups of participants who took part in the transverse studies 

have shown quite similar thermal sensation voting patterns but different 

thermal comfort voting patterns. At the normalised tem perature of 30.3°C, 

the votes for both thermal sensation and therm al comfort scales are 

significantly different.
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PONDERAL INDEX v VOTES CORRELAHONAL COEFHCIENT
CONDITIONS

GROUPS

25.3[°C] 25.4[°C] 29.4[°C] 30.3[°C]

MALAY MALES 0.23 0.19 0.21 -0.17
MALAY FEMALES 0.10 0.23 0.06 0.08
CHINESE MALES 0.36 0.39 0.11 -0.12
CHINESE FEMALES 0.08 0.11 0.23 0.07

«nun

Table 5.18 : Corrélation Coefficient of Pondéral Indices with 
Thermal Sensation Votes



The gender comparisons show that Males and Females voted similarly for 

both thermal sensation and thermal comfort scales. Thus, gender does not 

influence the sensation or comfort votes.

Ethnicity is a factor affecting both sensation and comfort votes since the 

Malays and the Chinese participants voted significantly differently from 

each other. The Chinese participants voted consistently higher than the 

Malays.

A sum m ary of the ANOVA on thermal sensation and therm al comfort 

votes is shown in Table 5.19.

A comparison between the time of day of the experim ents and votes 

show ed that the votes are independen t of the tim e of day of the 

experiments.

Comparisons of anthropom etric factors such as body weight and height 

showed significant differences except in the groups of Chinese Males and 

Chinese Females.

The body weight of Males and Females are significantly different but the 

body weights of the Malays and the Chinese are not. Males, Females, 

Malays and Chinese had significant differences in their heights.

The pondéral indices among the four groups of Malay Males, Chinese 

Males, Malay Females and Chinese Females, together show  significant 

differences. Even the pondéral indices of Males, Females, Malays and 

Chinese participants are significantly different. Pondéral index has also 

been found to be not correlated to thermal sensation votes.
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GROUPS

VOTES

MALAY
MALES

CHINESE
MALES

MALAY
FEMALES

CFRNESE
FEMALES

MALES FEMALES MALAYS CHINESE

THERMAL
SENSATN

NO SIGNIFICANT DIFF. 
AND CHINESE MALES 1

EXCEPT FOR 30.3[°C] 
KN D  MALAY FEMALES

NO SIGNIFICANT DIFF. 
EXCEPT FOR 30.3[°C]

SIGNIFICANT 
DIFFERENCE FOR ALL 
CONDITIONS

THERMAL
COMFORT SIGNIFICANT DIFFERENCE ONLY FOR 30.3[°C]

NO SIGNIFICANT 
DIFFERENCE FOR ALL 
CONDITIONS

SIGNIFICANT 
DIFFERENCE FOR ALL 
CONDITIONS

tn Table 5.19 : Summary of the Thermal Sensation and Thermal Comfort Votes Analysis



Table 5.20 sum m arises the results of ANOVA of the anthropom etric 

factors.

Further analysis of the thermal sensation and the thermal comfort votes 

are carried out and presented in the following chapters.
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GROUPS

ANALYSIS

MALAY
MALES

CHINESE
MALES

MALAY
FEMALES

CHINESE
FEMALES

MALES FEMALES MALAYS CHINESE

BODY
WEIGHT

SIGNIFICANT DIFFERENCE EXCEPT FOR 
MALAY FEMALES AND CHINESE FEMALES PAIR

SIGNIFICANT
DIFFERENCE

NOT SIGNIFICANT

HEIGHT SIGNIFICANT DIFFERENCE EXCEPT FOR 
MALAY FEMALES AND CHINESE FEMALES PAIR

SIGNIFICANT DIFFERENCE SIGNIFICANT
DIFFERENCE

PONDERAL
INDEX

SIGNIFICANT DIFFERENCES EXCEPT FOR
1) MALAY FEMALES AND MALAY MALES
2) MALAY FEMALES AND CHINESE MALES

PROB. = 0.001 
SIGNIFICANT DIFF.

PROB. = 0.04 
SIGNIFICANT DIFF.

Table 5.20 : Summary of the Comparison of the Anthropometric Factors
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CHAPTER 6

MALAYSIAN THERMAL COMFORT ZONE
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MALAYSIAN THERMAL COMFORT ZONE

6.1 Introduction

Following the initial analysis of the transverse study, this chapter 

discusses the possible form of a unique Malaysian Thermal Comfort Zone.

Firstly, the neutral tem peratures are calculated using the therm al 

sensation votes. The neutral tem peratures are determ ined for all the 

groups of participants, namely, Malay Males, Chinese Males, M alay 

Females, Chinese Females, Males, Females, Malays, and Chinese. The 

section also determines the Malaysian Neutral Temperature.

The confidence interval of the neutral tem peratures found from the 

sim ple regression is determ ined using the m ethod given by Sokal and 

Rolf and is compared with another method based on first principles.

The section also p resen ts an a lternative m ethod of norm alising  

tem peratures using the multiple regression technique.

In a sub-section, the residuals of the regression votes and tem perature are 

plotted in order to investigate whether simple regression is a sufficient 

model to represent the dependency of votes on temperature.

In the next section of this chapter, the comfort temperatures are calculated 

based on the thermal comfort votes for all the groups of participants. Next, 

the Malaysian Comfort Temperature is determined.
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In a sub-section, the comfort interval, representing the in terval of 

temperatures voted between 3.0 and 5.0 inclusive are calculated.

Finally, the Rough Therm al N eu tra lity  Zone developed from  the 

Longitudinal Studies in Chapter 4 is refined into a set of Thermal Comfort 

Zones according to gender and ethnic groupings.

6.2 M alaysian Neutral Temperature

Neutral tem perature is the tem perature corresponding to a vote of 4.0 on 

the therm al sensation scale which is represented by 'neutral'. It is the 

m iddle point on the thermal sensation scale as shown in Figure 3.4(a) in 

Chapter 3.

6.2.1 Simple regression of Thermal Sensation Votes and 

N orm alised Tem perature

N eutral tem perature is determ ined from a regression equation of the 

participants' therm al sensation votes w ith tem peratures. The therm al 

sensation votes tabulated in Tables 5.1 and 5.3 are used to produce a 

regression over normalised temperatures.
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The neutral tem peratures are first computed for each of the four groups, 

nam ely, M alay Males, Chinese Males, Malay Females, and Chinese 

Females. The simple regression is perform ed using the STATVIEW 512 

package available on Macintosh Computers. The regression lines for all 

the 4 groups are presented separately in Figures 6.1(a) - (d).

As an example, the simple regression equation for Malay Males as found 

in Figure 6.1(a) is:

V = 0.319(T) - 5.10

where V = thermal sensation vote 

T = temperature[°C]

The corresponding correlation coefficient, r, is 0.82. W hen V = 4.0 

corresponding to a thermal sensation of neutral, the T value obtained is 

28.5°C. So the neutral tem perature for the Malay Males can therefore be 

taken as 28.5°C.

Table 6.1 lists the regression equations, correlation coefficient and the 

neutral tem peratures for the four groups in the first four rows.

The correlation coefficients are greater than 0.8 which represent a good 

correlation between tem perature and sensation votes.
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y = .319x - 5.098, R -squared : .668
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y = 313x - 5.07, R -squared : .706
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GROUPS REGRESSION
EQUATION

CORR.
COEFF.

R

NEUTRAL 
TEMP. [°C]

± 95% CONE. 
INTERVAL

1 MALAY MALES V = 0.319(T) - 5.10 0.82 28.5 ± 0.28
2 CHINESE MALES V = 0.344(T) - 5.56 0.83 27.8 ± 0.29
3 MALAY FEMALES V = 0.313(T) - 5.07 0.84 29.0 ± 0.25
4 CHINESE FEMALES V = 0.347(T) - 5.76 0.82 28.1 ±0.30
5 MALES V = 0.33KT) - 5.31 0.81 28.1 ±0.20
6 FEMALES V = 0.329(T) - 5.39 0.82 28.5 ±0.20
7 MALAYS V = 0.316(T) - 5.09 0.83 28.8 ± 0.19
8 CHINESE V = 0.346(T) - 5.66 0.82 27.9 ± 0.20
9 MALAYSIANS V = 0.330CT) - 5.35 0.81 28.3 ± 0.14

Table 6.1 : The regression equations, correlation coefficients 
and neutral temperatures for all the groups



Note that the Chinese Males have the lowest neutral tem perature of 

27.8°C and the Malay Females have the highest with 29.0°C. The order of 

the neutral temperatures, from highest to lowest, is Malay Females, Malay 

Males, Chinese Females and Chinese Males. The tem perature  range 

between the highest and the lowest is 1.2°C.

The neutral tem peratures for the bigger groupings, nam ely. Males, 

Females, Malays and Chinese are also determined. Figures 6.2(a) and (b) 

show the regression lines for Males and Females respectively. The 

regression equations along w ith the correlation coefficients and the 

neutral temperatures are listed in the fifth and sixth rows of Table 6.1.

The neutral tem peratures of Males and Females are quite close to one 

another. This is expected since their votes are not significantly different, as 

shown in Table 5.7 in the previous chapter.

Rows seven and eight list similar statistics for the Malay and the Chinese 

groupings. Figures 6.3(a) and (b) show their regression lines. The 

difference between their neutral temperatures is 0.9°C.

Finally, the votes of all the participants are put together to determine the 

M alaysian N eutral Tem perature. Figure 6.4 shows the regression line 

obtained. The regression equation, correlation coefficient, and the neutral 

tem perature are listed in the final row of Table 6.1. The Malaysian Neutral 

Temperature is calculated to be 28.3°C.
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y = .331X - 5.309, R -squared : .663
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y = .316x - 5.087, R -squared : .682
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Figure 6.3(a) & (b) : Simple Regression for (a) Malays and (b) Chinese



y = ,33x - 5.35, R -squared: .664
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This unique tem perature represents the best estimate of the tem perature 

at which Malaysians feel neither slightly warm nor slightly cool, provided 

they wear clothing at 0.55clo and work at a metabolic rate of l.Omet. This 

neutral tem perature is a normalised tem perature which means that it is a 

tem perature with relative hum idity of 50%, with air movement < 0.15m/s 

and where the mean radiant tem perature of the working space equals the 

dry-bulb temperature.

The confidence interval of the neutral tem peratures were determ ined for 

each of the groups is calculated. The method used is that given by Sokal 

and Rolf in their book entitled, " Biometery : The Principles and Practice of 

Statistics in Biological Research " [1], for estimating the 95% confidence 

interval of the independent variable from the dependent variable. The 

confidence interval calculated for each group is listed in the final column 

of Table 6.1 and is around ±0.3°C for the first four groups and around 

±0.2°C for Males, Females, Malays and Chinese. The confidence interval 

for Malaysians is ±0.14°C. The width of the confidence intervals of Males 

and Females overlap while those of the Malays and Chinese are further 

apart and is significantly different.

A nother m ethod of calculating the confidence interval of the neutral 

tem perature, based on the residual standard error, sum of squares of the 

votes and the num ber of observations, was also carried out. The 

confidence interval found for 95% confidence is very similar to the above 

m ethod.
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6.2.2 Residual of Regression Vote and Temperature

The residuals can be studied in order to investigate w hether sim ple 

regression represents a sensible model of the dependency of the thermal 

sensation votes on normalised temperature. A plot of the residuals of the 

regression of the thermal sensation votes with norm alised tem peratures 

of Malays and Chinese are shown in Appendices 10(a) and 10(b).

The residual plot shows an almost equal number of residual points above 

and below the tem perature axis and that the points are also almost 

equidistant from the axis. The residuals appear randomly scattered and can 

be considered as no more than experimental noise. The plot suggests that 

the residuals are from a correctly specified model and that no other 

significant factors need be identified which could influence the voting 

pattern. Thus, simple regression of normalised tem perature and thermal 

sensation votes is a representative model of the dependency of votes on 

norm alised tem perature.

Further discussion on the regressions carried out are presented in the 

following chapter.

164



6.3 M alaysian  C om fort Tem perature

Comfort tem perature is the temperature corresponding to a vote of 4.0 on 

the therm al comfort scale which is represented by comfortable'. It is the 

m iddle point on the thermal comfort scale as shown in Figure 3.4(b) in the 

chapter on M ethodology. Comfort tem perature is determ ined from a 

regression equation of the participants' therm al comfort votes w ith 

tem peratures.

6.3.1 Simple Regression of Thermal Comfort Votes and 

Norm alised Tem perature

The therm al comfort scale votes are analysed using the form at in the 

previous section on Neutral Temperature. Simple Regressions of the 

comfort scale votes over normalised tem peratures of the 4 conditions are 

carried out. They are presented in Figures 6.5(a)-(d). As an example, for 

Malay Males, the comfort regression equation as seen in Figure 6.5(a) is :

V = 0.304(T) - 4.75

where V = thermal comfort scale vote 

T = temperature[°C]

The corresponding correlation coefficient, r, is 0.77. W hen V = 4.0, 

corresponding to a thermal feeling of comfortable, the T value obtained, is 

28.8°C.
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y = .304x - 4.748, R -squared: .588
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y = .302x - 4.678, R -squared : .738
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Table 6.2 lists the regression equations, correlation coefficients and comfort 

tem peratures for the four groups in the first four rows.

Note that the Chinese Males have the lowest comfort tem perature of 

27.3°C and the Malay Males have the highest with 28.8°C. The order of the 

comfort tem peratures from highest to lowest is Malay Males, Malay 

Females, Chinese Females and Chinese Males. The tem perature range 

between the highest and the lowest is 1.5°C.

The comfort tem peratures for the larger groupings, nam ely. Males, 

Females, Malays and Chinese are also determined. Figures 6.6(a) and (b) 

show the comfort regression lines for Males and Females respectively. The 

regression equation and the comfort tem peratures are listed in the fifth 

and sixth rows in Table 6.2.

The comfort temperatures of Males and Females are close to one another. 

This is expected since their votes are similar. This observation is shown 

in Table 5.14 in the previous chapter.

Rows seven and eight list the regression equations, regression coefficients, 

standard errors and comfort tem peratures for the Malay and the Chinese 

groups. Figures 6.7(a) and (b) show their regression lines. The difference 

between their comfort temperatures is 1.1 °C.

Finally, the comfort votes of the participants for all the four conditions are 

put together to determine the Malaysian Comfort Temperature. Figure 6.8 

shows the comfort regression line obtained. The results are listed in the 

final row of Table 6.2. The Malaysian Comfort Temperature is found to be 

28.2°C.
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GROUPS REGRESSION
EQUATION

CORR.
COEFF.

R

COMFORT
TEMP.
PC]
± 95% CONE. 
INTERVAL

ROUGH
COMFORT
INTERVAL
PC]

1 MALAY MALES V = 0.304(T) - 4.75 0.77 28.8 ± 0.33 25.5-32.1
2 CHINESE MALES V = 0.321 (T) - 4.77 0.81 27.3 ±0.30 24.2-30.4
3 MALAY FEMALES V = 0.302(T) - 4.68 0.86 28.7 ± 0.23 25.4-32.1
4 CHINESE FEMALES V = 0.341 (T) - 5.51 0.84 27.9 ± 0.27 25.0-30.8
5 MALES V = 0.312(T) - 4.75 0.77 28.0 ± 0.24 24.8-31.2
6 FEMALES V = 0.320(T) - 5.06 0.84 28.3 ± 0.18 25.1-31.4
7 MALAYS V = 0.303CT) - 4.71 0.81 28.7 ± 0.20 25.4-32.0
8 CHINESE V = 0.331(T)-5.14 0.82 27.6 ± 0.20 24.7-30.7
9 MALAYSIANS V = 0.316(T) - 4.91 0.80 28.2 ± 0.15 25.0-31.4

g:■9

Table 6.2 : The regression equations, correlation coefficients, comfortable 
temperatures and comfort interval for all the groups



y = .312x - 4.751, R -squared : .588
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Figures 6.6 (a) & (b) : Simple Comfort Regression for (a) Males
and (b) Females



y = .303x - 4.712, R -squared : .655
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y = .316x - 4.908, R -squared: .642
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The confidence interval of the comfort tem peratures are calculated in the 

same way as for the neutral tem peratures. They are listed in the second 

last column of Table 6.2. The confidence intervals are found to vary 

between ±0.15°C and ±0.33°C. The w idth of the confidence intervals of 

Males and Females overlap while those of Malays and Chinese are further 

apart and significantly different. A similar pattern  of overlap between 

Males and Females and significant difference between Malays and Chinese 

was seen for the Neutral Temperatures as shown in Section 6.2.1.

This unique tem perature represents the tem perature at which Malaysians 

feel neither comfortably warm nor comfortably cool, provided they wear 

clothing at 0.55clo and work at a metabolic rate of l.Omet. This comfort 

tem perature is a normalised tem perature with relative hum idity of 50%, 

with air movement < 0.15m/s and where the mean radiant tem perature 

of the working space equals the dry-bulb temperature.

Note that the neutral and comfort temperatures for each of the groups are 

very close to one another with the largest difference being 0.5°C. The 

comfort tem peratures are always lower than the neutral tem peratures for 

all the groups except Malay Males. Thus, Malaysians feel comfortable at a 

slightly lower tem perature than their neutral tem perature. This trend is 

im portant to note as it is consistent for most groups of Malaysians.
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6.3.2 Comfort Interval

Besides comfort tem peratures, another piece of useful inform ation that 

can be obtained from the comfort regression lines is the comfort interval. 

This is an interval of tem peratures based on comfort votes between 3.0 

and 5.0 inclusive. The interval can also give a rough indication of 

tem peratures likely to be comfortable. However, the comfort interval is 

not a sufficient criterion for therm al comfort as it does not include the 

20% maximum dissatisfaction factor.

The comfort intervals for all the groups are calculated and listed in the last 

column of Table 6.2. The interval is found to range over 6°C or 7°C.

6.4 M alaysian Thermal Comfort Zone

The comfort tem peratures computed for Malaysians in Malaysia can be 

useful for the design of buildings and environm ental control systems. 

Nevertheless, engineers and architects prefer to have comfort tem perature 

and hum idity over a range of values.

The Rough Thermal Acceptability Zones shown in Figure 4.5 and 4.6 in 

the Longitudinal Studies Chapter has to be modified using the results of 

the Transverse Studies and the previous sections of this chapter. The 

Rough Thermal Acceptability Zone was formed basically from 4 pairs of 

conditions, i.e. the inside and outside boundary conditions.
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The inside conditions were not tested as the conditions were voted within 

the acceptability interval of 3.0 to 5,0 inclusive by more than 80% of the 

participants. The outer conditions were tested in the transverse studies 

and analysed in the previous sections of this chapter.

The thermal comfort scale as used has comfortably cool' at scale unit 3.0, 

comfortable' at 4.0 and 'comfortably warm ' at 5.0. Thus any vote within 

3.0 and 5.0 may be considered to be within the comfort interval. Webb [2] 

also used 3.0 and 5.0 for the comfort interval. However, the comfort 

interval is not a sufficient criteria for thermal comfort.

When the proportion of the comfort votes within the comfort interval for 

a condition is > 80%, then the condition may be considered to be 

comfortable. This is similar to accepting a condition as comfortable when 4 

out of 5 votes are within the comfort interval. These criteria are also used 

by In te rna tiona l S tandard  ISO 7730-1984 for m odera te  therm al 

environm ents [3].

W hen the therm al comfort criteria are applied to comfort votes for each 

condition, the percentage comfort votes, P.C.V., obtained is show n in 

Table 6.3. As an example, the Male participants found the first and third 

conditions comfortable, while the second and fourth conditions are not 

comfortable though the percentages are very close to 80%.

The bottom  row  lists the inside boundary conditions of the Rough 

Thermal Acceptability Zone found in Chapter 4. The percentage of comfort 

votes for these conditions are 100%. These are the adjacent conditions to 

those conditions which are tested in the present study.
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CONDITIONS 25.5 [°C] 
45 [%]

24.5 [°C] 
90 [%]

28.5 [°C] 
90 [%]

30.5 [°C] 
45 [%]

FACTORS

GROUPS

PERCENTAGE 
COME VOTE 
[%]

PERCENTAGE 
COME VOTE 
[%]

PERCENTAGE 
COME VOTE 
[%]

PERCENTAGE 
COME VOTE 
[%]

MALES
82.8 79.4 81.3 78.1

FEMALES
78.5 73.8 89.2 75.4

MALAYS
75.4 69.1 89.9 88.4

CHINESE
86.7 85.0 80.0 63.3

MALAYSIANS
80.6 76.6 85.3 76.7

INSIDE
BOUNDARY
CONDNS

26.5 [°C] 
45[%]

25.5 [°C] 
90[%]

27.5 [°C] 
90[%]

29.5 [°C] 
45[%]

£OP

Table 6.3 : Percentage Comfort Votes and the Proposed Boundary Conditions 
for Males, Females, Malays, Chinese and Malaysians



When a condition shows a percentage comfort vote of 80%, the condition 

can be considered as the boundary condition for a therm al comfort zone. 

W hen a condition shows a percentage comfort of less than 80%, the 

condition is considered not comfortable. In the latter case, the inside 

boundary condition listed in the bottom row will represent the boundary 

condition for a thermal comfort zone.

As an example, the Females' percentage comfort vote for the condition of 

25.5°C and 45% is 78.5%, which is less than 80%. This condition cannot 

represent a boundary condition for a thermal comfort zone for Females. 

Thus, the 'adjacent condition', 26.5°C and 45%, which is the inside 

boundary condition, is taken as the boundary condition for the thermal 

comfort zone for Females. The Thermal Comfort Zones for M alaysian 

Males and Females in Malaysia are shown in Figures 6.9.

The Thermal Comfort Boundaries for Males and Females are similar 

except for the lower tem perature and lower hum idity 'corner'.

Figure 6.10 shows the Thermal Comfort Zones for Malays and Chinese. 

The Thermal Comfort Zone for the Chinese includes lower temperatures.

The Malaysian Thermal Comfort Zone is shown in Figure 6.11. The zone 

rep resen ts a range of tem peratures and relative hum idities which 

M alaysians in Malaysia have voted as comfortable with a m axim um  of 

20% of them dissatisfied. The Zone can be used by architects and engineers 

as a guide in providing comfortable internal working environm ents for 

Malaysians in Malaysia.
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Scattergram  for co lu m n s:  Xi Y i ... X2Y2
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N ote that the slopes of the lower tem perature side of the Com fort 

Boundaries are always steeper than the higher tem perature side. This 

applies to the comfort boundaries of all groups including that for the 

Malaysian grouping. The lower temperature slope is vertical for Males and 

Malaysians.

The different steepness of the two vertical' sides show that the range of 

tem perature considered as comfortable is narrow er at higher hum idity 

and w ider at lower humidity. It also shows that relative hum idity is less 

significant at low tem peratures than at higher tem peratures. This finding 

is similar to Fanger's [4].

It should  also be noted that the lower horizontal boundaries are 

represented by broken lines to indicate that the boundary may very well be 

lower still. The comfort zones draw n should be seen in line w ith the 

lim itation of this study in which experim ental conditions below 45% 

relative hum idity were not tested.

6.5 Conclusion

Generally, it can be noted that the neutral tem peratures and the comfort 

tem peratures for all the groups are very close to one another. The 

Malaysian Neutral Temperature and the Malaysian Comfort Temperature 

differ by only 0.1°C.

The Malaysian Thermal Comfort Zone formed is based on comfort 
tem perature.
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CHAPTER 7

TRANSVERSE STUDY OF MALAYS IN THE U.K.
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TRANSVERSE STUDY OF MALAYS IN THE U.K.

7.1 Introduction

A sm all bu t significant transverse study was carried out involving 

M alaysian students in London, U.K. The study was carried out in the 

therm al cham ber of the Thermal Laboratory, at the Bartlett School of 

Architecture and Planning, University College London. Descriptions of 

the chamber and the procedures of the experiments were presented in the 

Methodology Chapter.

The transverse study of Malaysians in U.K. was carried out in order to be 

able to make comparisons w ith the transverse study of Malaysians in 

M alaysia to investigate if thre were significant differences in voting 

patterns of these two groups.

The study is also compared with other comfort studies carried out in the 

tem perate climatic region to determine whether there are any similarities 

in the votes of Malaysians in the U.K. and the people from tem perate 

climates. This comparison is carried out in the following chapter.

Finally the study will also help to determine if acclimatisation can be a 

factor in explaining the difference in votes betw een people living in 

different climates.
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7.2 Thermal Sensation and Comfort Votes of Malay Males and 

Malay Females

Fourteen Malay Males and thirteen Malay Females took part in the study 

in sub-groups of 4 or 5 participants. No Malaysian Chinese students 

responded to the publicity calling for participation in the study, and so the 

experiments are carried out w ith Malaysians of the Malay ethnic group 

only.

The transverse study tested 4 conditions which are different from those 

tested in the transverse studies in Malaysia. The tested conditions are at 

lower tem peratures than those tested in Malaysia in the expectation that 

the Malaysians in the U.K. would have acclimatised to the U.K. climate 

and will have lower neutral and comfort temperatures. In fact, since the 

neu tra l and comfort tem peratures are determ ine by regression, the 

particular conditions used for the study will not affect the regression 

obtained.

The last three votes for each experiment are averaged to represent the vote 

of each participant. The conditions and the simple statistical description of 

the thermal sensation votes of the participants are presented in Table 7.1.

The mean votes of the Malay Males can be seen to be closer to those of the 

Malay Females at lower temperatures.
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CONDITIONS

DESCRIPTIONS

22.5-23.5 r a  
55 - 65[%l

23.5 - 24.5 r a  
25-35 [%]

26.5-27.5 r a
45-55[%]

27.5 - 28.5 [X] 
20-30[%]

GROUPS MALAY
MALES

MALAY
FEMALES

MALAY
MALES

MALAY
FEMALES

MALAY
MALES

MALAY
FEMALES

MALAY
MALES

MALAY
FEMALES

NUMBER 14 13 14 13 14 13 14 13
ACCEPTABILITY 
INTERVAL 
VOTE [%]

79 85 64 62 93 85 93 92

MEAN VOTE 3.15 3.19 3.15 3.12 4.36 4.69 4.39 4.65
STD. DEVN. 0.52 0.35 0.52 0.41 0.56 0.51 0.72 0.36
STD. ERROR 0.14 0.10 0.14 0.11 0.15 0.15 0.19 0.10
CONE. INTERVAL ±0.28 ±0.20 ±0.28 ±0.22 ±0.30 ±0.30 ±0.38 ±0.20

Table 7.1 : Statistical Description of the Transverse Study of participants in 
London, U.K., for the four selected conditions



The four conditions are norm alised to tem peratures at 50% relative 

hum idity  and are show n in Table 7.2. The norm alisation will help 

simplify the regression analysis and is also useful for comparing with the 

results of transverse studies of Malays in Malaysia.

Firstly, an analysis of variance of the thermal sensation votes of the Malay 

Males and the Malay Females was carried out. This is followed by a similar 

comparison using the thermal comfort votes. The result of the ANOVA is 

represented by the 95% probability in Table 7.3. Comparisons between the 

therm al sensation votes and the thermal comfort votes of each group is 

also carried out. The last two rows of Table 7.3 show the results. The table 

shows that the comparisons investigated show no significance at all. Thus, 

the therm al sensation votes and the therm al comfort votes of Malay 

Males and Malay Females in the U.K. can be considered to be similar.

Next, a simple regression of the thermal sensation and thermal comfort 

votes and the norm alised tem peratures for the M alay Males, M alay 

Females, and the combined group (Malay Males & Malay Females) are 

carried  out. The regression equation and the neutra l and com fort 

tem peratures are presented in Table 7.4.

The correlation coefficients are around 0.8 w hich show s that the 

correlation between normalised tem perature and vote is good.
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ORIGINAL CONDITIONS NORMALIZED CONDITIONS
23.0[°C] & 60[%] 23.2[°C] & 50[%]
24,0[°C] & 30[%] 23.5[°C] & 50[%]
27.0[°C] & 50[%] 27.0[°C] & 50[%]
28.0[°C] & 25[%] 27.5[°C] & 50[%]

_1■en■s>

Table 7.2 : Original and Normalized Conditions of the 
Transverse Study



CONDITIONS

COMPARISONS

23.2[°C] 235[°C] 27.0[°C] 275[°C]

MALAY MALES
V THERMAL 

MALAY FEMALES SENSATN

PROB. = 0.842 
SIMILAR

PROB. = 0.850 
SIMILAR

PROB. = 0.119 
SIMILAR

P = 0.116 
SIMILAR

MALAY MALES
V THERMAL 

MALAY FEMALES COMFORT

PROB. = 0.487 
SIMILAR

PROB. = 0.199 
SIMILAR

PROB. = 0.373 
SIMILAR

PROB. = 0.309 
SIMILAR

MALAY MALES TH. SENSATN 
V

MALAY MALES TH. COMFORT

PROB. = 0.915 
SIMILAR

PROB. = 0.889 
SIMILAR

PROB. = 
SIMILAR

PROB. = 0.739 
SIMILAR

MALAY FEM. TH. SENSATN 
V

MALAY FEM. TH. COMFORT

PROB. = 0.438 
SIMILAR

PROB. = 0.124 
SIMILAR

PROB. = 0.475 
SIMILAR

PROB. = 0.454 
SIMILAR

Table 7.3 : Summary of ANOVA of Thermal Sensation Votes of all the Four conditions 
for Malaysians in the U.K.



unO

STUDIES REGRESSION EQUATION CORR.
COEFF.

NEUTRAL 
TEMP. [°C]

COMFORT 
TEMP. [C]

THERMAL
SENSATN

MALAY MALES V = 0.322[T] - 4.34 0.78 25.9
MALAY FEMALES V = 0.334[T] - 4.64 0.87 25.9
MALAYS V = 0.350[T] - 4.99 0.80 25.7

THERMAL
COMFORT

MALAY MALES V = 0.321[T]-4.16 0.84 25.4
MALAY FEMALES V = 0.322[T] - 4.36 0.77 26.0
MALAYS V = 0.322[T] - 4.27 0.80 25.7

Figure 7.4 : Simple Regression of Thermal Sensation and Thermal Comfort Votes 
of the participants in London, U.K.



7.3 Comparison of Regression between Malaysians in the U.K. 

and Malaysia

The regression equations for the participants in the U.K. are also compared 

to sim ilar equations for participants in Malaysia, which are show n in 

Tables 6.1 and 6.2. The neutral and comfort tem peratures of Malays in the 

U.K. are lower than Malays in Malaysia. It is evident that the neutral and 

comfort tem peratures for the participants in Malaysia and the participants 

in the U.K. are different.

The regression lines for the participants in London are com pared 

graphically to the regression lines for the participants in Malaysia and are 

shown in Figures 7.1 - 7.3. The regression lines for Malay Males from both 

locations are presented in Figure 7.1, those for Malay Females in Figure 7.2 

and for all Malays in Figure 7.3. There is a stark similarity between these 

figures in that the regression lines for the groups in the U.K. are always 

consisten tly  h igher and parallel to the regression  lines for the 

corresponding group in Malaysia. This m eans that the neutral and 

comfort tem peratures of the groups in the U.K. are lower than the similar 

groups in M alaysia, as m entioned above. However, the sensitivity to 

tem perature is quite similar for both since the slopes of regression of the 

two groups are very close to each other.

Next, the possible contributing factor to the difference in neutral and 

comfort tem peratures between the Malay groups in both locations are 

investigated.
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S ca tte rg ram  fo r  c o lu m n s : X i Y i  ... X i Y 2

O M M M  DLONMM

TEMP

j£i 4.5-■ 

8 4 . . .

3 ....

25 26 27 28 29 3022 23 24

Figure 7.1 : Regression of Malay Males (a) in Malaysia and (b) in the U.K.
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Scattergram for co lu mns :  XiY-|  ... Xi Y 2
O M MF □  LON MF

6.5

5.5

29 302 2 26 27 2823 24 25
TEMP

Figure 7.2 : Regression of Malay Females (a) in Malaysia and (b) in the U.K.



Scattergram for co lu m n s:  X i Y i  ... Xi Y 2
O M MALAYS □  LON MALAYS

TEMP

6.5..

5.5
5.

28 29 3022 23 24 25 26 2 7

Figure 7.3 : Regression of Malays (a) in Malaysia and (b) in the U.K.
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7.4 A nth rop om etric  Factors o f the M alaysians in  the U.K.

The anthropom etric factors of the Malay participants in London are 

analysed and Table 7.5 lists the means of these factors. The anthropometric 

factors of the participants in the U.K. are compared with the participants in 

Malaysia and the ANOVA results are presented in Table 7.6.

Table 7.6 show s that the height, w eight and pondéral index of the 

participants in U.K. and those in Malaysia are similar. The results show 

that anthropom etric factors do not contribute to the difference in votes 

between the two groups of Malays.

7.5 Conclusion

The Malays in the U.K. show lower voting patterns from their colleagues 

in Malaysia. The neutral and comfort tem peratures of the Malays in the 

U.K. are lower than those of the Malays in Malaysia. This can be seen from 

the m ean votes Figures 7.1 - 7.3. Since the anthropom etric factors of the 

Malays in the U.K. and in Malaysia are similar, as seen in Table 7.6, the 

most likely explanation for the difference is that the Malay students in the 

U.K. have become acclimatised to the U.K. climate.
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ANTHROPOMETRIC
FACTORS

GROUPS

AGE HEIGHT[M] WEIGHT[KG] POND. 
INDEX 
[KG /M]

MALAY MALES 22.9 1.69 55.5 2.28
MALAY FEMALES 22.5 1.58 52.2 2.36
MALAYS 22.7 1.64 53.9 2.32

Figure 7.5 : Anthropometric Statistics of the participants in London, U.K.



ANTHROPOMETRIC
FACTORS

HEIGHT WEIGHT PONDERAL
INDEX

COMPARISONS
MALAY MALES 

(UK)
V

MALAY MALES 
(M'SIA)

P = 0.478 
SIMILAR

P = 0.192 
SIMILAR

P = 0.233 
SIMILAR

MALAY FEMALES 
(UK)
V

MALAY FEMALES 
(M'SIA)

P = 0.536 
SIMILAR

P = 0.859 
SIMILAR

P = 0.565 
SIMILAR

MALAYS
(UK)

V
MALAYS
(M’SIA)

P = 0.439 
SIMILAR

P = 0.304 
SIMILAR

P = 0.194 
SIMILAR

Figure 7.6 : ANOVA of Anthropometric Factors between participants 
in the U.K. and in Malaysia



CHAPTER 8

FURTHER DISCUSSION
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FURTHER DISCUSSION

8.1 In troduction

Once the neu tra l tem pera tu re  and the therm al com fort zone for 

M alaysians have been established, it is possible to compare them  with 

other major thermal comfort studies.

In this chapter, the major studies that have been carried ou t in the 

tem perate climate are compared with the results of the present study. The 

studies com pared include those of American students carried out by 

Nevins and those of Danish students by Fanger. After that, the ASHRAE 

Summer Comfort Zone is compared with the Malaysian Thermal Comfort 

Zone. The overlap and the mismatches of the two Zones are discussed.

Next, the studies carried out in the tropics are compared with the present 

study . The studies compared include those carried out in Japan by Tanabe 

et al., and those in Hong Kong by Chung and Tong. These two studies 

were carried out using therm al chamber m ethod. The other studies 

compared are the study of Tropical Summer Index by Sharma and All and 

the study of Thai Workers by Busch. After that, the equations proposed by 

H um phreys and Auliciems are compared w ith the M alaysian N eutrality 

Tem perature using the mean outdoor tem perature of Kuala Lum pur, 

Malaysia.
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Following that, the studies carried out in the M alaysian Peninsula by 

Webb and de Dear et al. are compared with the present study.

Finally, the International Standard 7730-1984 is com pared w ith the 

Malaysian results obtained here, paying particular attention to Predicted 

Mean Vote and Predicted Percentage Dissatisfied.

8.2 Comparison w ith Studies in Temperate Climates

Several major studies carried out in the tem perate climate have been 

reviewed in Chapter 2. In this section only the studies using the thermal 

chamber method are compared with the present study.

8.2.1 Comparison with the Studies by Nevins and Fanger

The studies carried out by Nevins, et al.[l] using American students at 

Kansas State University, U.S.A., involved a combination of 72 different 

tem peratures and relative humidities. There were altogether 360 males 

and 360 females. Further details of this study are presented in the Review 

chapter. Fanger [2] carried out studies in Denmark using 8 test conditions 

involving 64 males and 64 females.

The regression equations and the neutral tem peratures found in the 

American, the Danish and the Malaysian studies are presented in Table 

8 . 1.
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GROUPS COMPARISONS AMERICAN DANISH PRESENT STUDY
MALES NO. OF

PARTICIPANTS
360 64 64

REG. EQN V = 0.302[T] - 3.574 V = 0.219[T] -1.709 V = 0.331[T]-5.31
NEUTRAL TEMP 25.09 26.07 28.1

FEMALES NO. OF
PARTICIPANTS

360 64 65

REG. EQN. V = 0.374[T] - 5.678 V = 0.391 [T] - 5.963 V = 0.329[T] - 5.39
NEUTRAL TEMP 25.91 25.50 28.5

MALES NO. OF
PARTICIPANTS

720 128 129

AND REG. EQN. V = 0.338[T] - 4.625 V = 0.305[T] - 3.836 V = 0.330[T] - 5.35
FEMALES NEUTRAL TEMP 25.55 25.71 28.3

FANGER'S 
COMFORT EQN.

25.6 25.6 25.6

ot>OS>

Table 8.1: Regression and Neutral Temperatures for Americans, Danes and Malaysians in Malaysia



The neutral tem peratures of the Americans and the Danish are close to 

each other and have a statistically non-significant difference. This is the 

case for Males, Females and for both genders together. The M alaysian 

neutral tem peratures are different from both the Am erican and the 

Danish studies, be it for the males, the females or the combined group. 

The Malaysian neutral tem perature of 28.3°C is also significantly different 

from the neutral tem perature of 25.6°C generated by the thermal comfort 

equation. Thus it m ay be concluded that M alaysians have a neutral 

tem perature that is different from the neutral tem peratures of Americans 

and Danish, from the temperate climatic region.

The regression lines of all the three studies for com bined gender 

groupings are presented in Figure 8.1. The regression line for Malays in 

the U.K. is also included. Notice that the regression lines for Americans, 

Danes and Malays in U.K. are very close to each other, but distinct from 

the regression line of the Malaysians in Malaysia. The common factor 

among the Americans, Danes and Malays in the U.K. is that they are 

acclimatised to the temperate climate, unlike the Malaysians in Malaysia.
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Scattergram for co lu mns:  X-|Yi ... X1Y4
O AMERICAN □  DANES A UK MALAYS
O M ’SIAN MALAYS

6.5

5.5
5. .

4 .5

22 23 24 25 26 27 28 2 9 30
TEMP

Figure 8.1 : Regression of thermal sensation votes of American, 
Danish, UK Malay and Malaysian Malay students



The slopes of the four studies are very close to one another. Table 8.1 

shows that the slopes of the regression lines are around 0.3 scale units per 

°C. This is equivalent to a change of one scale interval for a 3.3°C change 

in tem perature. The slope indicates the sensitivity of the participants to 

tem perature changes. The slope is compared to slopes of regressions found 

in field studies carried out over a few weeks and with little changes in 

tem perature, which is 0.22 scale units per °C [3]. Thus, the participants in 

cham ber studies appear m ore sensitive to tem perature changes. The 

participants in the field studies may change their clothing and activity 

level which may explain the lower slope of regression.

Next, the possible factors that can explain the difference between the 

n eu tra l tem p era tu res  of M alaysians, A m ericans and  D anes are 

investigated. An anthropom etric comparison was first carried out. Table

8.2 shows the anthropom etric factors, namely, age, weight, height and 

pondéral index for two out of the three studies. The American study did 

not list the anthropometric data of their participants.

The difference in the mean ages of the Danish and Malaysian participants 

are about 3 years, their mean heights are different by about 10 cm, their 

mean body weights different by about 7 kg and their mean pondéral 

indices are different by about 0.1 kg^'^^m. In order to compare the mean of 

the anthropom etric factors of the Danish and Malaysian students, the z- 

test statistic is used. The z-test equation is given by the following :

Z =  (Xi  - X2) / V ( S iV N i + S2VN2)
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GROUPS COMPARISONS DANISH MALAYSIANS Z STATISTIC TEST
MALES AGE 23.6 + /- 2.3 20.5 + /- 1.99 8.15, SIG. DIFF.

HEIGHT [M] 1.80 + /- 0.06 1.70 + /- 0.05 10.24, SIG. DIFF.
WEIGHT [KG] 71.4 + /- 8.1 61.4 + /- 8.84 6.67, SIG. DIFF.
POND. INDEX 2.27 + /- 0.08 2.32 + /- 0.10 3.12, SIG. DIFF.

FEMALES AGE 22.6 + /- 2.0 19.5 + /- 1.65 9.59, SIG. DIFF.
HEIGHT [M] 1.68 + /- 0.05 1.58 + /- 0.05 11.35, SIG. DIFF.
WEIGHT [KG] 57.1 + /- 7.4 52.8 + /- 6.4 3.53, SIG. DIFF.
POND. INDEX 2.25 + /- 0.08 2.37 + /- 0.10 7.53, SIG. DIFF.

MALES AGE 23.1 + /- 2.2 20.0 + /- 1.89 12.11, SIG. DIFF.
AND HEIGHT [M] 1.74 + /- 0.08 1.64 + /- 0.08 10.02, SIG. DIFF.
FEMALES WEIGHT [KG] 64.2 + /- 10.5 57.1 + /- 8.8 5.87, SIG. DIFF.

POND. INDEX 2.26 + /- 0.08 2.35 + /- 0.10 7.96, SIG. DIFF.

f - 93)

Table 8.2 : Anthropometric factors (age, body weight, height and pondéral index) 
between the Danish and the Malaysian Participants



where,
X = mean of the anthropometric factor of a group 
S = standard deviation of the anthropometric factor 

of a group
N = number of members of a group

The z values calculated for all the means of the anthropometric factors are 

compared with the critical z value for the 95% probability level, which is

1.65. The z values calculated are listed in the final column of Table 8.2. It 

can be seen that the z values for all the differences of means of the 

anthropom etric factors between Danish and Malaysians are greater than

1.65. This means that the Danish and the Malaysians have statistically 

significantly different ages, body weights, heights and pondéral indices. 

This anthropom etric difference may be one of the factors which explain 

the difference between the neutral tem peratures found.

8.2.2 Comparisons with ASHRAE Summer Thermal Comfort Zone

The ASHRAE Thermal Comfort Zone[4] as discussed in the Review 

Chapter consists of two zones, one for the winter and another for the 

sum m er. The ASHRAE Sum m er T herm al C om fort Z one is 

recom m ended for the sum m er season in the tem perate region. The 

Sum m er Zone and the M alaysian Thermal Comfort Zone are draw n 

together on a psychometric chart as shown in Eigure 8.2.
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Figure 8.2 : Psychrometric chart showing ASHRAE Summer Thermal Comfort Zone 
and Malaysian Thermal Comfort Zone



Since the Malaysian Thermal Comfort Zone is not 'closed' at the 'bottom', 

an extension of the zone to lower tem peratures and hum idities can be 

postulated since hum idity, particularly at low values has little effect on 

therm al sensation, and this is shown shaded black in Figure 8.2. The 

extrapolation takes into account the slope of the left side of the Zone. It can 

be seen that the region of overlap includes the higher tem perature half of 

the ASHRAE Summer Thermal Comfort Zone and the lower tem perature 

and lower hum idity region of the extrapolated section of the Malaysian 

Thermal Comfort Zone.

This finding justifies to some extent the use of the ASHRAE Comfort 

Zone as a standard reference by engineers in tropical countries due to the 

lack of studies specific to their climate. However, the use of the m iddle 

condition of the Malaysian Thermal Comfort Zone instead of conditions 

around the corners would give the most comfortable condition.

8.3 Comparison with Studies in Tropical Climates

The studies carried out in the tropical climate have used both the thermal 

chamber m ethod and field surveys. This section compares these studies 

with the present study separately based on the methods used.
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8.3.1 Comparison with Studies in Tapan and Hong Kong

Tanabe, et al. [5], who conducted a thermal comfort study of the Japanese 

during the hot and hum id sum m er season, found that their neutral 

temperature is 26.3°C at 50% relative humidity. The Japanese study may be 

compared to the Malaysian study as both studies were conducted during 

similar ambient conditions of a hot and hum id climate.

Another study that was also conducted during the hot and hum id season 

is a thermal comfort study of young Chinese in Hong Kong by Chung and 

Tong [6]. They found that the neutral tem perature of the combined group 

of males and females to be 24.9°C at 50% relative humidity. A comparison 

with the Malaysian Chinese of the present study is appropriate as Hong 

Kong Chinese and Malaysian Chinese are ethnically similar.

Table 8.3 lists the regression equations, correlation coefficients and neutral 

tem peratures of Males, Females and both combined for Japanese, Hong 

Kong Chinese, M alaysian Chinese and M alaysians (both Malays and 

Chinese combined) of the present study.

The Japanese Males and the Hong Kong Chinese Males have quite similar 

neutral tem peratures of 25.8°C and 25.4°C respectively. The neutral 

tem peratures of the Japanese Females and the Hong Kong Chinese 

Females are significantly different and so are the neutral tem peratures of 

their combined gender groupings.
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GROUPS COMPARISON JAPANESE HONG KONG 
CHINESE

M'SIAN CHINESE MALAYSIAN

MALES NO. OF
PARTICIPANT
S

88 84 30 64

REG. EQN. V = 0.313[T]-4.337 V = 0.362[T] - 5.166 V = 0.344[T] - 5.56 V = 0.331[T]-5.31
CORR. COEFF. N /A 0.987 0.83 0.81
NEUTRAL
TEMP.

25.8[°C] 25.4[°C] 27.8[°C] 28.1 r c ]

FEMALES NO. OF
PARTICIPANT
S

84 50 30 65

REG. EQN. V = 0.366[T] - 5.821 V = 0.3271T] - 3.972 V = 0.347[T] - 5.76 V = 0.329[T] - 5.39
CORR. COEFF. N /A 0.980 0.82 0.82
NEUTRAL
TEMP.

26.8[°C] 24.4[°C] 28.1 [°C] 28.5[°C]

MALES NO. OF
PARTICIPANT
S

172 134 60 129

AND REG. EQN. V = 0.345[T] - 5.080 V = 0.3671T] - 5.218 V = 0. 346[T] - 5.66 V = 0.330[T] - 5.35
FEMALES CORR. COEFF. N /A 0.988 0.82 0.81

NEUTRAL
TEMP.

26.3[°C] 24.9[°C] 27.9[°C] 28.3[°C]

on

Table 8.3 : The regression equations, correlation coefficients and neutral temperatures 
or Japanese, Hong Kong Chinese, Malaysian Chinese and Malaysians



The neutral tem perature  of M alaysian Chinese and M alaysians are 

significantly different from the neutral tem peratures of the Japanese and 

Hong Kong Chinese. This applies to all the three categories of Males, 

Females and combined gender groupings.

It is interesting to observe that even though the Hong Kong Chinese and 

the Malaysian Chinese are similar ethnically, their neutral tem peratures 

are different.

In an attem pt to explain the differences, the anthropometric data of all the 

four groups, Japanese, Hong Kong Chinese, M alaysian Chinese and 

Malaysians are compared. Table 8.4 lists their ages, body weights, heights 

and pondéral indices.

Their ages, heights, weights and pondéral indexes, as seen from the table, 

are similar and, generally, are not statistically significant. The only slight 

difference observed is that the average body w eight of the Malaysian 

Chinese Males is 64.3 kg, in contrast to the Hong Kong Chinese Males' 

body weight of 60.4 kg. Thus, anthropometric factors cannot explain the 

difference in the voting pattern of the Japanese, H ong Kong Chinese, 

Malaysian Chinese and Malaysians.
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GROUPS COMPARISONS JAPANESE HONG KONG 
CHINESE

M’SIAN CHINESE MALAYSIAN

MALES AGE 20.4 + /- 1.8 20.6 + /-  1.91 20.5 + /- 2.0 20.5 + /-  1.99
HEIGHT [M] 1.71 + /- 0.06 1.71 + /-  0.06 1.72 + /-  0.04 1.70 + /- 0.05
WEIGHT [KG] 62.4 + /- 6.9 60.4 + /- 7.8 64.3 + /- 7.0 61.4 + /- 8.84
POND. INDEX 2.28 + /- 0.08 2.25 + /- 0.09 2.33 + /- 0.08 2.32 + /-  0.10

FEMALES AGE 20.2 + /- 2.4 20.3 + /- 1.61 19.9 + /- 1.4 19.5 + /-  1.65
HEIGHT [M] 1.58 + /- 0.05 1.60 + /-  0.05 1.59 + /- 0.05 1.58 + /- 0.05
WEIGHT [KG] 49.9 + /- 5.8 50.9 + /- 6.1 53.0 4 -/-  5.8 52.8 4 -/-  6.4
POND. INDEX 2.30 + /-  0.08 2.29 + /-  0.08 2.36 + /- 0.08 2.37 4 -/-  0.10

MALES AGE 20.3 + /- 2.1 20.5 + /- 1.81 20.2 + /- 1.77 20.0 4 -/-  1.89
AND HEIGHT [M] 1.64 + /-  0.09 1.61 + /-  0.08 1.65 + /- 0.08 1.64 4 -/-  0.08
FEMALES WEIGHT [KG] 56.3 + /- 8.9 56.9 + /- 8.6 58.6 +/" 8.5 57.1 4 -/-  8 .8

POND. INDEX 2.29 + /- 0.08 2.27 + /- 0.09 2.34 + /-  0.08 2.35 4 -/-  0.10

Table 8.4 : Comparisons of the anthropometric factors of age, height, body weight and pondéral index 
between the Japanese, Hong Kong Chinese, Malaysian Chinese and Malaysians



Finally, it should be noted that the Japanese, Hong Kong Chinese and 

Malaysians do not live under the same climatic conditions throughout the 

year. The Japanese live under climatic conditions with 4 seasons, which 

includes a hot and hum id summer. The Hong Kong Chinese live under a 

tropical climate which includes a hot and hum id sum m er and a cool 

period  in December and January, while the M alaysians live under a 

climate which varies little throughout the year. Their climatic experiences, 

although generally similar are different for a certain period of the year. 

Acclimatisation to cooler conditions may have contributed to the lower 

neu tra l tem peratures of the Japanese and the H ong Kong Chinese. 

Malaysians, having acclimatised to hot and hum id climate throughout the 

year, have indicated a higher neutral temperature.

8.3.2 Comparisons with the Tropical Summer Index

The Tropical Summer Index (T.S.I.) developed by Sharma and All [7] is the 

major index representing thermal comfort studies in the tropics, though it 

is a field survey rather than a chamber study. The Tropical Summer Index 

is the tem perature of still air at 50% relative hum idity which induces the 

same therm al sensation as the given environm ental condition. The index 

is :

T.S.I. = 0 .3 0 8 T w  + 0 .7 4 3 T g  - 2.06Vv + 0 .8 0  

where,

Tw = wet-bulb temperature, [°C]

Tg = globe temperature, [°C]

V = air velocity, m /s
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The range of TSI thermal sensation for neutrality (vote = 4.0) is 25.0°C - 

30.0°C, with an optim um  tem perature of 27.5°C. W hen a w ider range 

representing the therm al sensations of slightly cool' to 'slightly warm ' 

(vote = 3.0 to 5.0) is considered, the 'comfort' range of TSI is 19.0°C - 34.0°C.

While the index was developed from using thermal sensations, the scale 

used is a blend of thermal sensation and thermal comfort scales. It would 

be more appropriate  to use only therm al sensation scales containing 

sensation terms to provide clarity and more certainty in the results.

The clothing insulation and the metabolic rate of the participants in the 

TSI study were 0.5clo and 1.2met respectively. The participants are 

therefore broadly comparable to the participants of the present study.

The Tropical Summer Index is superim posed on the M alaysian Thermal 

Comfort Zone on the psychometric chart of Figure 8.3. Notice that the 

overlap region is larger than that between the ASHRAE Summer Comfort 

Zone and M alaysian Thermal Com fort Zone. W hen the M alaysian 

Thermal Comfort Zone is extrapolated to include lower tem peratures and 

humidities, as indicated in the black shaded region, the overlap with TSI is 

almost complete.

The acceptability interval for Malaysians, as calculated from the neutrality 

regression equation shown in Table 6.1, is 25.3°C to 31.4°C. This is the 

in terval of tem peratures voted betw een 3.0 and 5.0 inclusive. The 

acceptability interval fits well within the wider 'comfort' range of the TSI 

study. This might suggest that the 'comfort' range of Indians is wider than 

that of Malaysians.
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Figure 8.3 : Psychrometric chart showing Tropical Summer Index Comfort Zone 
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8.3.3 Comparison with the Thai Office Workers Survey

Busch [8] conducted a field survey of the therm al comfort of 1146 Thai 

office workers. He included air-conditioned and non air-conditioned 

buildings over the hot and wet season. Further details of this study are 

given in the Review Chapter.

Using the ASHRAE thermal sensation scale, Busch found 25.0°C as the 

Thai neutral temperature. The sample consisted of male and female office 

workers whose mean age was 32 years old. Their clothing insulation value 

ranged from 0.24clo to 1.19clo.

The votes from the Thai workers in the air-conditioned and the naturally 

ventilated building sub-samples are compared with the Malaysian sample. 

Table 8.5 shows the sample sizes, regression equations, coefficient of 

determ ination and the neutral tem peratures of both of the Thai studies 

and the Malaysian studies.

The sample size is necessarily large for the Thai sample since each Thai 

worker who responded once is considered a member of the sample. In the 

M alaysian study, one m ember of the sam ple participated over four 

conditions.
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I

STUDIES SAMPLE
SIZE

REGRESSION EQUATION COEFF. 
OF DET.

NEUTRAL 
TEMP. [C]

THAI AIR-COND 
BUILDING

756 V = 0.267[T] - 6.582 0.86 24.7

THAI NAT-VENT 
BUILDING

756 V = 0.243[T] - 6.670 0.79 27.4

MALAYSIAN
THERMAL
CHAMBER

129 V = 0.329[T] - 5.34 0.66 28.3

Table 8.5 : Simple Regression and Neutral Temperatures of Thai Office Workers for the 
air-conditioned and naturally ventilated building sub-samples and the 

Malaysian College Students



The regression equations for the Thai samples are based on the ASHRAE 

thermal sensation scale which is numbered from -3 to +3, instead of 0 to 7. 

Thus the neutral tem perature is given by V = 0. The regression equations 

and the neutral tem peratures in both of the Thai studies and the present 

study are presented in Table 8.5. The coefficient of determinations for the 

Thai studies are 0.86 and 0.79, thus, the correlation coefficients are 0.93 and 

0.89 respectively. The correlation coefficients are high, indicating very 

good correlation betw een indoor tem peratures and therm al sensation 

votes. The correlations indicate that the Thai workers have acclimatised to 

their internal environm ents whether the environm ent is conditioned or 

naturally ventilated.

The neutral tem perature for office workers in air-conditioned buildings is 

shown as 24.8°C. This value is surprisingly small when com pared even 

with the American and the Danish studies. The neutral tem perature is 

significantly different from the Malaysian neutral temperature.

The neu tra l tem perature of the workers in the naturally  ventilated 

buildings is 27.4°C and is closer to the Malaysian neutral tem perature of 

28.3°C, which is found using the thermal chamber method.

Thermal acceptability, which is the range of tem perature voted between -1 

to +1, is 22.0°C to 30.5°C for the Thai study. The upper boundary is about 

4°C higher than a similar boundary of the ASHRAE Summer Thermal 

Comfort Zone. These are tem peratures at 50% relative hum idity which is 

also the Effective Temperatures. The Malaysian acceptability interval at 

50% relative hum idity which has been given in the previous section, is 

25.3°C to 31.4°C.
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The Thai workers have a slightly wider range of therm al acceptability 

especially at the lower tem peratures when com pared to the Malaysian 

students. One possible factor that might explain the difference is that the 

anthropom etric factors of the Thai Workers, for example age, height, body 

w eights and pondéral indices, are likely to be higher than  for the 

Malaysian students. As the anthropometric data for the Thai Workers are 

not given by Busch, no comparison is possible.

8.4 Comparisons with Humphreys* and Auliciems* Equations

H um phreys [9] has developed regression equations to predict neutrality 

tem peratures. Details of the studies are given in the Review Chapter. The 

m ean o u td o o r tem pera tu re . To, is re la ted  to the m ean indoor 

tem perature , Tm, for a freely ventilated build ing, by the following 

equation :

Tm = 0.55 To + 14.1

The neutrality tem perature, Tn, is related to mean outdoor tem perature 

over 24 hours, by the following relation :

Tn = 0.53 To + 11.9
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Auliciem s [10] developed a m ultiple regression equation based on 

Hum phreys' studies which included both climate-controlled and freely- 

ventilated buildings. The neutrality tem perature is related to both the 

mean indoor and mean outdoor temperatures and is as follows :

Tn = 0.48 Tm + 0.14 To + 9.22

The annual m ean hourly  outdoor tem peratures for Kuala Lum pur, 

Malaysia [11] for one year is used to calculate the predicted neutrality 

tem peratures from the two equations. The mean of the daily maximum 

and daily m inim um  outdoor tem peratures for Kuala Lum pur is 27.6C. 

The m ean indoor tem perature is then calculated from H um phreys' 

equation and found to be 29.3°C.

H um phreys' neutrality  equation predicts a neutrality  tem perature of 

26.5°C, while Auliciem's equation predicts a neutrality tem perature of 

27.2°C, both at 77.7% relative humidity. These tem peratures compare with 

the Malaysian neutral tem perature of 27.7°C at 77.7% relative hum idity, 

found using the chamber method. Auliciem's and H um phreys' neutrality 

equations pred ict neutral tem peratures that are quite close to the 

Malaysian neutral temperature.

Overall, the neutral temperatures predicted by the two equations are closer 

to the M alaysian neutral tem perature than the neutral tem perature 

pred ic ted  by the Com fort Equation. Thus, the M alaysian neu tra l 

tem perature, found in this study using the cham ber, m ethod shows 

alignment with the predicted neutrality temperatures from field surveys.
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8.5 C om parison  w ith  S tu d ies in  S ingapore

Next, the neutral and the comfort temperatures of Malaysians in Malaysia 

are compared to similar tem peratures found by other researchers in their 

studies on Singaporeans. As Singapore is a bordering neighbour and has a 

similar climate to Malaysia, a comparison of the neutral and comfort 

temperatures between Malaysians and Singaporeans is appropriate.

8.5.1 Comparison with Webb's Studies

Webb [12] and Ellis [13] were the pioneers in thermal comfort research in 

Singapore and their work was carried out using field surveys. The latest 

study was conducted by de Dear et al. [13] using the chamber method.

As elaborated in the Review Chapter, Webb used acclimatised Europeans 

and local Singaporeans in his studies for the equatorial climatic region.

Since the participants in Webb's surveys are all males, his results can only 

be compared with the Malaysian Males of the present study. Webb did not 

declare the ethnicity of the Males in his survey, thus a more precise 

comparison with either the Malay or the Chinese Males of the present 

study is not possible.

W ebb developed the Equatorial Com fort Index (E.C.I.), w hich is 

represented by a m ultiple regression equation using effective temperatures 

(which is similar to the normalised temperatures of the present study) as 

follows :
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Y = 0.256(1) + 0.218(F) - O.lOsVv - 21.19

where Y = thermal comfort vote
T = effective temperature[°F]
P = vapour pressure (mm Hg)
V = air movement (ft/m in)

It is im portant to note that Webb used the 9-point thermal comfort scale 

votes in the regression equation, from 0 to 8 with 4 as the comfortable 

vote. The effective tem peratures are in the Fahrenheit scale. From the 

equation, the comfort tem perature at V = 4.0 is 78.8°F or 26.0°C. It is at 

saturated condition i.e. at 100% relative humidity. When the tem perature 

of 26.0°C is normalised from 100% to 50% relative humidity, it is found to 

be 27.1°C. This comfort temperature found by Webb, when normalised, is 

quite close to the Malaysian Males comfort temperature of 28.0°C ± 0.24°C.

8.5.2 Comparison with studies by de Dear et al.

The other major study was carried out by de Dear et al. [14] (discussed in 

the Review Chapter). They found the mean preferred tem perature of 

Singaporeans to be 25.4°C ±0.4°C and the mean neutral tem perature to be 

26.4°C. Due to the distribution of population in Singapore, the majority of 

de Dear's participants are likely to be Chinese.
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The mean preferred tem perature is very close to the comfort tem perature 

found from the Equatorial Comfort Index. The comfort tem perature of 

M alaysian Chinese is 27.6°C ±0.20°C and is different from the m ean 

preferred tem perature  of Singaporeans. The neu tra l tem pera tu re  of 

Malaysian Chinese, which is 27.9°C ±0.20°C is also significantly different 

from the mean neutral temperature of the Singaporean students.

In a separate study by de Dear et al. [15] using the field study method, the 

neutral temperature was found to be 28.5°C which is significantly different 

from the neutral temperature found in their chamber study, however, it is 

reasonably close to the comfort tem perature of the Equatorial Comfort 

Index. The neutral tem perature of their field study is close to the neutral 

tem perature of Malaysian Chinese and also to the neutral and comfort 

temperatures of Malaysians found in the present study. A sum m ary of the 

mean temperatures found by the studies carried out by de Dear, Webb and 

the present study is presented in Table 8.6.

These comparisons show that there is some sim ilarity in w hat is the 

neutral tem perature for people in the equatorial belt. H ow ever, the 

chamber method used by de Dear and the chamber method of the present 

study give very different preferred tem perature and comfort temperature.
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f

STUDIES

TEMPERATURES

WEBB DE DEAR 
(CHINESE)

MALAYSIAN
CHINESE

MALAYSIAN

(CHAMBER METHOD)

NEUTRAL TEMP. - 26.4[°C] 27.9[°C] 28.3[°C]

COMFORT TEMP. - 25.4[°C]
(PREFERRED
TEMP)

27.6[°C] 28.2[°C]

(FIELD METHOD)

NEUTRAL TEMP. - 28.5[°C] - -

COMFORT TEMP. 2 6 .0 ra - - -

Table 8.6 : The neutral and comfort temperatures found in studies carried out 
by Webb, de Dear and the present study



8.6 C om parison  w ith  International Standard I.S.O . 7730

In ternational S tandard  O rganisation’s LS.O. 7730-1984 [16] is an 

international standard  for the determ ination of Predicted Mean Votes 

(P.M.V.) and Predicted Percentage Dissatisfied (P.P.D.) on m oderate 

thermal environments. The standard was formed at a meeting in 1984 at 

Geneva, Switzerland.

Predicted Mean Vote is an index that predicts the mean votes of a large 

sample of persons on the 7-point thermal sensation scale num bered from 

-3 to +3, i.e. from cold to hot. The scale is similar to the ASHRAE thermal 

sensation scale which is used in the present study, except that the 

ASHRAE scale uses a ranking of 1 to 7. PMV is based on the heat balance 

of the hum an body and is developed from Fanger's work on therm al 

comfort theory.

Predicted Mean Vote can be calculated from a complex equation, read off 

from a table obtained using the equation or by direct m easurement using a 

Thermal Com fort Meter. Based on clothing insulation value, metabolic 

rate, air velocity and the operative temperature, the P.M.V. may be looked 

up from tables. The Predicted Mean Vote found in tables is calculated for 

relative hum idity of 50%. An extract of the table as found in I.S.O. 7730 is 

presented in Table 8.7.
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E.1 A ctiv ity  le v e l:  53 W/rrr^ (1 m et)

C o t f t i n q  

C io  I rr>2 ■ « C / W

O p « r « a v «

" C

R * J « o v «  v e l o c i t y  

m / j .

< 0 , 1 0 0 , 1 0 0 , 1 5 0 _ 2 0 0 , 3 0 0 ,4 0 0 , 5 0 1 ,0 0

Q 0 2 3 - 1 , 5 2 - 1 , 5 2 -  1 ,5 6 - 2 . 3 4

2 7 - 1 , 0 0 - 1 , 0 0 - 1 , 3 6 - i , a
2 3 - 0 , 3 9 - 0 , 4 2 - 0 , 7 5 - l . C S
2 3 0 ,2 1 0 ,1 3 - 0 , 1 5 - 0 , 3 9

3 0 0 ,3 3 0 . 5 3 0 , 4 5 0 _ 3

31 1 ,3 3 1 ,2 5 1 ,0 8 0 , 3 4

3 2 1 ,9 6 1 ,2 3 1 ,7 1 1 ,6 1

3 3 2 5 Û 2 .4 1 2 . 3 4 2 S 3

0 .2 S 0 ,0 3 3 2 4 - 1 , 5 2 - 1 , 5 2 - 1 , 8 0 - 2 . 0 6 - 2 . 4 7

2 5 - 1 , C S - 1 , 0 5 - 1 , 3 3 - 1 , 5 7 - 1 , 5 4 - 2 2 4 - 2 . 4 8

2 3 - 0 , 3 - 0 , 5 1 - 0 , 8 7 - 1 , C 3 -  1 ,4 1 -  1 ,5 7 - 1 , 8 3 - 2 . 5 5

2 7 - 0 , 1 2 - 0 . 1 7 - 0 , 4 0 - 0 , 5 3 - 0 , 8 7 -  1 ,1 0 - 1 , 2 9 - 1 , 9 7

2 3 0 ,3 4 0 _ Z 7 0 , 0 7 - 0 , 0 9 - 0 . 3 4 - 0 . 5 3 - 0 , 7 0 - 1 2 3

2 9 0 ,2 0 0 .7 1 0 , 5 4 0 ,4 1 0 2 0 0 , 0 4 - 0 , 1 0 - 0 , 5 3

3 0 1 ,2 5 1 .1 5 1 .0 2 0 .9 1 0 , 7 4 0 .5 1 0 , 5 0 0 .1 1

31 1 .7 1 1 ,6 1 1 .5 1 1 .4 3 1 .3 0 1 2 0 1 ,1 2 0 , 3 3

O .SÛ 0 , 0 7 8 2 3 -  1 .1 0 - 1 , 1 0 - 1 , 2 3 - 1 , 5 1 — 1 .7 3 - 1 . 9 9 - 2 . 1 6

2 4 - 0 . 7 2 - 0 , 7 4 - 0 , 9 5 - I . n - 1 , 3 6 - 1 , 5 5 -  1 .7 0 - 2 2 2 2

2 5 - 0 , 3 4 - 0 . 3 3 - 0 , 5 6 - 0 , 7 1 - 0 , 3 4 - 1 . 1 1 - 1 , 2 5 - 1 . 7 1

2 3 0 , 0 4 - 0 , 0 1 - 0 , 1 8 - 0 . 3 1 - 0 , 5 1 - 0 , 6 5 - 0 , 7 9 - 1 . 1 9

2 7 0 ,4 2 0 . 3 5 o j n 0 , 0 9 - 0 , C 8 - 0 , 3 3 - 0 , 6 3

2 3 0 ,3 0 0 , 7 2 0 . 5 3 0 . 4 9 0 . 3 4 0 . 2 3 0 . 1 4 - 0 , 1 7

2 9 1 .1 7 1 .0 8 0 . 3 8 0 . 9 0 0 , 7 7 0 . 6 3 0 . 5 0 0 . 3 4

3 0 1 ,5 4 1 .4 6 1 . J 7 1 .3 0 1 2 0 1 ,1 3 1 .C 6 0 ,3 6

0 ,7 5 0 . 1 1 6 2 l ' - 1 , 1 1 - 1 . 1 1 - 1 . 3 0 - 1 , 4 4 - 1 , 5 6 - 1 , 8 2 - 1 , 9 5 - 2 . 3 3

2 2 - 0 . 7 3 - 0 , 2 1 - 0 , 3 8 - 1 , 1 1 - 1 . 3 1 - 1 , 4 8 - 1 , 5 3 -  1 ,5 5

2 3 - 0 , 4 7 - 0 . 5 0 - 0 , 6 6 - 0 , 7 3 - 0 , 9 6 - 1 , 0 9 - 1 , 2 0 -  1 , 5

2 4 - 0 , 1 5 - 0 . 1 9 - 0 , 3 3 - 0 , 4 4 - 0 . 5 1 - 0 , 7 3 - 0 . 8 3 - 1 , 1 4

2 5 0 ,1 7 0 . 1 2 - 0 , 0 1 - 0 , 1 1 - 0 , 2 3 - 0 , 3 7 - 0 , 4 8 - 0 , 7 4

2 3 0 ,4 9 0 , 4 3 0 ,3 1 0 , 2 3 0 , 0 9 0 , 0 0 - 0 , 0 3 - 0 , 3 3

2 7 0 ,3 1 0 , 7 4 0 , 6 4 0 . 5 6 0 , 4 5 0 . 3 6 0 , 2 9 0 , 0 3

2 3 1 .1 2 1 ,0 5 0 . 9 6 0 , 9 0 0 , 3 0 0 .7 3 0 , 6 7 0 , 4 8

1 ,0 0 0 , 1 5 2 0 - 0 , 2 5 - 0 , 3 7 - 1 , 0 2 - 1 , 1 3 - 1 , 2 9 - 1 , 4 1 - 1 , 5 1 - 1 , 8 1

2 1 - 0 , 5 7 - 0 , 5 0 - 0 , 7 4 - 0 , 3 4 - 0 , 2 9 - 1 . 1 1 - 1 , 1 9 - 1 , 4 7

2 2 - 0 , 3 0 - 0 , 2 3 - 0 , 4 8 - 0 , 5 5 - 0 , S - 0 , 3 0 - 0 , 8 8 - 1 , 1 3

2 3 - 0 . C 2 - 0 , 0 7 — 0 , 1 8 - 0 . 2 7 - 0 , 2 9 - 0 , 4 9 - 0 , 5 6 - 0 , 7 9

2 4 0 2 5 0 3 2 ] . 0 . 1 0 0 , 0 2 - 0 , 0 9 - 0 , 1 8 - 0 2 5 - 0 , 4 8

2 5 0 ,5 3 0 ,4 8 0 . 3 3 0 ,3 1 0 .2 1 0 . 1 3 0 , 0 7 - 0 . 1 2

2 3 0 ,8 1 0 , 7 5 0 . 5 6 0 . 6 0 0 ,5 1 0 , 4 4 0 ,3 3 0 , 2 2

2 7 1 ,0 8 1 ,0 2 0 . 9 5 0 , 2 9 0 .3 1 0 , 7 5 0 .7 1 0 . 5

1 ,2 5 0 , 1 3 4 16 - 1 , 3 7 - 1 , 3 7 - 1 , 5 1 - 1 , 6 2 - 1 , 7 8 - 1 , 8 9 -  1 ,9 8 - 2 . 2 6

18 - 0 , 2 9 - 0 , 9 1 -  1 ,0 4 - 1 , 1 4 - 1 , 2 3 -  1 ,3 3 - 1 , 4 8 -  1 ,7 0

2 0 - 0 , 4 2 - 0 , 4 6 - 0 , 5 7 - 0 , S - 0 , 7 7 - 0 , 3 6 - 0 . 3 3 -  1 ,1 4

2 2 0 .0 7 0 , 0 2 - 0 , 0 7 - 0 . 1 4 - 0 , 2 5 - 0 , 3 2 - 0 . 3 3 - 0 , 5 5

2 4 0 ,5 6 0 , 5 0 0 , 4 3 0 . 3 7 o . a 0 , 2 2 0 . 1 7 0 . 0 2

2 5 1 ,0 4 0 , 9 9 0 , 9 3 0 . 8 3 0 ,9 1 0 ,7 6 0 . 7 2 0 ,5 1

2 3 1 ,5 3 1 ,4 3 1 ,4 3 1 .4 0 1 ,3 4 1 .3 1 1 .2 3 1 ,1 9

3 0 2 0 1 1 .9 7 1 ,3 3 1 ,9 1 1 ,5 8 1 ,3 5 1 ,2 3 1 ,7 7

1 ,5 0 0 .2 3 3 14 -  1 .3 6 - 1 . 3 6 -  1 .4 9 - 1 , 5 3 . - 1 . 7 2 - 1 , 8 2 - 1 , 3 9 - 2 , 1 2

16 - 0 , 9 4 - 0 . 9 5 -  1 ,0 7 - 1 , 1 5 -  1 .2 7 - 1 , 3 6 -  1 ,4 3 -  1 , 5

18 - 0 , 5 2  . - 0 , 5 4 - 0 , 5 4 - 0 , 7 2 - 0 . 2 2 - 0 , 9 0 - 0 . 9 5 -  1 ,1 4

2 0 - 0 . 0 9 - 0 , 1 3 - 0 , 2 2 - 0 . 2 3 ' - 0 , 3 7 - 0 , 4 4 - 0 . 4 9 - 0 . 5

0 ,3 5 0 .3 0 0 2 3 0 .1 8 0 ,1 0 0 , 0 4 O.CO - 0 , 1 4

2 4 0 ,7 9 0 . 7 4 0 . 5 3 0 .5 3 0 ,5 7 0 , 5 2 0 , 4 9 0 , 3 7

2 6 1 .2 3 1 ,1 3 1 ,1 3 1 ,0 9 1 ,0 4 1 ,0 1 0 , 9 8 0 , 2 9

2 3 ■ 1 ,5 7 1 .6 2 1 .5 3 1 ,5 6 - 1 ,5 2 1 .4 9 1 .4 7 1 ,4 0

Table 8.7 : Predicted Mean Votes for activity level of l.Omet

HU



Operative tem perature is the equivalent air tem perature which gives the 

same therm al sensation at low air velocities ( < 0.2m /s ). It is also the 

average of the air and mean radiant tem peratures when the differences 

between the two temperatures are < 4.0°C. In this study, the mean radiant 

tem perature is very close to the air tem perature, and so, the operative 

tem perature is similar to the air temperature.

Predicted Percentage Dissatisfied is a quantitative prediction of the 

num ber of thermally dissatisfied persons. It predicts the percentage of a 

large sample of persons likely to feel thermally uncomfortable by voting 

hot', 'warm ', 'cool' or 'cold' on the thermal sensation scale.

The percentage is determined from knowing the Predicted Mean Vote and 

can be read off a graph given in the standard. The graph is reproduced in 

Figure 8.4.

An acceptable thermal environment for comfort is based on at least 80% of 

the sample voting 'slightly warm', 'neutral' or 'slightly cool'. These votes 

correspond to the P.M.V. scale of -1, 0 , +1 or ASHRAE scale of 3, 4, 5. 

The 80% limit is a recommendation, though for reasons of economy and 

energy savings, the percentage may be reduced to lower values, for 

example, 70%.
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Predicted Percentage Dissatisfied



In the present study, the participants wore a uniform set of clothes with 

an insulation value of 0.55 d o  and maintained a metabolic rate of l.Omet. 

The air velocity is always less than 0.15m /s, and may be assum ed as 

O.lm/s. The extract of the P.M.V. table, as given in Table 8.7, does not give 

a P.M.V. for 0.55 do , thus an interpolation is m ade between 0.5clo and

0.75clo. The operative temperature corresponding to a PMV of 0.0 at 0.5clo 

is 26.0°C and at 0.75clo is 24.6°C. Thus, the air tem perature, assum ing a 

linear interpolation, corresponding to a P.M.V. of 0.0 at 0.55clo is 25.7°C. 

This is the temperature, according to Fanger, at which Malaysians should 

be voting 'neutral' or 0 given their clothing insulation, metabolic rate and 

air velocity. The Malaysian neutral tem perature is 28.3°C, a difference of 

2.6°C.

The Predicted Mean Vote obtained for the tem perature  of 28.3°C, 

interpolated for 0.55clo, along with the other param eters is about 0.87, 

instead of 0.0. So the P.M.V. index predicts a thermal sensation of close to 

slightly warm when the Malaysians sense neutral.

W ith the Predicted Mean Vote of 0.87, the P redicted Percentage 

Dissatisfied, as read from Figure 8.4 is 21%. This means that 21% of 

M alaysians w ould be dissatisfied and w ould have voted outside the 

interval of -1 to +1. Since the tem perature of 28.3°C is the neutral 

temperature, only 5% dissatisfaction should have occurred.

The Predicted Mean Vote and the Predicted Percentage Dissatisfied for 

Malaysians are different from the actual votes and percentages. Thus, 

PMV and PPD are not reliable predictors of the neutral and comfort 

feelings of Malaysians.
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8.7 Conclusion

The comparison of neutral temperatures found in the Temperate climatic 

region and in Malaysia shows that there is significant difference between 

the two. A comparison of the anthropometric factors between the Danish 

and the Malaysian participants reveal significant differences in ages, body 

weights, heights and pondéral indexes. Thus, anthropom etric factors may 

be one of the factors contributing to the differences observed along with 

acclimatisation to a different annual cycle of tem perature and humidities.

The comparison between the Malaysian Thermal Comfort Zone and the 

ASHRAE Sum m er Thermal Com fort Zone shows a small region of 

overlap  betw een the two zones. H ow ever, the ASHRAE Sum m er 

Thermal Comfort Zone is not a good representation of the Comfort Zone 

of Malaysians.

The Japanese and the H ong Kong Chinese have sim ilar neutra l 

tem peratures according to the work of Tanabe et al. and Chung et al., but 

these are different to those obtained for Malaysians in the present study. 

Even the M alaysian Chinese have a neutral tem perature  which is 

significantly different from the Hong Kong Chinese, although they share a 

similar ethnic background. One possible explanation for this difference is 

that the overall climatic conditions experienced are not similar, and long

term  acclim atisation to the different annual climatic cycle m ay have 

become a significant factor.
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The Tropical Summer Index Comfort Zone overlaps with the M alaysian 

Comfort Zone almost completely. The range of thermal acceptability for 

Malaysians fits within the comfort range of T.S.I.

The Thai study  suggested a neutral tem perature  of 24.7°C in air- 

conditioned buldings and 27.4°C in the naturally ventilated buildings. The 

neutral tem perature in naturally  ventilated buildings is close to the 

neutral tem perature of Malaysians found in the present study. The Thai 

workers' therm al acceptability range is comparable to the M alaysians', 

even though it is slightly wider especially at the lower tem perature side.

The neutrality equations proposed by H um phreys and Auliciems have 

predicted neutrality tem peratures which are quite close to the Malaysian 

N eutrality  Tem perature. The equations may be used to p red ict the 

Malaysian Neutral Temperature.

The comparison between the Equatorial Comfort Index and the present 

w ork show some similarities. The comfort tem perature found by Webb 

among his participants (Males) about 40 years ago is quite similar to the 

comfort tem perature of Malaysian Males found in the present study. The 

neutral tem perature of Singaporeans (found in field studies) and the 

Malaysian Chinese are close when the 95% confidence limits of the two 

tem peratures are considered. H ow ever, the comfort tem pera tu re  of 

M alaysian studen ts in this study  is different from  the p referred  

tem perature of Singaporean students. The methods of investigation along 

with the difference in controlled factors and the anthropometric profile of 

the participants may contribute to some of the differences.
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LS.O. 7730 suggests a P.M.V. of 0.87 and P.P.D. of 21% at the Malaysian 

neutral tem perature of 28.3°C and this is significantly different from the 

way Malaysians voted. It can be stated that P.M.V. does not apply to the 

Malaysians studied and should not be used as a standard in Malaysia.
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CONCLUSION

9.1 Summary of Findings

The main body of the experimental work of this thesis was divided into 

three parts. The first was a longitudinal study of Malaysian participants in 

Malaysia. The second was a transverse study of a different group of 

Malaysian participants in Malaysia, while the third was a transverse study 

of Malays acclimatised to the temperate climate in the U.K.

The longitudinal studies were found to be a suitable way of defining the 

broad conditions to be investigated in the transverse studies. This is 

because the longitudinal studies provided a rough therm al acceptability 

zone which could be refined by the results of the transverse studies.

The therm al sensation and therm al comfort votes of M alay M ales, 

Chinese Males, M alay Females and Chinese Females are sim ilar at 

tem peratures below 30.0°C. The thermal sensation and thermal comfort 

votes are similar for each of the four groups although the thermal comfort 

votes are, consistently, slightly lower, possibly show ing the slight 

difference between thermal sensation and thermal comfort.
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The Males and Females vote similarly on both the thermal sensation and 

the therm al com fort scales. The M alays and  the C hinese voted 

significantly differently from one another on both the thermal sensation 

and thermal comfort scales. Thus, gender did not influence the votes but 

ethnicity did for the participants of this study. Anthropometric factors do 

not explain the difference between the voting patterns of the Malays and 

the Chinese. The pondéral indices of the participants are found not to 

correlate with the thermal sensation votes.

The neutral tem perature and the comfort tem perature are very close for 

each of the groups. This is a probably due to some similarities between the 

therm al sensation and therm al comfort votes. The M alaysian N eutral 

Tem perature was found to be 28.3°C while the M alaysian Com fort 

Temperature was 28.2°C. The thermal comfort interval of Malaysians was 

25.0°C to 31.4°C, at 50% relative hum idity. The therm al acceptability 

interval was also obtained for each of the following groups; Males, 

Females, Malays and Chinese (Table 6.2).

In Malaysia, there are quite a number of buildings where the occupants are 

quite likely to belong to a particular group, namely. Males, Females, 

Malays or Chinese. The results of this study m ight suggest that office 

buildings which are predominantly occupied by Malays may be allowed to 

have a slightly higher condition for therm al comfort as com pared to a 

build ing predom inantly occupied by Chinese. However, until further 

work is carried out to substantiate this, and to allow occupation patterns to 

change in buildings, and indeed in the interest of racial harm ony in 

Malaysia, it is proposed that a single internal design condition should be 

adopted, and specified in Government Building Regulation Legislations.
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The study shows that Malaysian students who had become acclimatised to 

the U.K. climate voted very differently from M alaysian students in 

Malaysia. In fact, Malaysian students in the U.K. voted in line with the 

American and Danish students. The anthropom etric factors between the 

two groups of Malaysians were similar, so the difference in votes between 

the two groups w ould indicate that they have adapted to the different 

climate. Thus the results of the present study support the adaptive model 

of therm al comfort against the constancy model proposed by Fanger. 

Another interesting point about the finding is that this is the first time 

tha t a therm al cham ber study  p roduced  resu lts w hich show  an 

acclimatisation effect which supports the adaptive model. The results 

indicate that Malaysians may be able to adapt to the host climate which is 

different from the hot and hum id climate they are used to.

The Malaysian Males Comfort Temperature (in Malaysia) is quite similar 

to the Equatorial Comfort Index developed by Webb, but different from the 

Preferred Temperature of Singaporeans found by de Dear. The methods of 

determining the tem peratures are different. The Preferred Temperature of 

25.4°C ± 0.5°C for Singaporeans found by de Dear was determined directly 

from experiments, while the Comfort Tem perature of Malaysians were 

obtained from a linear regression model. However, the lower end of the 

com fort interval of M alaysians (25.0°C - 31.4°C) overlaps w ith the 

Equatorial Comfort Index and the Preferred Tem perature of Singaporean 

students.
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The Malaysian Neutral Temperature found in Chapter 6 is different from 

that obtained for the Japanese students and the H ong Kong Chinese 

students. The N eutral Temperature of Malaysian Chinese was also found 

to be different from the Neutral Temperature of the Hong Kong Chinese. 

This difference is interesting since the M alaysian Chinese and the Hong 

Kong Chinese share a sim ilar ethnic background bu t live in slightly 

different climates. The Hong Kong climate has a significant cool period in 

December and January unlike Malaysia. This result m ay indicate that 

acclimatisation to different climates has affected their voting pattern. This 

result tends to support the adaptive model of thermal comfort.

The M alaysian Therm al Com fort Zone obtained in this study  was 

compared with the ASHRAE Summer Comfort Envelope. There is a small 

region of overlap between the two zones, namely at the low tem perature, 

low hum idity 'corner' of the Malaysian Comfort Zone. As the ASHRAE 

Zone does not sufficiently cover the majority of the comfort zone of 

Malaysians, the ASHRAE Zone is not recommended as a guideline for the 

thermal comfort of Malaysians. If used in Malaysia, it will lead to thermal 

discomfort and energy waste in air-conditioned offices.

The Predicted M ean Vote proposed in the In ternational S tandard 

O rganisation ISO 7730-1984 predicted a significantly different voting 

pattern to that found in this study for Malaysians. Thus, PMV should not 

be used to predict the thermal sensation votes of Malaysians.
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It is to be expected that when the present indoor design conditions of 

buildings in Malaysia are changed to the comfortable conditions found in 

this study, there will be savings in electrical energy consumption. A study 

to investigate the level of savings would be instructive.

Overall, the present study has shown that ethnicity may influence thermal 

sensation and thermal comfort at conditions above 30.0°C. Gender does 

not influence both thermal votes. Standards and guidelines of neutrality 

and comfort determined from studies carried out in the tem perate climate 

region are not able to predict or represent the neutrality sensation or the 

comfort feelings of Malaysians. This study has developed a unique 

therm al comfort zone for Malaysians acclimatised to the M alaysian hot 

and hum id climate.

The study also shows support for the adaptive model of thermal comfort. 

This indicates that the way in which unacclimatised Malaysians will vote 

in a given environment with a particular condition will be different to the 

way Danish and American students will vote in the same condition. The 

constancy model, which has been shown to be applicable only within the 

temperate and some areas of the tropical region, failed in the present study 

to predict neutrality or comfort for Malaysians in a hot hum id climate.
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9.2 Recommendations

The thermal comfort zone found in the present study is recommended for 

use in office buildings in Malaysia where the occupants wear clothing 

around 0.55clo and maintain a sedentary level of activity. The justification 

for this proposal is that the comfort zone was developed from subjective 

responses of M alaysians them selves and thus is the best available 

representation of the thermal comfort zone for Malaysians.

9.3 Future Research

The present study, while showing that useful inform ation on therm al 

comfort can be gained from detailed climate chamber studies, has raised 

m any other interesting questions. For example, it w ould be useful to 

investigate further the comfort vote of people older and younger than the 

college-age groups used in this study. College students tend to be from a 

m iddle class or upper working class background and it would be useful to 

have information on other social groups' perception of thermal comfort.

As the present study has not been able to investigate energy savings for 

buildings in Malaysia, a study is proposed. Various building param eters 

such as insulation level could also be investigated to determine the effect 

on energy savings while providing adequate therm al comfort for the 

occupants. The study should also determine an appropriate level of energy 

expenditure for air-conditioned buildings which could be specified in 

governm ent Building Regulation Legislation.
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More research is needed to study the effect of moderate thermal stress on 

the work performance of factory and industrial workers. The results will 

show whether slightly higher indoor tem perature conditions are tolerable 

or whether it will reduce productivity.

The Preferred Tem perature of Malaysians, which the present study did 

not investigate could be another interesting area to study. Since the data 

already exists for Singapore, the Preferred Tem perature of Malaysians 

could be compared with this. The Preferred Temperature of Malaysians is 

likely to be close to the Comfort Temperature, but could be significantly 

different from the Preferred Temperature of Singaporeans.

It w ould be interesting to check if Malaysians can become acclimatised to a 

hot and dry climate, like Cairo, Egypt. The study would reveal whether 

Malaysians can adapt to a variety of host climates.

The present study could be expanded to test other people who live in 

tropical climates around the equator, like Brazilians or Kenyans. If the 

studies in these two places show similarity with the neutral and comfort 

tem peratures of the present study, the comfort zone developed here could 

be considered to be applicable to any country in the tropical region around 

the equator.

It has been suggested that metabolic rates which researchers have typically 

read from tables should be reviewed [1]. It is possible that the actual 

metabolic rates could be lower than the tabulated values. This could 

partially explain the different neutral tem peratures found for people in 

different climates.
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This study has shown the complex nature of therm al comfort and the 

difficulties of carrying out research work in this area. Given comfort's 

im portance to well-being and performance it is relevant that researchers 

from other disciplines such as psychology, who have not m ade a more 

significant contribution to the field, participate  in therm al comfort 

research. The concept of condition of m ind' is an area that could be 

significantly contributed to by psychologists, and the factor of adaptation 

w ould be better understood if anthropologists and physiologists worked 

together in the field. Thermal Comfort is clearly a m ulti-disciplinary 

subject that would be better understood if research is carried out by teams 

reflecting its m any and various aspects.

This work is a small contribution to the understanding and assessment of 

therm al comfort.
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APPENDIX 1 : ANOVA of Thermal Sensation Votes of all 4 groups
together for (a)25.3°C, (b)25.4°C, (c)29.4°C
and (d)30.3°C

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN
GROUPS

3 1.141 0.38 2.501

WITHIN GROUPS 125 19.007 0.152 PROB. =0.06
TOTAL 128 20.148

(a)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN
GROUPS

3 1.877 0.626 2.617

WITHIN GROUPS 124 29.638 0.239 PROB. =0.05
TOTAL 127 31.515

(b)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN
GROUPS

3 3.151 1.05 2.706

WITHIN GROUPS 125 48.519 0.388 PROB. =0.05
TOTAL 128 51.67

(c)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN
GROUPS

3 4.363 1.454 4.514

WITHIN GROUPS 125 40.274 0.322 PROB. =0.005
TOTAL 128 44.637

(d)



APPENDIX 2 : Time of Experimental Sessions for (a) Malay Males and Chinese Males 
and (b) Malay Females and Chinese Females

CONDNS 25.3[°C] 25.4[°C] 29.3[°C] 30.3[°C]

SESSIONS

SUB
GROUPS

MORN AFT MORN AFT MORN AFT M ORN AFT

M M l / / / /
MM2 / / / /
MM3 / / / /
MM4 / / / /
MM5 / / / /
MM6 / / / /
MM7 / / / /
CMl / / / /
CM2 / / / /
CM3 / / / /
CM4 / / / /
CM5 / / / /
CM6 / / / /

(a)



n

CONDNS 25.3[°C] 25.4[°C] 29.4[°C] 30.3[°C]
SESSIONS

SUB
GROUPS

MORN AFT MORN AFT MORN AFT MORN AFT

M Fl / / / /
MF2 / / / /
MF3 / / / /
MF4 / / / /
MF5 / / / /
MF6 / / / /
MF7 / / / /
CFl / / / /
CF2 / / / /
CF3 / / / /
CF4 / / / /
CF5 / / / /
CF6 / / / /

(b)



APPENDIX 3 : ANOVA of Thermal Comfort Votes of all 4 groups together
for (a)25.3°C, (b)25.4°C, (c)29.4°C and (d)30.3°C

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN
GROUPS

3 3.078 1.026 5.342

WITHIN GROUPS 124 23.811 0.192 PROB. =0.002
TOTAL 127 26.889

(a)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN
GROUPS

3 2.911 0.97 5.12

WITHIN GROUPS 124 23.499 0.19 PROB. =0.002
TOTAL 127 26.41

(b)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN
GROUPS

3 4.39 1.463 4.004

WITHIN GROUPS 125 45.677 0.365 PROB. =0.009
TOTAL 128 50.067

(c)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN
GROUPS

3 6.426 2.142 7.086

WITHIN GROUPS 125 37.786 0.302 PROB. =0.0002
TOTAL 128 44.212

(d)
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APPENDIX 4 : Statistical Description of Thermal Comfort Votes for
(a)25.3°C, (b)25.4°C, (c)29.4°C and (d)30.3°C

GROUPS

CALCULATIONS

MALES FEMALES MALAYS CHINESE

NUMBER 64 65 69 60
MEAN VOTE 3.16 3.07 2.99 3.26
STD. DEVN. 0.56 0.335 0.416 0.467
STD. ERROR 0.071 0.042 0.05 0.06
GRAND MEAN 3.1

(a)

GROUPS

CALCULATIONS

MALES FEMALES MALAYS CHINESE

NUMBER 63 65 68 60
MEAN VOTE 3.14 3.06 2.97 3.26
STD. DEVN. 0.531 0.369 0.381 0.496
STD. ERROR 0.067 0.046 0.046 0.064
GRAND MEAN 3.1

(b)

GROUPS

CALCULATIONS

MALES FEMALES MALAYS CHINESE

NUMBER 64 65 69 60
MEAN VOTE 4.40 4.27 4.18 4.51
STD. DEVN. 0.679 0.565 0.597 0.617
STD. ERROR 0.085 0.07 0.072 0.08
GRAND MEAN 4.3

(c)

GROUPS

CALCULATIONS

MALES FEMALES MALAYS CHINESE

NUMBER 64 65 69 60
MEAN VOTE 4.70 4.71 4.45 4.95
STD. DEVN. 0.613 0.566 0.584 0.498
STD. ERROR 0.077 0.07 0.07 0.064
GRAND MEAN 4.7

(d)



APPENDIX 5 : ANOVA of Thermal Comfort Votes of Males, Females,
Malays, and Chinese for (a) 25.3°C, (b)25.4°C,
(c)29.4°C and (d)30.3°C

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST PROB.

MALFEM
(A)

1 0.283 0.283 1.476 0.2267

MLYCH (B) 1 2.413 2.413 12.568 0.0006
AB 1 0.426 0.426 2.221 0.1387
ERROR 124 23.811 0.192

(a)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST PROB.

MALFEM (A) 1 0.39 0.39 2.057 0.154
MLYCH (B) 1 2.552 2.552 13.465 0.0004
AB 1 0.358 0.358 1.89 0.1716
ERROR 124 23.501 0.19

(b)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST PROB.

MALFEM (A) 1 0.635 0.635 1.738 0.1898
MLYCH (B) 1 3.43 3.43 9.387 0.0027
AB 1 0.384 0.384 1.05 0.3076
ERROR 125 45.677 0.365

(c)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST PROB.

MALFEM (A) 1 0.004 0.004 0.012 0.912
MLYCH (B) 1 6.41 6.41 21.203 0.0001
AB 1 0.019 0.019 0.061 0.805
ERROR 125 37JB6 0.302

(d)



APPENDIX 6A : ANOVA of Thermal Sensation and Thermal Comfort Votes
for Malay Males at (a)25.3°C, (b)25.4°C, (c)29.4°C
and (d)30.3°C

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 1.1471E-4 1.1471E-4 0.001
WITHIN GROUPS 66 12.757 0.193 PROB. =0.98
TOTAL 67 12.757

(a:

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.022 0.022 0.108
WITHIN GROUPS 64 12.876 0.201 PROB.

=0.743
TOTAL 65 12.898

(b)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.368 0.368 0.832
WITHIN GROUPS 66 29.154 0.442 PROB.

=0.365
TOTAL 67 29.521

(c)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.038 0.038 0.096
WITHIN GROUPS 66 25.76 0.39 PROB.

=0.757
TOTAL 67 25.798

(d)



APPENDIX 6B : ANOVA of Thermal Sensation and Thermal Comfort Votes
for Chinese Males at (a)25.3°C, (b)25.4°C, (c)29.4°C
and (d)30.3°C

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.817 0.817 4.348
WITHIN GROUPS 58 10.893 0.188 PROB.

=0.52
TOTAL 59 11.71

(a:

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.308 0.308 1.043
WITHIN GROUPS 58 17.142 0.296 PROB.

=0.311
TOTAL 59 17.45

(b)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.081 0.081 0.19
WITHIN GROUPS 58 24.619 0.424 PROB. =0.6645
TOTAL 59 24.699

(c)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.113 0.113 0.443
WITHIN GROUPS 58 14.741 0.254 PROB.

=0.5082
TOTAL 59 14.854

(d)



APPENDIX 6C : ANOVA of Thermal Sensation and Thermal Comfort Votes
for Malay Females at (a)25.3°C, (b)25.4°C, (c)29.4°C
(d)30.3°C

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.277 0.277 2.741
WITHIN GROUPS 68 6.861 0.101 PROB.

=0.10
TOTAL 69 7.138

(a:

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.24 0.24 1.694
WITHIN GROUPS 68 9.638 0.142 PROB.

=0.197
TOTAL 69 9.878

(b)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.032 0.032 0.113
WITHIN GROUPS 68 19.361 0.285 PROB.

=0.738
TOTAL 69 19.393

(c)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.146 0.146 0.587
WITHIN GROUPS 68 16.957 0.249 PROB.

=0.446
TOTAL 69 17.103

(d)



APPENDIX 6D : ANOVA of Thermal Sensation and Thermal Comfort Vote
for Chinese Females at (a)25.3°C, (b)25.4°C, (c)29.4°C
and (d)30.3°C

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.267 0.267 1.257
WITHIN GROUPS 58 12.307 0.212 PROB.

=0.27
TOTAL 59 12.574

(a]

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.096 0.096 0.413
WITHIN GROUPS 58 13.481 0.232 PROB.

=0.52
TOTAL 59 13.577

(b)

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 1.667E-4 1.667E-4 4.750E-4
WITHIN GROUPS 58 20.35 0.351 PROB.

=0.98
TOTAL 59 20.35

(0

SOURCE D.F. SUM OF SQ. MEAN OF 
SQ.

F-TEST

BETWEEN GROUPS 1 0.28 0.28 0.789
WITHIN GROUPS 58 20.602 0.355 PROB.

=0.38
TOTAL 59 20.882

(d)
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APPENDIX 7 : ANOVA of Thermal Sensation and Comfort Votes for all the Four Conditions

CONDITIONS

COMPARISONS

25.3[°C] 25.4[°C] 29.4[°C] 30.3[°C]

MALAY MALES
PROB. = 0.55 
SIMILAR

PROB.= 0.74 
SIMILAR

PROB. = 0.36 
SIMILAR

PROB. = 0.76 
SIMILAR

CHINESE MALES
PROB. = 0.052 
SIMILAR

PROB. = 0.20 
SIMILAR

PROB. = 0.74 
SIMILAR

PROB. = 0.45 
SIMILAR

MALAY FEMALES
PROB. = 0.20 
SIMILAR

PROB. = 0.31 
SIMILAR

PROB. = 0.66 
SIMILAR

PROB. = 0.51 
SIMILAR

CHINESE FEMALES
PROB. = 0.27 
SIMILAR

PROB. = 0.52 
SIMILAR

PROB. = 0.98 
SIMILAR

PROB. = 0.38 
SIMILAR



APPENDIX 8 : Anthropometric Factors of participants 
(a) Age of Males and Females,
(c) Body Weight and Height of Males,
(d) Body Weight and Height of Females

SUB
GROUPS

AGE [YEARS]

MMl 21 21 21 20 20
MM2 18 18 18 18 18
MM3 23 23 26 24 21
MM4 23 21 21 22 22
MM5 19 19 19 19 19
MM6 19 19 19 19 19
MM7 22 22 22 22 22

CMl 18 20 21 21 18
CM2 23 23 25 24 22
CM3 19 19 19 19 19
CM4 18 18 18 18 18
CM5 23 21 21 22 20
CM6 22 21 20 23 21

MFl 23 23 24 22 24
MF2 19 19 18 18 18
MF3 19 19 19 19 19
MF4 18 18 19 18 21
MF5 19 19 19 19 19
MF6 18 18 18 18 18
MF7 18 18 18 18 18

CFl 20 20 20 20 20
CF2 20 19 19 20 20
CF3 19 19 19 19 19
CF4 22 22 23 24 22
CF5 20 19 19 19 20
CF6 18 18 19 19 19

(a)

1 \ \ L



SUB
GROUP

BODY WEIGHT [KG] HEIGHT [M]

M M l 50 50 63 47 50 1.65 1.71 1.67 1.65 1.65
MM2 65 54 52 67 60 1.69 1.68 1.61 1.77 1.70
MM3 59 54 58 58 59 1.69 1.63 1.66 1.65 1.63
MM4 54 86 60 59 50 1.63 1.75 1.73 1.64 1.70
MM5 60 62 47 55 65 1.68 1.70 1.61 1.68 1.68
MM6 60 66 50 75 51 1.69 1.64 1.69 1.70 1.63
MM7 51 55 76 85 54 1.73 1.64 1.73 1.75 1.68

CMl 61 61 61 66 66 1.73 1.74 1.73 1.68 1.69
CM2 67 62 61 69 52 1.68 1.69 1.75 1.83 1.66
CM3 52 68 67 63 64 1.61 1.75 1.70 1.80 1.65
CM4 70 64 51 67 60 1.79 1.73 1.64 1.66 1.73
CM5 52 66 70 63 63 1.70 1.73 1.73 1.69 1.73
CM6 64 85 65 68 76 1.73 1.69 1.69 1.80 1.81

(b)



SUB
GROUP

BODY WEIGHT [KG] HEIGHT [M]

M Fl 65 46 49 54 54 1.60 1.46 1.55 1.63 1.60
MF2 60 43 55 50 60 1.63 1.51 1.57 1.59 1.63
MF3 45 51 42 66 41 1.56 1.65 1.57 1.66 1.47
MF4 53 59 59 45 52 1.67 1.52 1.51 1.59 1.51
MF5 62 47 46 57 54 1.64 1.55 1.56 1.55 1.56
MF6 55 45 54 39 52 1.63 1.56 1.59 1.56 1.63
MF7 55 55 59 53 60 1.60 1.55 1.55 1.42 1.61

CFl 56 43 59 55 50 1.59 1.57 1.55 1.68 1.55
CF2 58 46 55 50 55 1.64 1.55 1.60 1.60 1.64
CF3 53 50 50 49 47 1.61 1.54 1.54 1.49 1.57
CF4 63 55 55 61 61 1.61 1.61 1.57 1.59 1.60
CF5 45 45 54 54 50 1.55 1.49 1.68 1.64 1.56
CF6 46 53 68 54 49 1.63 1.63 1.61 1.64 1.55

Z .

(c)



APPENDIX 9 : Pondéral Indices of every participant

PONDERAL
INDICES

MALAY
MALES

CHINESE
MALES

MALAY
FEMALES

CHINESE
FEMALES

1 2.23 2.28 2.51 2.41
2 2.15 2.26 2.45 2.23
3 2.38 2.28 2.36 2.51
4 2.19 2.41 2.32 2.26
5 2.23 2.39 2.36 2.38
6 2.38 2.42 2.42 2.36
7 2.25 2.34 2.32 2.31
8 2.32 2.25 2.42 2.38
9 2.32 2.24 2.32 2.30
10 2.30 2.25 2.40 2.32
11 2.32 2.32 2.28 2.33
12 2.35 2.33 2.25 2.39
13 2.39 2.39 2.21 2.39
14 2.32 2.21 2.43 2.46
15 2.68 2.42 2.35 2.30
16 2.26 2.30 2.25 2.47
17 2.37 2.31 2.56 2.36
18 2.17 2.26 2.58 2.42
19 2.33 2.45 2.34 2.48
20 2.33 2.26 2.47 2.46
21 2.24 2.20 2.41 2.29
22 2.26 2.34 2.33 2.39
23 2.39 2.38 2.30 2.25
24 2.32 2.35 2.48 2.30
25 2.46 2.30 2.42 2.36
26 2.18 2.31 2.33 2.20
27 2.48 2.60 2.28 2.30
28 2.28 2.38 2.38 2.54
29 2.14 2.27 2.17 2.30
30 2.32 2.34 2.29 2.36
31 2.45 2.38
32 2.51 2.45
33 2.25 2.51
34 2.51 2.65
35 2.25 2.43

%U0



APPENDIX 10 : Residual Plots of Thermal Sensation Votes of 
(a) Malay and (b) Chinese participants 
in Malaysia
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APPENDIX 11 : Thermal Sensation Votes of Malay Males and Malay Females in the U.K.

CONDN 23.2°C |23.5°C |27.0°C |27.5°C 23.3°C |23.5°C |27.0°C |27.5°C
GROUPS MALAY MALES MALAY FEMALES
1 2.7 2.7 3.3 4.7 2.7 2.7 4.0 4.3
2 3.0 2.7 4.0 4.7 3.0 2.7 4.0 4.0
3 4.0 3.7 4.3 5.0 3.0 3.0 4.0 4.3
4 3.0 3.0 4.7 5.3 3.3 3.7 5.0 4.7
5 - - - - - - - -

6 3.0 3.0 5.0 4.3 3.0 3.3 5.3 4.7
7 4.3 4.3 5.3 4.7 2.7 2.7 4.7 4.7
8 3.0 3.3 4.0 4.0 3.7 3.7 4.0 4.7
9 3.0 3.0 4.3 4.0 3.3 3.3 5.3 5.3
10 3.0 3.0 4.0 3.0 - - - -

11 2.7 2.7 4.0 3.0 3.7 3.7 5.0 5.0
12 3.0 2.7 4.7 4.0 3.7 3.3 4.7 5.0
13 4.0 4.0 4.7 5.0 3.0 2.7 5.0 5.0
14 3.3 3.3 5.0 5.0 3.0 2.7 5.0 5.0
15 2.7 2.7 3.7 4.7 3.3 3.0 5.0 5.0

P



APPENDIX 12 : Cooling Load Temperature Difference Equations 
to Calculate the Space Cooling Load for the 

Hypothetical Building in Kuala Lumpur

LOAD SOURCE EQUATIONS COMMENTS
ROOF Q = U’̂ A’̂ CLTD CLTD = Cooling Load 

Temperature Difference
WALLS Q = U^A’̂ CLTD
GLASS(Conduction) Q = U*A*CLTD
GLASS (Solar) Q = A’̂ C ’SHGF’̂ CLF SHGF = Solar Heat Gain 

Factor
CLF = Cooling Load 
factor

LIGHTS Q = INPUT’̂ CLF INPUT = Input Rating 
or Lighting Fixture Data

PEOPLE -SENSIBLE 

- LATENT

Qs = No.’̂ SENS HG’̂ CLF 

Q1 = No.’̂ LAT HG

SENS HG = Sensible 
Heat Gain from 
Occupants
LAT HG = Latent Heat 
Gain from Occupants

APPLIANCE -SENS 

-LATENT

Qs = HEAT GAINs*CLF 

Q1 = HEAT GAINl

HEAT GAINs= 
Recommended Rate of 
Heat Gain(Sensbl Heat) 
HEAT GAINl = 
Recommended Rate of 
Heat Gain(Latent Heat)

POWER Q = HEAT GAINp CLF HEAT GAINp = 
Manufacturer's data

VENTILATION-SEN

-LAT

Qs = 1.232TLOWv*DT 

Q1 =3012*FLOWv*DHR

FLOWv= 392Litres/s 
DT= Difference of 
Ambient and Indoor 
Temperature 
DHR=Difference of 
Ambient and Indoor Air 
Humidity Ratio

INFILTRATION
-SEN
-LAT

Qs = 1.232*FLOWi*DT 
Ql=3012’̂ FLOWi*DHR

FLOWi=314.53 
Litres/s


