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Abstract

Current developments in adaptive concept in thermal comfort research have underlined the importance of exploring thermal
comfort in different environmental contexts. A better understanding in this area becomes a challenging topic to explore for
development of suitable comfort standard for the wet tropics for thermal housing design with passive cooling. This study uses
the adaptive thermal comfort model with different approaches to assess the applicability of these approaches in the wet tropics.
The neutral temperature for regions having wet tropical climate including Kota Kinabalu, the capital of Sabah State located in
east Malaysia was estimated and a comparison between different approaches was made. The limitation of the adaptive
approach in the humid tropics was further clarified. The required air movement for thermal comfort for the wet tropics was also

suggested.
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l. INTRODUCTION

Worldwide, buildings consume approximately 40% of
the used overall energy flows. Heating, cooling and
ventilation requirements of a conventional building
represent more than 50% of its overall energy
consumption [1]. In the early twentieth century, people
have entered into researching on thermal comfort to
predict people's comfortable sense [2]. ISO 7730 [3] and
ASHRAE 55-1992 standards [4] for comfort zones are well
known and widely used all over the world despite their
limitations. These standards are based on research
conducted by Fanger's [5] at Kansas State University and
at other institutions for summer and winter at steady state
heat transfer theory under climate chamber. The time
factor in Fanger's formula is not considered, whereas the
occupants will respond to change in the environment by
adjustments in clothing and activity levels [6], [7]. Further
the body temperature also varies over the course of a day
[21] and reaches its minimum at about 5:00a.m. While we
accept these cycles as normal in nature, we ignore such
fact in building design by constructing air-conditioned
modern building with a fixed temperature rather than
adapting passive designs which allows indoor
temperature variation but improve the indoor thermal
conditions

Researchers of thermal comfort field studies have
suggested that people are not passive receivers of their
thermal environment. They adjust or acclimatize to their
environment (8). Acclimatization is a factor to be included
in human response to comfort. Humphreys and Nicol [9],
Nicol [7], Wong and Khoo [10] and Feriadi and Wong [11]
showed that people living in warmer regions prefer hotter

temperature than that given by Fanger and prescribed in
ASHRAE standard 55 [4] and ISO 7730 [3]. ASHRAE
Comfort zone is not simply considered inappropriate for
predicting indoor thermal comfort under tropical humid
condition but rather for an air-conditioned space. The
adoption of ISO comfort zone under Malaysian climate
and wet tropics countries could also increase their cooling
bills for maintaining the required indoor temperature. The
adaptive comfort models shows that people could greatly
ameliorate the indoor comfort by controlling their local
environment in naturally ventilated buildings, such as
changing their clothing or their activities, opening windows
or switching on a fan [7]. The effect of adaptive behaviors
on optimum comfort temperature was more detailed by
Oseland [12]. ASHRAE Standard 55-2004 has recognized
the importance of the adaptive approach and [4] includes
an adaptive comfort standard for occupant-controlled
naturally conditioned spaces.

Il. LITERATURE REVIEW OF DIFFERENT
ADAPTIVES MODELS

A review of selected studies of adaptive thermal
comfort that can be applicable in the wet tropics is given
below.

Humphreys Model

Based on studies from various countries around the
world, Humphreys noticed a strong statistical dependence
of thermal neutralities (Tn) on the mean levels of air or
globe temperature (Ti) recorded inside theObuildings [13].
The temperature in which the thermal environment
perceived by people neither considered cool nor warns is
termed neutral temperature. Humphreys observed that
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the globe temperature can better indicate thermal comfort,
rather than a multi-variable index and attributed this to the
adaptive processes. The globe temperature is usually
measured with globe thermometer, which enables to
measure the effects of radiant heat from environmental
conditions. Humphreys [14] suggested the following
correlation to determine the neutral temperature based on
indoor globe temperature (0C). The (r) is the regression
coefficient estimated from the study

Tn = 2.56 + 0.83Ti (r=0.96) (1)

Humphreys [15] examined people's adaptation to
the outdoor climate and presented a new neutral
temperature formula for naturally ventilated building with
air movement assumed to be equal or less than 0.1m/s.
The correlation was based on the mean monthly outdoor
temperature (0C) as given below

Tn=0.534Tm+11.9 ®= +0.97) (2)
Where
Tm is the mean monthly outdoor temperature
Tn is the comfort temperature
Auliciems Model

Auliciems [16] tried to reanalyse Humphrey's data by
removing some irrelevant thermal comfort records such
those using children as subjects and those with monthly
outdoor temperatures below -5° and included the results
of more recent field studies by combining data for
buildings with active and passive climate control from
various climatic zones. The suggested neutral comfort
temperature (Tn) was estimated from the mean indoor air
temperature (Ti) and the mean monthly outdoor
temperature (Tm), through the following equation.

Tn = 0.48Ti+0.14Tm+9.22 (r = 0.95) (3)

For light weight building material or for highly
ventilated building with opened windows, the indoor
temperature can be assumed the same as outdoor
temperature. The Auliciems models therefore become:

Tn = 0.62 Tm+9.22 (@)

Barger and De Dear [13] reported that although the
regression coefficients of Auliciems formula may be
unstable due to intercorrelation between the two
independent variables, The above equation (3)
represents a widely cited statistical expression for the
adaptive hypothesis of human thermal perception.

De Dear and Brager Model

A new evaluation model specified for thermal-
comfort in naturally ventilated buildings named Adapted

Comfort Standard (ACS) was proposed by De Dear &
Brager [17] and included as the adaptive comfort standard
in the revision of ASHRAE 55 Standards.[4] The raw data
of their studies were collected from several locations in
England and Wales, Bangkok Thailand, several
Californian locations, Montreal and Ottawa in Canada, six
cities across Australia, five cities in Pakistan, Athens in
Greece, Indonesia, Singapore, and Grand Rapids in
Michigan, nearly 22,000 raw data. De Dear & Brager [17]
derived the following comfort temperature equation based
onmean outdoor temperature:

Teomf = 0.31TA.OUT+17.8 (5)

Where TA.OUT is the monthly mean of the outdoor air
temperature It was reported that the above adaptive
comfort standard for naturally conditioned spaces is only
applicable when windows can be readily opened to
outdoor and adjusted by the occupants. Beside,
occupants must be engaged in near sedentary activity
(1-1.3 met) and must be able to freely adapt their clothing.
This model can be applied when the mean monthly air
temperature (Tmonth)is between 10and 33 °C[17]

lll. METHODOLOGY

The aim of this study is to analyze the adaptive
thermal comfort model with different approaches under
wet tropical conditions. The first analysis was conducted
for outdoor temperatures between 10 and 35 °C where the
De Dear and Brager adaptive model is considered
applicable. A comparison between Humphreys, Auliciems
and the De Dear- Brager adaptive models was made. The
neutral temperature was estimated under wet tropical
climate as well as in Kota Kinabalu the capital of sabah
state located in east Malaysia, the required air movement
forthermal comfort for the wet tropics was also suggested.

IV. ASSESSMENT OF THERMAL COMFORT WITH
ADAPTIVE APPROACH

The wet tropical climate is characterized by a
relatively uniform temperature, high humidity, and high
amount of cloud cover with intense solar radiation. The
average annual air temperatures in this climate are about
25 to 27 OC [18]. The difference between the highest
monthly mean air temperature and the lowest monthly
mean air temperature is less or about 30C. Common daily
temperature maxima are 29 to 340C, with daily minima of
20 to 240C. The diurnal temperature range is about 6 to
40C which is greater than the annual [18]. The estimation
of neutral temperature with adaptive formula under such
climatic conditions might be more required for daily hourly
variation instead of annual monthly variation. This is
because the annual temperature range is smaller than the
daily range and providing the basis for a saying generally
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quoted by climatologists “ Night is the winter of the tropics”
[18]. The average of 35 years monthly mean temperature
(1968-2003) in Kota Kinabalu is given in Table 1 and the
average hourly temperatures variation for the same
location are plotted in Fig. 1. The data were recorded at
Sabah Meteorological Station and at Kuala Lumpur
Meteorological Station and the location is considered as a
typical wet tropical climate.

Table 1. Monthly Mean Outdoor Temperature

(1968-2003)

Month Temperature ('C)
January 26.65
February 26.85

March 27.45
April 28.15
May 28.25

Jun 279
July 27.6
August 27.6
September 27.55
October 27.35
November 27.25
December 27.25
Average 27.48

et J

22 —e— January

34 ey

» 20 —s— April
g 29 4 —s+— May
.E 25 J —a— June
g2 —+—July
& 26 4 —— August
241 —a— November
3+ 2 e T R o o e e —a— December
“ResneNee SN RTous B EREBE
Hours

Fig. 1. Average hourly Temperature Variation (2001-2006)

From Table 1 and Fig. 1, it can be concluded that the
monthly temperature variation is lower than the hourly
temperature variation. Therefore, the neutral temperature
in the humid tropic may vary within 24 hours. Further
research and surveys are needed to clarify the effect of
hourly temperature variation on neutral comfort
temperature.

The Equations (2), (4) & (5) were used to analyze a
wide range of outdoor temperatures of 10 to 35 °C. The
mean outdoor temperatures for the wet tropics including
Malaysia are about 25 to 27 or 280C. The results obtained
from Equations (2) and (5) are plotted in Fig. 2.
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Fig. 2. Comfort Neutral Temperature

Table 2 summarizes the estimated neutral
temperature for a typical wet climate including Malaysia
using equations (2), (4) and (5).

Table 2. Neutral Temperature (0C) for
Wet Tropical Climate

Tour Humphreys De Dear & Auliciems
Model Brager Model Model
25 25.3 25.5 24.7
26 25.8 25.9 25.3
27 26.3 26.2 26
28 26.8 26.6 26.5
Average 26.1 26.1 25.6

From the data analyzed above, it was noticed that the
maximum difference in neutral temperature using
equations (2) and (5) could reach up 3.7 0C when outdoor
temperature equal 100C. The predicted neutral
temperature using Humphreys and De Dear- Brager
models are almost similar for a typical wet tropical climate
with outdoor mean temperature of 25 to 280C as can be
seen in Table 2. The Neutral temperature using Auliciems
model was estimated with the assumption that indoor
temperature is closer to outdoor temperature. This is very
acceptable for highly ventilated building with opened
windows or for building with low thermal mass. The
Auliciems neutral temperartue is slightly lower than the
Humphreys and De Dear-Brager Model by about 0.50C,
which means the Auliciems model predict 0.50C indoor
neutral temperature lower than Humphreys and De Dear-
Brager models under wet tropical climate . The suggested
neutral temperature for the wet tropic is about 260C. It is
necessary to mention that the average monthly
temperature in Kota Kinabalu is slightly higher than the
average temperature in the wet tropics. This is mainly due
to the increase of outdoor temperature over decades; part
ofitis due to the CO2 from the combustion of fossil fuels for
electric production. This could affect slightly the estimated
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neutral temperature. The increase of outdoor temperature
could be the case of several countries located in the wet
tropics in Southeast Asia undergoing rapid economic
development at the presenttime [22].

V. EFFECT OF AIR MOVEMENT ON INDOOR
THERMAL COMFORT

Air movement can be a most effective way for
decreasing body temperature in warm-humid climates
[23]. Air Velocity accelerates the rate of convective and
evaporative heat loss from the human skin to the
environment. Therefore, one feels cooler with a higher air
velocity. The air movement required to achieve a cooling
effect can be estimated with several formulas such as
Aynsley and Gulson [24], Progres [25] and Humphreys
[26]. Humphreys suggested the following for estimation of
the cooling effect of the increased air velocity.

CE=7-50/ (4+10V0.5) (6)

Where, CE is the cooling effect, which allows air
temperature to arise comfort temperature by CE (0C), V is
air velocity (m/s).

The cooling effect for air movement of 0 to 5Sm/s were
estimated with different methods and plotted in Fig. 3.
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Fig. 3. Impact of Air Movement on Cooling Effect

As can be seen from Fig. 3, the divergence between
results is significant when the air movement is greater
than 1.5m/s. Usually, the air velocity inside the building is
less than 1m/s. The required mean air velocity for thermal
comfort as recommended by ISO 7730 should be less
than 0.25 m/s for sedentary activity during summer [3],
whereas the recommended indoor air velocity according
to Olgyay as reported by Tinker should be between 0.15
m/s to 1.5 m/s [27]. This is in agreement with several
published studies under warmer environment as quoted
from [19]. At the higher temperature range at air
temperature around 300C, the air velocities of about 1.6
m/s have been found to be acceptable [20]. Therefore all
the above formula has the same accuracy for air

movement of about 1.5m/s. Air movement of about 1.5m/s
could be recommended for the humid tropic. This can be
perfectly ensured by using afan.

VI. THERMAL EVALUATION

The estimated comfort temperature for the wet
tropics was about 260C. Air movement of about 1m/s can
off set the excess temperature by 3.40C. Therefore the
upper recommended limit of comfort temperature with air
movement of 1.5m/s is about 29.40C. Plotting the upper
limit of the comfort temperature on hourly outdoor
temperature of Kota Kinabalu city as shown in Fig. 4,
shows that thermal comfort will not be ensured from 10am
to 16pm. This could be the case of any building realized
with low thermal mass or for any highly ventilated building
with windows opened during daytime.
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Fig. 4. Thermal comfort upper limits versus hourly outdoor
temperature

VIl. CONCLUSION

The suggested neutral temperature for the wet
tropics (with at least 10 months wet) conditions is about 26
0C all year round. This neutral temperature is applicable
almost in any region at lower elevations. The use of
Humphreys and De dear & Brager thermal comfort
approach models under wet tropical conditions gave
nearly the same neutral temperature. This is not the case
with Auliciems model. The predictive neutral temperature
with adaptive approach under wet tropical climatic
conditions might be more needed for hourly temperature
variation instead of monthly variation, further investigation
is recommended. The impact of air movement in this paper
on cooling effect was clarified.
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