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As we spend most of our time in indoor spaces, half of the energy consumption in 
buildings is used to improve the indoor thermal environment to achieve thermally 
comfortable conditions. However, studies showed that people in naturally ventilated 
buildings have a broader thermal comfort zone. Additionally, people in hot areas can 
tolerate higher indoor temperatures. Therefore, this work investigates and evaluates 
the indoor thermal environment and the thermal comfort level in naturally conditioned 
buildings. Field measurements were conducted in various residential spaces in different 
buildings. The measurements were used to calculate the operative temperature (Tₒₚ), 
which was utilized to evaluate the thermal comfort level based on the adaptive models 
and taking into account the effect of the various orientations. The results showed that 
maximum Tₒₚ ranged between 27.70 ℃ and 35.50 ℃, depending mainly on the space’s 
orientation. Additionally, the thermal discomfort time ranged between 0% and 73%. 
The South & East, Southeast, South, and East orientation were more critical during the 
study period, while the North, Northeast, and Northwest orientations achieved better 
indoor thermal conditions. However, these results can vary throughout the year, 
depending on the sun’s path. This study revealed that the daily average heat gain to the 
building from the Southeast and South orientations is higher than that from the East 
and West orientations due to the longer exposure time to solar radiation. 
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1. Introduction 
 

In developed countries, people used to spend 85-90% of their time in indoor environments [1–
4]. As a result, around 50% of the building’s energy is used to maintain healthy and comfortable 
indoor thermal conditions [5,6]. Thermal comfort level and occupant well-being are important 
aspects of the operation of buildings and have a primary role in indicating the quality of the living 
environment [5,7,8]. Therefore, building design should provide more thermal stability to enhance 
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thermal comfort levels [9]. Thermal comfort is “the condition of mind that expresses satisfaction with 
the thermal environment” [10,11]. The absence of thermal comfort can cause occupants’ 
dissatisfaction and might affects their performance, productivity, and health [7]. 

The literature shows two main approaches to determining a proper thermal environment for 
occupants in buildings: Fanger’s steady-state model and the adaptive thermal comfort model. 
Fanger’s steady-state model is widely used to determine the thermal perception of occupants in air-
conditioned spaces by predicting the mean thermal sensation, i.e., Predicted Mean Vote (PMV), and 
the percentage of dissatisfaction, i.e., Predicted Percentage Dissatisfaction (PPD), for the occupants 
in the space [5]. This model was derived from experimental data collected in a climatic chamber with 
a controlled indoor environment and standardized personal clothing and activities. PMV model 
addresses the primary variables that influence thermal comfort state, which include four 
environmental-based variables, namely dry-bulb air temperature, mean radiant temperature, 
humidity, and airspeed, and two personal variables, namely metabolic rate and clothing insulation. 

However, field thermal comfort studies that assessed the actual acceptability of the thermal 
environment in buildings showed that the PMV model might underestimate or overestimate the 
thermal comfort level of spaces with a non-uniform thermal condition, like in naturally conditioned 
buildings [5,10]. People in naturally ventilated buildings have a wider acceptance range compared to 
mechanically conditioned buildings [12]. As a result, the adaptive thermal comfort model was 
developed to address the thermal perception of people in naturally conditioned buildings, which 
relates the acceptable temperature range to the outdoor air temperature [5,10]. This model depends 
on an active relationship between people and the surrounding environment, allowing people to 
adapt to the indoor environment when discomfort conditions occur in order to restore their thermal 
comfort. This adaption is usually achieved by a two-way reaction, i.e., adjusting themselves to the 
environment (e.g., clothing, position, activities) and adjusting the environment to suit their needs 
(e.g., fans, curtains, opening windows) [13–16]. Furthermore, people’s adaption to the environment 
is not only behavioural adaptations (clothing, windows, fans, etc.), but it is also physiological 
adaptations (acclimatization) and psychological adaptations (expectations) [17]. 
 
1.1 Adaptive Thermal Comfort Models for Naturally Conditioned Buildings 
 

Several models were developed and are available to calculate the thermal comfort temperature 
for naturally conditioned buildings. For instance, Toe and Kubota [14] used the ASHRAE RP-884 
database to develop an adaptive thermal comfort equation for naturally conditioned buildings in hot-
humid climates. They proposed an equation for the indoor neutral operative temperature (Tₒₚ) based 
on the monthly mean outdoor temperature (Tₘₘₒ) as follows 
 
Neutral Tₒₚ= 0.53 Tₘₘₒ + 14.5                                                                                                              (1) 
 

Furthermore, they found that comfort Tₒₚ is preferred to be 0.7 ℃ below the neutral Tₒₚ. 
However, they mentioned that even though occupants can tolerate high neutral temperatures in hot 
climates, they still prefer cooler conditions. Furthermore, the British standard [18] defines the 
acceptable range of Tₒₚ for naturally conditioned buildings based on three categories of buildings, as 
presented in Table 1, while the acceptable Tₒₚ can be calculated based on the outdoor running mean 
temperature (Tᵣₘₒ) as follows 
 
Acceptable Tₒₚ = 0.33 Tᵣₘₒ + 18.8                                                                                                              (2) 
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 Table 1 
 Acceptable temperature range for naturally conditioned buildings [18] 
Category Explanation Acceptable range 

I High level of expectation and is recommended for spaces occupied by very 
sensitive and fragile persons with special requirements like handicapped, sick, 
very young children and elderly persons 

Tₒₚ ± 2 

II Normal level of expectation and should be used for new buildings and 
renovations 

Tₒₚ ± 3 

III An acceptable, moderate level of expectation and may be used for existing 
buildings 

Tₒₚ ± 4 

 
The Chartered Institution of Building Services Engineers (CIBSE) published the limits of thermal 

comfort: avoiding overheating in European buildings, TM52 [19], which recommends using the 
comfort range provided by the BS EN 15251 for category II (i.e., a maximum temperature of 3 ℃ 
above the comfort temperature obtained by Eq. (2)). Moreover, the American Society of Heating, 
Refrigerating and Air-Conditioning Engineers (ASHRAE) standard provides a method to define 
acceptable thermal conditions in naturally conditioned buildings [10]. The upper limit of the 
acceptable Tₒₚ (with 80% acceptability) can be determined based on the prevailing mean outdoor 
temperature (Tₚₘₒ) using Eq. (3). The standard permits using the Tₘₘₒ if data is unavailable to 
calculate the Tₚₘₒ. Furthermore, if airspeed increases above 0.3 m/s, the standard allows increasing 
the upper limit of the acceptable Tₒₚ by 1.2 ℃, 1.8 ℃, and 2.2 ℃ for average airspeeds of 0.6 m/s, 
0.9 m/s, and 1.2 m/s, respectively. 
 
Upper limit (80% acceptability) Tₒₚ = 0.31 Tₚₘₒ + 21.3                                                                       (3) 
 

It should be noted that all the above models of calculating the acceptable thermal condition are 
for naturally conditioned buildings (i.e., no mechanical cooling in use) and that the occupants are free 
to adapt themselves (i.e., clothing, activities, etc.) and their conditions (i.e., openable windows, fans, 
etc.). Additionally, the ASHRAE standard requires the Tₚₘₒ to be between 10 °C (50 °F) and 33.5 °C 
(92.3 °F) [10]. 
 
1.2 Thermal Comfort in Malaysia 
 

Malaysia has a tropical, hot-humid climate, with a uniform diurnal temperature throughout the 
year (i.e., less than 2 ℃ annual difference) [20–22]. In 2019, the average outdoor temperature was 
27.63 ℃, while the average maximum and minimum outdoor temperatures were 32.67 ℃ and 24.24 
℃, respectively [23]. Therefore, it has a climate that can meet the requirements set by the ASHRAE 
standard to use the adaptive model. Furthermore, regarding the available Malaysian standards for 
thermal comfort, the MS 1525, Energy efficiency and use of renewable energy for non-residential 
buildings - Code of practice [24], provides the required comfort temperature for air-conditioned 
buildings only, which should be between 24℃ and 26℃. However, the Building Sector Energy 
Efficiency Project (BSEEP) has published the building energy efficiency technical guideline for passive 
design [25], which adopts the following adaptive model comfort equation for the Malaysian climate, 
which is based on the outdoor air temperature (Tₒ) 
 
Comfort Tₒₚ = 18.9 + 0.255 Tₒ                                                                                                                     (4) 
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They defined the upper limit of Tₒₚ for the 90% acceptability as Tₒₚ + 2.5 ℃. On the other hand, 
the MS 2680, Energy efficiency and use of renewable energy for residential buildings - Code of 
practice [26], provides an equation that can be used to estimate the indoor comfort temperature for 
naturally conditioned residential buildings based on the Tₘₘₒ as follows 
 
Comfort Tᵢ = 13.8 + 0.57 Tₘₘₒ                                                                                                              (5) 
 

Moreover, various thermal comfort studies for Malaysia were conducted in chambers and actual 
buildings and reported the neutral and comfortable temperatures and comfort ranges. For instance, 
Abdulshukor [27] studied the thermal comfort of Malaysians and found that the neutral temperature 
in a chamber was 28.3 ℃, while the comfort temperature was 28.2 ℃. Furthermore, the study 
reported differences in the thermal comfort temperatures between Malays and Chinese, i.e., 28.7 ℃ 
and 27.6 ℃, respectively, and between males and females, i.e., 28 ℃ and 28.3 ℃, respectively. 
Besides, this study found that the Malaysian comfort zone is between 25 ℃ and 28.5 ℃ to 29.5 ℃ 
(i.e., depending on relative humidity). In another study by Dahlan et al., [28], a field thermal comfort 
study was conducted in naturally ventilated high-rise hostels near Kuala Lumpur. They reported a 
neutral temperature of 30.93 ℃ when using linear regression of subjects’ thermal sensation votes 
(TSV) with the Tₒₚ, and 29.87 ℃ when using the optimum thermal comfort model. Hussein et al., [29] 
conducted a field thermal comfort study in air-conditioned and non-air-conditioned buildings (i.e., 
mechanically ventilated with fans) located in Selangor and Johor Bahru. The obtained neutral 
temperature using linear regression of TSV with Tₒₚ were 24.4 ℃ and 28.4 ℃ for the air-conditioned 
and non-air-conditioned buildings, respectively, while the acceptable ranges of temperatures were 
23.1 ℃ to 25.6 ℃ and 26.0 ℃ to 30.7 ℃, respectively. 

Djamila et al., [30] performed a field thermal comfort study over one year long in non-air-
conditioned residential buildings in Kota Kinabalu. Based on 890 responses, the neutral temperature, 
i.e., obtained using linear regression of TSV with Tᵢ, was 30.1-30.2 ℃, while the acceptable indoor 
temperature range for 80% acceptability was 27.0 ℃ - 32.5 ℃. Furthermore, Damiati et al., [31] 
conducted a field thermal comfort study in 13 offices located in Malaysia, Singapore, Indonesia, and 
Japan, which had various ventilation modes, i.e., Free-Running (FR), Mixed-Mode (MM), and Cooling 
(CL). In Malaysia, the obtained comfort temperature range, using linear regression of TSV with Tₒₚ, 
was between 24.5 ℃ and 30 ℃, with an optimum temperature of 27 ℃. Besides, they reported a 
mean comfort temperature of 25.7 ℃. However, the ventilation mode in Malaysian offices was CL. 

Based on the above studies, it can be observed that the comfort and neutral temperatures in 
naturally conditioned buildings were higher than that in air-conditioned buildings, which reflects the 
tolerance of Malaysians to higher temperatures in tropical climates. The upper limit of the comfort 
temperature range reached up to 30-32 ℃, while the comfort temperature was, on average, 28 ℃ in 
most studies. However, to which level the naturally conditioned buildings can offer thermal comfort 
conditions for the occupants throughout the day and under different orientations. It is well known 
that the outdoor heat gain in buildings is a combination of Tₒ and incident solar radiations, which can 
differ between day and night times and under different orientations. Therefore, this work 
investigates and evaluates the thermal comfort level in naturally conditioned residential buildings. 
Various residential spaces in different buildings were selected and used to conduct measurements 
for the environmental parameters. The operative temperature was then calculated and used to 
evaluate the thermal comfort level based on the adaptive thermal comfort models. 
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2. Methodology  
2.1 Building Selection 
 

A total of ten different non-air-conditioned bedrooms in five different residential buildings were 
selected on Penang Island to conduct field indoor environmental measurements. Some 
considerations were taken into account during the selection of the buildings, including different 
buildings’ locations, orientations, and height levels. Although multiple medium and high-rise 
residential buildings were selected, the selection was limited to those buildings that were accessible 
by permission from their owners or the management. Figure 1 shows the locations and views of the 
selected buildings. 
 

 

     
N-Park (A) Desasiswa Restu (B) T. Pekaka (C) Sunny Ville (D) E-Park (E) 

Fig. 1. Location and external view of the selected buildings for the field measurements [20] 
 
2.2 Measurements and Instrumentations 
 

Two external factors affect the buildings’ indoor thermal environment through the envelope, 
namely the Tₒ and solar radiation. In the tropical climate, Tₒ has uniform patterns throughout the 
year with slight increases during the dry season, i.e., typically from February to May. On the other 
hand, the incident of solar radiation on buildings’ envelopes can cause overheating of the adjacent 
spaces, resulting in thermal discomfort [24]. Based on the sun path of Penang Island, the maximum 
incident solar radiation on the south-oriented and north-oriented spaces, which are the favourable 
orientation for buildings in Malaysia, occurred on December 21 and June 21, respectively; see Figure 
2. Therefore, the field measurements were conducted from December to March, in which the south-
oriented wall was exposed to direct solar radiation, while the north-oriented wall was not exposed 
to direct solar radiation, in order to evaluate the influence of the incident solar radiation on the 
indoor thermal environment.  

 

(a) 

 

E 

A 

D 
C 

B 
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Fig. 2. Sun path charts for Penang [32] 

 
According to ASHRAE [33], the measurements were taken from the middle of the space at 1.1 m 

above the floor. They were recorded continuously with an interval of 10 minutes [34, 35] using an 
HD32.3 data logger produced by Delta Ohm Srl, Italy (Figure 3). The measurements included the 
environmental parameters of thermal comfort, namely, air temperature, air velocity, relative 
humidity, and globe temperature (i.e., to calculate mean radiant temperature) [36]. Table 2 provides 
the characteristics of the instrument’s sensors. It should be noted that although the residents in the 
buildings were free to use the rooms and practice any means of personal activities or environmental 
controls, such as opening or closing windows and curtains, applying natural ventilation, and using 
fans, most of the rooms were not in use during the measurements due to presence of the instrument 
in the rooms. However, the owners were asked to enter the rooms and operate the windows and 
fans as usual. The aim was to collect measurements that reflect the actual conditions in various 
buildings during regular use rather than limiting them to one fixed thermal condition. 
 

 

 

 
(a)  (b) 

Fig. 3. (a)The instrument used in this research and (b) an example of its 
installation in the middle of the rooms 

 
Table 2  
Sensors used with the HD 32.3 data logger instrument 
Sensor Measurement Measurement range Accuracy Resolution 

HP3217.2R Temperature -10 to 100℃ 1/3 DIN 0.1°C 
Humidity 0 to 100%RH ±1.5%RH 0.1%RH 

AP3203.2 Air speed 0.1 to 5 m/s ±0.2 m/s (<1) 
±0.3 m/s (>1) 

0.01 m/s 

TP3276.2 Globe thermometer sensor Ø=50mm -10 to 100℃ 1/3 DIN 0.1°C 
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Furthermore, the outdoor weather data was obtained from the Malaysian meteorological 
department for the Bayan Lepas weather station at Penang International Airport, which is located 
within 8 km from the locations of the selected buildings. Additionally, visual observation of the daily 
weather was conducted by the researchers in line with the field measurements to identify and record 
the sunny, cloudy, or rainy weather. 
 
2.3 Thermal Comfort Evaluation 
 

The comfort temperature used in the adaptive thermal comfort models is based on the Tₒₚ, which 
combines the effects of the air temperature and radiant temperature while taking into account the 
influence of the air velocity [10,35]. Tₒₚ is an index used in thermal comfort models and studies to 
represent the comfort temperature and range. It can be calculated using the following equation [10] 
 
Tₒₚ= A Tᵢ + (1-A) Tᵣ                                                                                                                                         (6) 
 
 
where Tᵢ is the air temperature, Tᵣ is the mean radiant temperature, and A can be selected from Table 
3 based on the average air velocity in space. Additionally, the Tₒₚ can also be calculated in a sufficient 
approximation by simple averaging of the Tᵢ and Tᵣ if the difference between them is smaller than 4 
℃ or if the air velocity is smaller than 0.2 m/s [37]. 
 

Table 3 
Required “A” values to calculate Tₒₚ based on the average air velocity [10] 
Average Air velocity <0.2 m/s 0.2 to 0.6 m/s 0.6 to 1.0 m/s 
A 0.5 0.6 0.7 

 
All adaptive thermal comfort models estimate the comfort temperature with reference to the 

outdoor air temperature. As mentioned previously, the field measurements were conducted 
between December and March. Figure 4 shows the monthly average Tₒ, global solar radiation (GSR), 
and relative humidity (RH) for the study period. 
 

 
Fig. 4. Monthly average outdoor air temperature (Tₒ), global solar radiation 
(GSR), and relative humidity (RH) 

 
The BS EN 15251, ASHRAE standard 55, and MS 2680 models were adopted to calculate the 

required comfort temperature using Eq. (2), Eq. (3), and Eq. (5), respectively. Based on these 
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equations, the comfort temperature was calculated with reference to the monthly mean outdoor 
temperature and is presented in Table 4. As can be seen, the required comfort temperature is 
calculated using the three thermal comfort models and the obtained average comfort temperature 
for the study period was 28 ℃, while the average upper limit of the comfort temperature was 30℃. 
It is noticed that these results agreed well with the results obtained by the field thermal comfort 
studies. 
 

 Table 4  
 Calculation of the comfort temperature for the study period with regard to the outdoor air temperature  

  Dec Jan Feb Mar Average 

Monthly mean outdoor temperature Tₘₘₒ ℃ 27.95 26.86 28.51 29.25 - 
MS 2680  Tₒₚ  ℃ 29.73 29.11 30.05 30.47 30 
ASHRAE Standard 55 (Upper limit) Tₒₚ ℃ 29.96 29.63 30.14 30.37 30 
BS EN 15251 (Comfort temperature) Tₒₚ ℃ 28.02 27.66 28.21 28.45 28 
BS EN 15251 (Upper limit) Tₒₚ ℃ 30.02 29.66 30.21 30.45 30 

 
To evaluate the thermal comfort level in the investigated spaces, three levels were adopted based 

on the thermal comfort temperature limits that were calculated using the thermal comfort models 
for naturally conditioned buildings in Table 4, as follows example 

 
i. Thermal comfort (TC) zone: Tₒₚ is below or equal to 28 ℃,  
ii. Relative thermal comfort (RTC) zone: Tₒₚ is above 28 ℃ and below/equal to 30 ℃,  
iii. Thermal discomfort (TD) zone: Tₒₚ is above 30 ℃. 

 
3. Results and Discussion 
 

Field measurements for the indoor environment of the selected buildings were conducted in this 
study. Figure 5 illustrates the Tₒ, GSR, Tₒₚ, and RH for all the investigated spaces. The figure’s 
background was divided into three coloured areas, representing the TC zone, RTC zone, and TD zone. 
Generally, the maximum Tₒ reached between 32 ℃ and 34 ℃ in most cases, while it did not increase 
higher than 28 ℃ in a few cases, such as in Spaces A2, Figure 5 (b). This is attributed to the weather 
condition, which can be confirmed by the GSR that reached around 900 W/m² on sunny days 
compared to an average of 500 W/m² on cloudy days. Furthermore, the RH was, on average, between 
60% and 80%. However, the fluctuation of the RH was different between the case studies (i.e., high 
fluctuation, such as in Space C and low fluctuation, such as in Space A2). The RH fluctuation is linked 
to indoor temperature fluctuation. RH describes the water vapour percentage in the air. Therefore, 
when the air temperature increases, the air expands, and the spaces that hold water molecules 
increase, resulting in lower RH and vice versa.  

Moreover, the Tₒₚ fluctuation was observed in most cases, which is linked to the continuous 
changes in weather conditions. Additionally, different fluctuation profiles of Tₒₚ were obtained 
between the case studies due to many factors, including different measurement periods and weather 
conditions, spaces’ orientation, floor height, window-to-wall ratio (WWR), and the status of the 
windows and curtains (i.e., opened or closed). Generally, the spaces can be grouped based on the Tₒₚ 
profile into three main categories; spaces with Tₒₚ mainly above the upper comfort limit (i.e., above 
30 ℃), such as in Spaces A1, B1, and D, spaces with Tₒₚ mostly below the upper comfort limit, such 
as in Spaces A2, A3, B2, B3, and B4, and spaces with Tₒₚ fluctuating above and below the upper 
comfort limit, such as in Spaces C and E. 
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(a) Space A1, orientation (South & East)  (b) Space A2, orientation (North & East) 

 

 

 
(c) Space A3, orientation (South)  (d) Space B1, orientation (Southeast) 

 

 

 
(e) Space B2, orientation (Northeast)  (h) Space C, orientation (Northeast) 

 

 

 
(g) Space B4, orientation (Northwest)  (h) Space C, orientation (Northeast) 

 

 

 

(i) Space D, orientation (East)  (j) Space E, orientation (East) 

Fig. 5. The outdoor air temperature (Tₒ), global solar radiation (GSR), indoor operative temperature (Tₒₚ), 
and relative humidity (RH) for all the investigated spaces 
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The effect of the incident solar radiation on the buildings’ façades in increasing the Tₒₚ can be 
seen obviously in Figure 5. For instance, a higher Tₒₚ fluctuation was observed in the spaces with an 
orientation toward the East, South, and Southeast. These spaces were exposed to solar radiation 
during the study period. Therefore, the incident solar radiation can penetrate through the 
fenestration to the indoor environment and/or conduct as heat through the opaque envelope of the 
building, which increases the Tₒₚ. In contrast, all spaces with orientations related to the North, which 
did not expose to solar radiation during the study period, had lower Tₒₚ, such as in Spaces B2 and B4. 
For the case of Space C, even though it has an orientation to the Northeast, it had high Tₒₚ with a 
high average daily fluctuation of 5-6 ℃, Figure 5 (h). This space is on the uppermost floor and only 
separated by an attic from the roof. Besides, the sky condition was mainly sunny during the 
measurement in this space. Therefore, due to heat gain from the roof, the Tₒₚ in this space reached 
higher records than the other spaces with a similar orientation. Moreover, the lower minimum Tₒₚ 
recorded in this space can be attributed to achieving good cross-natural ventilation due to the fully 
opened windows, curtains, and door (i.e., the unit was unoccupied during the study period). 

The Tₒₚ profile in spaces A2 and B4, Figure 5 (b) & (g), shifted down by an average of 1-2 ℃, 
producing the lowest Tₒₚ records among all spaces. This is attributed to the effects of the cloudy and 
rainy weather. On the other hand, in space B1, Figure 5 (d), space D, Figure 5 (g), and space E, Figure 
5 (j), a step increase in Tₒₚ was noticed around 8:00, which is linked to the effects of the direct sun 
rays during the sunrise (i.e., East oriented spaces). Additionally, in space D, the steep increase in Tₒₚ 
reached around 36 ℃, which can be linked to the penetration of direct solar radiation into the space 
during the sunrise due to the fully opened curtains, as shown in Figure 6 (a). Additionally, the 
instrument was installed in the middle of space, which received direct solar radiation during sunrise, 
causing the high Tₒₚ. In contrast, the window’s curtains were almost closed in Space E, Figure 6 (b), 
resulting in lower Tₒₚ compared to Space D despite the comparable weather conditions. Penetrating 
direct solar radiation into the space can cause local discomfort for the occupants, suggesting the need 
to close the window’s curtains to avoid these adverse effects related to the East orientation. 
 

 

 

 
(a)  (b) 

Fig. 6. (a) Penetration of solar radiation through the window into the room during the 
sunrise in the East-oriented room due to fully opened curtains (Space D) and (b) closing 
window’s curtains to prevent solar radiation penetration into the room in the East-
oriented room (Space E) 

 
It is worth mentioning that no measurements were conducted in a space with the absolute west 

orientation due to difficulty finding an accessible west-oriented space. However, it can be observed 
that the spaces with Southwest and Northwest orientations had lower Tₒₚ compared to those that 
faced South and East. This is in line with Ahmad et al., [38] and Ling et al., [39], who found that the 
west wall received less solar radiation than the East and the South walls. This was attributed to the 
lower exposure time to the solar radiation for the west wall (i.e., around 4-5 hours) compared to the 
south wall (i.e., an average of 7 hours). Besides, the frequent occurrence of cloudy and rainy weather 
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during the afternoon is higher in Malaysia [24, 39], which can lower the temperature profiles for 
West-oriented spaces. 

Figure 7 illustrates the Max, Avg., Min, and fluctuation of Tₒₚ throughout the study period of each 
space. Based on the figure, the Max Tₒₚ reached above 30 ℃ (i.e., the upper limit of the relative 
thermal comfort zone) in seven of the ten investigated rooms, and it was above 32 ℃ in six of them. 
Space D had the highest Max. Tₒₚ, i.e., 35.50 ℃, followed by Space A1, Space B1, Space C, Space E, 
Space A3, and Space B3, i.e., 34.56 ℃, 33.40 ℃, 32.86 ℃, 32.75 ℃, 32.10 ℃, and 31.35 ℃, 
respectively. The orientation of the rooms from the one with the highest Max Tₒₚ to the one with the 
lowest Max Tₒₚ is as follows: East, South & East, Southeast, East, North, South, Southwest, Northeast, 
Northwest, and North & East. The rooms with the highest Max Tₒₚ have orientations toward the East, 
South, and West detractions, except for Space C, which had a high Max Tₒₚ due to its location on the 
uppermost floor level, as mentioned earlier. In contrast, the other rooms with Max Tₒₚ below 30℃ 
have orientations toward the North, Northeast, and Northwest. 
 

 
Fig. 7. Max, Avg., Min, and fluctuation of Tₒₚ throughout the study period of each space 

 
On the other hand, Space A1 had the highest Avg. Tₒₚ, followed by Space B1, Space D, Space E, 

Space A3, Space C, Space B3, Space B2, Space B4, and Space A2. The orientations of these rooms are 
as follows: South & East, Southeast, East, East, South, North, Southwest, Northeast, Northwest, and 
North & East. Interestingly, Space A1 had the highest Avg. Tₒₚ while Space D had the highest Max. 
Tₒₚ. This reveals that space with an orientation towards the East can receive direct solar radiations 
only in the early morning, which penetrate into the space due to the sun’s lower position during the 
sunrise, only if the window’s curtains were opened, resulting in high Max Tₒₚ (see Space D). In 
contrast, a space with an orientation towards East & South or Southeast will receive solar radiation 
for a more extended period, i.e., from sunrise until the sun starts to set, resulting in a higher Avg. Tₒₚ. 

Furthermore, only five of the ten investigated rooms had Min Tₒₚ below 28 ℃ (i.e., the upper limit 
of thermal comfort zone), which are Space A2, Space B2, Space B3, Space B4, and Space C. These 
spaces have the following orientations; North & East, Northeast, Southwest, Northwest, and North, 
respectively). All these spaces were not exposed to solar radiation during the study period, resulting 
in lower Tₒₚ profiles, except for Space B3 with the Southwest orientation, which had a lower Tₒₚ 
profile due to the presence of the clouds during the afternoon in Malaysia. 
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By calculating the time in which the Tₒₚ was within the TC zone, RTC zone, and TD zone, the results 
are illustrated in Figure 8. As shown in the figure, only spaces oriented to the North, Northeast, and 
Northwest had time within the TC zone, while most of the other spaces with South, East, and West 
orientations were within the RTC zone. Additionally, more time within the TD zone was obtained in 
the South- and Southeast-oriented spaces (i.e., 70 - 73%), followed by East-orientated spaces (i.e., 35 
- 52%). However, no TD time was obtained in the North-, Northeast-, and Northwest-oriented spaces, 
except for Space C, which had heat gain through the roof. Furthermore, the figure illustrates how the 
windows with closed curtains can reduce the TD time, as in Space E, compared to opened curtains, 
as in Space D, despite their orientations to the East.  
 

 
Fig. 8. Percentage of the time in which the Tₒₚ was within the Thermal comfort zone, Relative thermal 
comfort zone, and Thermal discomfort zone 

 
Furthermore, Figure 9 shows the thermal comfort evaluation for the spaces based on the daytime 

(i.e., 07:00 to 19:00) and night-time (19:00 to 07:00). The figure confirms that spaces with 
orientations to the South & East, Southeast, and South had the worst thermal comfort conditions 
throughout the study period, especially during the daytime. Additionally, spaces with orientations to 
the East had thermal discomfort conditions during the daytime, while the indoor thermal conditions 
improved significantly during the night-time. 

As discussed earlier, the field measurements were conducted for all spaces within the period in 
which the sun is tilted to the Southside, which increased the solar radiations received by spaces with 
orientations toward the South, while no solar radiations were received in spaces with orientations 
related to the North. Additionally, the sun’s position in the sky during the sunrise and sunset is low, 
which increases the depth of the solar radiation’s penetration into the spaces resulting in more heat. 
However, the East orientation was more critical than the West orientation due to the higher chances 
of cloudy weather in the afternoon time in Malaysia. Furthermore, it is evident that the most critical 
parameter that affects the heat gain in all spaces is exposure to direct solar radiation. Therefore, 
those spaces with North-based orientations might get higher heat gain when the sun is tilted to the 
Northside (i.e., from April to August). Finally, it should be noted that although the windows were 
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opened during the measurements in some spaces to allow cool night ventilation to reduce the 
internal heat, adequate cross-night natural ventilation is not achieved easily. Therefore, applying 
effective night mechanical ventilation might help to reduce indoor temperatures and remove the 
trapped heat during the daytime. 
 

 
Fig. 9. Percentage of the time in the day and night in which the Tₒₚ was within the Thermal comfort zone, 
Relative thermal comfort zone, and Thermal discomfort zone 

 
4. Conclusions 
 

This study involved field measurements in various residential spaces. The aim was to investigate 
and evaluate the indoor thermal environment and the thermal comfort level based on the adaptive 
thermal comfort models for naturally conditioned spaces (i.e., no Air-conditioning). The mean 
conclusions were as follows 

 
i. Most of the spaces recorded high Tₒₚ, with Tₒₚ peaks exceeding 32 ℃, especially for the 

East-oriented spaces, which reached up to 35.50 ℃. However, the average Tₒₚ in many of 
the spaces was below 30 ℃ (i.e., the upper limit of the comfort condition). Additionally, 
some of the spaces showed low Tₒₚ profiles with Tₒₚ peaks below 30 ℃ and average Tₒₚ 
around 28 ℃. 

ii. The spaces with orientations to the South & East, Southeast, South, and East were more 
critical during the study period since they received direct solar radiation. The Southeast 
and South orientations resulted in longer heat gain time throughout the day, which was 
more critical than the East orientation that resulted in heat gain during the early morning. 
The West orientation was less critical on the heat gain to the spaces due to the high 
potential for the occurrence of cloudy weather. In contrast, all spaces with orientation to 
the North, Northeast, and Northwest showed better indoor thermal environments since 
they did not expose to solar radiation during the study period. 
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iii. Most spaces with orientations to the South & East, Southeast, South, and East were in the 
thermal discomfort zone for about 50 – 70% of the time. In contrast, spaces with 
orientation to the North, Northeast, and Northwest showed thermal comfort conditions 
throughout the day (i.e., 0% thermal discomfort time). 

iv. Using some of the passive techniques, such as closing the curtains and applying cross 
ventilation, can significantly reduce the heat gain and improve the indoor thermal 
environment. 

 
Finally, this work revealed that the most critical parameter in the heat gain to the buildings is the 

exposure to solar radiation. In the studied area, the East- and West-oriented spaces receive solar 
radiation during sunrise and sunset, respectively, throughout the year. In contrast, the South- and 
North-oriented spaces receive solar radiation throughout the daytime depending on the sun’s path 
(i.e., to the Southside during October-February or to the Northside during April-August). Therefore, 
the daily average heat gain to the building from the South and North Orientatios might be higher 
than that from the East and West orientations. 
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