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ABSTRACT: The main goal of this study is to determine a suitable set of thermal comfort criteria for naturally ventilated 

buildings in hot-humid climate by reanalysing the ASHRAE RP-884 database. The results reveal that the regression 

coefficient in the adaptive algorithm for naturally ventilated buildings in hot-humid climate is 0.52, which is steeper than 

ASHRAE Standard 55 and EN15251, even after considering the effects of indoor air speed. While higher air speed is 

effective to elevate indoor comfort temperature in hot-humid climate, the relationship between increased indoor air speed 

and increasing indoor operative temperature is also different from the above existing standards. In contrast, allowance 

for increased air speed may not be applicable to hot-dry climate. The daily mean outdoor air temperature may give more 

varied indoor operative temperatures that reflect the day’s conditions more closely compared to the monthly mean, 

running mean and prevailing mean outdoor air temperatures which tend to group together as a result of averaging. An 

Adaptive Comfort Standard for Hot-Humid Climate is proposed for application to naturally ventilated buildings in all 

tropical climates and hot-humid summer season of temperate climate based on these findings. 
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INTRODUCTION 

Standards on indoor thermal environment are important 

building design decision tools which have far-reaching 

implications for user satisfaction and energy 

consumption, which are critical aspects in view of the 

arising energy-related issues such as fuel poverty [1]. In 

hot-humid regions comprising many rapidly developing 

cities buildings increasingly suffer from high energy use 

due not least to excessive air-conditioning though natural 

ventilation is a common passive cooling technique by 

tradition. Increasing attention is being paid to thermal 

comfort conditions but there is still lack of a 

comprehensive standard for this climatic region [2]. 

 

The variable temperature or adaptive standard which 

considers occupants’ thermal adaptation is deemed 

desirable and necessary to promote low-energy and 

comfortable buildings. To date, two such major standards 

are available for naturally ventilated buildings – they are 

ASHRAE Standard 55 [3] and European Standard 

EN15251 [4]. These standards were developed based on 

huge databases [5, 6] and serve as the pioneering as well 

as current basis for the adaptive comfort approach. 

Nevertheless, the criteria specified by each standard are 

different as expected due to contextual differences, etc. 

Such contextual differences may be of particular 

concern. For instance, increased air speed plays a more 

crucial function for accelerating evaporative heat loss 

and restoring comfort in hot-humid climate than other 

climates, and is a key thermal adaptation to be 

considered for this region. The other ongoing debate is 

the appropriate time scale and averaging technique of 

outdoor temperature so as to properly correspond to the 

climatic variation and speed of human response without 

hindering ease of use by practitioners [5-7]. 

 

The main goal of this study is to determine a suitable 

set of thermal comfort criteria for naturally ventilated 

buildings in hot-humid climate by reanalysing the 

ASHRAE RP-884 database [8]. The present paper 

examines the applicability of the existing major adaptive 

comfort standards [3, 4] and then proposes some 

modifications to the criteria for use in hot-humid climate 

based on statistical analyses of the said database. 

 

 

STATISTICAL ANALYSIS METHODS 

The ASHRAE RP-884 database is the field survey 

database underpinning Section 5.3 of ASHRAE Standard 

55 [3], i.e. the method for determining acceptable 

thermal conditions in naturally conditioned spaces. One 

important characteristic of this database is its 

extensiveness which spans across various climatic zones 

[5]. A detailed report on this project including the 
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location where each field study was conducted can be 

found in Ref. [9]. As reported, comprehensive meta-

analyses have been made. Nonetheless, data for different 

climatic zones were not analyzed separately. 

 

In order to distinguish any thermal adaptation 

differences among the climatic zones, data representative 

of hot-humid climate were firstly identified by survey 

location based on the renowned Köppen-Geiger climate 

classification that was updated by Peel et al. [10]. This 

classification system categorises five climates, i.e. 

tropical (A), arid (B), temperate (C), cold (D) and polar 

(E), into 30 climate types [10]. In this paper, all A 

climate types are regarded as hot-humid climate.  

Additionally, the summer season of Cfa climate type 

(temperate: without dry season, hot summer) are also 

regarded as such. On the other hand, all B climate types 

are considered to be hot-dry climate, except for the 

winter season with seasonal mean outdoor air 

temperature below 18°C. (Seasonal mean outdoor air 

temperature is based on meteorological data in the 

Supplementary Material Section of Ref. [10].) Similarly, 

the summer season of Csa (temperate: dry and hot 

summer) and Cwa (temperate: dry winter and hot 

summer) climate types are included in the latter group. 

 

Table 1 shows that out of the 12,246 samples for 

naturally ventilated buildings in the database, 3,863 

samples can be considered to represent hot-humid 

climate while 4,339 samples belong to hot-dry climate. 

The remaining 4,044 samples are broadly categorised as 

others and mainly comprise temperate climatic 

conditions. Fig. 1 shows the scatter of their mean outdoor 

air temperature against mean outdoor relative humidity 

from the given database. Meanwhile, their respective 

indoor conditions are illustrated in Fig. 2. It is clear that 

the indoor conditions in hot-humid climate are 

concentrated at indoor operative temperatures above 

25°C and indoor relative humidity above 45% (Fig. 2). 

 

A basic theory underlying adaptive thermal comfort 

is that people are able, through adaptive behaviours, to 

match their indoor comfort temperature (Tcomfort) to their 

everyday environment, which was found to have a 

statistical relation to the outdoor temperature (Tout) [7]. In 

case of naturally ventilated buildings, this relationship is 

represented by an adaptive algorithm in the following 

form: 

 

Tcomfort = aTout + b           (1) 

 

As an independent variable, hence important to be 

predetermined, an attempt was made to standardize the 

outdoor temperature for all samples prior to our analysis. 

This was done by using the daily (24-hour) mean outdoor 

air temperature for each exact survey date and station in 

the survey location, obtained from Global Surface  

 

 

 

 

Summary of Day Data Version 7 [11] which is 

quality controlled by the US National Climatic Data 

Center. Contrary to our attempt, the original outdoor 

meteorological data in the ASHRAE RP-884 database 

were sourced from various resources and therefore tend 

to have a mixture of daily observations together with 

long-term averages [9]. Besides, the current attempt 

allows us to calculate and examine the various 

definitions of outdoor temperature including monthly 

 

Category of 

Comfort Vote, cv 

(ASHRAE Scale) 

No. of Samples 

Hot-

Humid 
Hot-

Dry 
Other Total 

Total sample size 3863 4339 4044 12246 

With cv 3861 4330 4023 12214 
(%) (100) (100) (100) (100) 

Without cv 2 9 21 32 
-1.5 < cv < +1.5 2658 3462 2764 8884 

(%) (68.8) (80.0) (68.7) (72.7) 

 

Table 1: Number of samples by climate for naturally ventilated 

buildings in ASHRAE RP-884 database. 

Figure 1: Scatter of mean outdoor air temperatures and mean 

outdoor relative humidity for naturally ventilated buildings. 

Figure 2: Scatter of indoor operative temperatures and indoor 

relative humidity for naturally ventilated buildings. 

n = 12245 

n = 11767 
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mean [3], running mean [4] and prevailing mean [12] 

outdoor air temperatures from the same data source. 

 

The database were then directly analysed at the 

individual comfort vote level as single unit. In the 

database, these comfort votes are given on the ASHRAE 

Thermal Sensation Scale (-3 to +3) with acceptability 

assumed to fall within the central three categories (-1.5 < 

cv < +1.5) [9]. We adopted this designation to represent 

indoor comfort temperatures, assuming that the range of 

indoor thermal conditions voted within these values is 

potentially acceptable to the different individuals. The 

percentage of these acceptable votes in the database, 

which is about 70-80%, is given in Table 1. More 

sophisticated method to derive comfort temperatures, 

such as the Griffiths’ method which benefits small 

sample size [1], was not used. Nevertheless, one possible 

drawback of the present analysis is that the mean thermal 

sensation votes in the hot-humid database is not zero 

(neutral) but +0.2 (see Table 2). 

 

 

RESULTS AND DISCUSSION 

Fig. 3 presents the scatter of indoor operative 

temperatures and the corresponding daily mean outdoor 

air temperatures for samples within the acceptable 

comfort votes as defined above. As before, these data are 

from the naturally ventilated buildings in the database. 

Meanwhile, Table 2 provides a summary of descriptive 

statistics for the same samples. It can be seen clearly that 

each of the climate group has a distinguishable range of 

daily mean outdoor air temperatures (Fig. 3 and Table 2). 

For hot-humid and hot-dry climates, their daily mean 

outdoor air temperatures are above around 20°C (Fig. 3). 

In contrast, most of the data for other climates fall below 

20°C daily mean outdoor air temperature. 

The relationships between the acceptable indoor 

operative temperatures and daily mean outdoor air 

temperatures are illustrated by linear regression lines in 

Fig. 3. The dotted regression lines give the adaptive 

algorithm for respective climates. For comparison, the 

comfort or neutral temperature lines for naturally 

ventilated buildings applied to ASHRAE Standard 55 [3] 

and EN15251 [4] are also shown in the same figure. It is 

found that the regression line for other climates agrees 

perfectly with ASHRAE [3]. As noted in Fig. 3, the said 

algorithm for other climates is: 

 

Tindoor = 0.31Tout + 17.7         (2) 

 

while the comfort equation for ASHRAE [5] is: 

 

Tcomfort = 0.31Tout + 17.8         (3) 

 

where indoor temperature is represented by operative 

temperature in both cases. The result is indicative that the 

regression lines obtained by the present analysis may 

well represent comfort equation for deriving indoor 

comfort temperatures. Besides, the consistency seen 

between Eqs. (2) and (3) lend support to our analysis 

methods. 

 

It is worth to note here that the comfort equation for 

EN15251 [6], i.e. 

 

Tcomfort = 0.33Tout + 18.8         (4) 

 

shares almost similar regression coefficient (gradient) 

with ASHRAE Standard 55 [3] and the present result for 

other climates, albeit constantly more than 1°C higher 

than both (Fig. 3). Thus, it can be said that the rate of 

thermal adaptation to indoor conditions relative to  

 

Figure 3: Scatter of indoor operative temperatures and the daily mean outdoor air temperatures with acceptable comfort votes (-1.5 

< cv < +1.5) in naturally ventilated buildings from ASHRAE RP-884 database. 

n = 7458 
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outdoor air temperature changes for naturally ventilated 

building occupants in temperate climate zones (i.e. other 

climates) has been established in good agreement. 

 

In contrast, Fig. 3 clearly illustrates that the 

regression lines for both hot-humid and hot-dry climates 

are almost twice steeper than the previous ones, with 

regression coefficients about 0.6. As indicated in Fig. 3, 

the adaptive algorithm for hot-humid climate is: 

 

Tindoor = 0.57Tout + 12.9         (5) 

 

and that of hot-dry climate is: 

 

Tindoor = 0.58Tout + 14.0         (6) 

 

These results imply that people in hot climates, 

particularly those regions with daily mean outdoor air 

temperatures around 20°C and above, adapt to a wider 

and higher range of indoor operative temperatures in 

relation to the same magnitude of outdoor air 

temperature increases than people in other colder 

climates. The need for new thermal comfort criteria for 

naturally ventilated buildings in hot-humid climate that is 

different from the current major adaptive standards [3, 4] 

is thus pointed up statistically. Besides, it is noted that 

the regression line for hot-dry climate is constantly about 

1°C higher than that of hot-humid climate probably due 

to the lower indoor humidity conditions. 

The next intriguing question is, can indoor air speed 

influence the slope deflection for hot-humid climate seen 

in Fig. 3? And how does it do so? In order to examine the 

effects of air movement adaptation on thermal comfort in 

the naturally ventilated buildings, indoor air speeds 

observed in the samples are divided into low air speed 

(<0.3 m/s), moderate air speed (0.3 to <1.0 m/s) and high 

air speed (≥1.0 m/s) groups. As provided in ASHRAE 

[12] and EN15251 [4], increased air speed may be 

applied to elevate the upper comfort temperature limit 

when indoor operative temperature exceeds 25°C, i.e. 

where the point of slope deflection starts in Fig. 3. 

Obviously, this allowance is targeted at hot climates, 

though no distinction between hot-humid and hot-dry 

climates is given in the standards. 

 

Fig. 4a presents the same data as Fig. 3 according to 

the above air speed groups for hot-humid climate. It is 

found that the linear regression line for low air speed in 

case of hot-humid climate is: 

 

Tindoor = 0.52Tout + 15.1         (7) 

 

This means that the slope deflection is maintained higher 

than the existing standards [3, 4] even at low air speed 

(Fig. 4a), probably because practically still air condition 

(0 m/s) was non-existent in the naturally ventilated 

buildings in hot-humid climate. In other words, at most 

of the time occupants are adapting by making use of even 

 

Variable 
Hot-humid climate Hot-dry climate Other climate 

Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD 

Indoor air 

temperature (°C) 

24.0 33.9 28.8 1.62 17.4 42.7 29.0 2.96 6.2 33.2 21.5 3.13 

Indoor relative 

humidity (%) 
40.7 100.0 65.2 9.28 2.0 87.2 43.4 18.28 9.6 91.0 44.7 14.02 

Indoor air speed 

(m/s) 

0.05 2.35 0.28 0.21 0.00 5.83 0.28 0.33 0.00 1.47 0.12 0.16 

Indoor mean 

radiant 

temperature (°C) 

23.2 34.2 28.9 1.77 17.8 46.7 29.0 2.95 1.2 32.2 21.5 3.24 

Indoor operative 

temperature (°C) 

23.1 34.1 28.0 1.79 17.7 44.7 29.0 2.94 6.9 32.7 21.5 3.16 

Indoor ET* (°C) 23.1 36.1 28.6 2.23 17.6 39.5 28.7 2.91 7.0 31.2 21.4 3.07 

Indoor SET* 

(°C) 

21.1 35.9 27.2 2.50 11.8 38.9 28.6 2.90 11.3 34.5 23.9 2.79 

Metabolic rate 

(met) 

0.8 2.6 1.2 0.11 0.6 3.8 1.2 0.40 0.6 3.8 1.2 0.35 

Clothing 

insulation (clo) 

0.2 1.1 0.5 0.16 0.2 2.0 0.7 0.29 0.2 2.4 0.9 0.35 

Thermal comfort 

votes (ASHRAE 

Scale) 

-1.4 +1.4 +0.2 0.73 -1 +1 +0.3 0.59 -1.4 +1.4 -0.01 0.65 

Daily mean 

outdoor air 

temperature (°C) 

19.4 30.5 26.4 2.09 19.1 34.5 25.9 3.62 2.0 27.7 13.4 3.80 

Min.: minimum; Max.: maximum; SD: standard deviation. 

Table 2: Descriptive statistics of the analysed samples, i.e. samples with acceptable comfort votes (-1.5 < cv < +1.5) in naturally 

ventilated buildings from ASHRAE RP-884 database. 
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little air movement especially for evaporative heat loss in 

the high indoor humidity conditions. In fact, indoor air 

speeds greater than 0.1 m/s were observed in more than 

90% of the analysed samples. The regression line for 

high air speed, which is steeper and higher than that of 

low air speed by up to 2°C at 30°C daily mean outdoor 

air temperature, further signifies the possible cooling 

effects of air movement that might have resulted in 

higher acceptable operative temperatures (Fig. 4a). 

 

The following analysis continues to evaluate the 

effect of indoor air speeds on elevating indoor operative 

temperatures in hot-humid climate by subtracting the 

resulting indoor operative temperatures calculated using 

Eq. (7) from those in the samples. Eq. (7) is selected as 

the baseline adaptive algorithm since it represents 

adaptation at low air speeds from which allowance for 

increased air speeds may be given. It may be worth to 

note here that contrasting the present algorithm is a 

recently proposed comfort equation for hot-humid South-

East Asian region [13] that is very similar to EN15251 

[4]. The said study [13] used the Griffiths’ method which 

probably gave a relationship between comfort and 

temperature assuming no adaptation took place [1]. 

 

Fig. 5 presents the weighted regression for the mean 

indoor operative temperature deviations from the 

baseline adaptive algorithm at each 0.1 (m/s)
0.5

 indoor air 

speed bins for hot-humid climate, as calculated above. It 

is found that the square root of air speed would yield 

better correlation than air speed itself, as also suggested 

by previous study [14]. For comparison, the increased air 

speed allowance provided by ASHRAE [12] and 

EN15251 (according to an equation given in [6]) are also 

given in the same figure. 

 

As compared in Fig. 5, the weighted regression line 

suggests that the relationship between increased indoor 

air speed and increasing indoor operative temperature in 

hot-humid climate is possibly different from the existing 

major standards. In particular, the line shows that the 

corresponding indoor air speed to elevate the same 

magnitude of indoor operative temperature from the 

baseline algorithm (Eq. 7) for hot-humid climate is 

higher than both standards. It may be implied that while 

higher air speed is effective to elevate indoor comfort 

temperature in hot-humid climate, relatively high air 

speed may be required for effective cooling (sweat 

evaporation), probably due to the more severe thermal 

conditions, i.e. combination of high humidity and high 

operative temperature. It may be further implied from 

Fig. 5 that the air speed at no operative temperature 

deviation is 0.47 (m/s)
0.5

 or 0.22 m/s, below which the 

acceptable indoor operative temperature would be lower 

than that of the baseline algorithm. 

 

 

 

In case of hot-dry climate, the similar analysis reveals 

that, i) there is no constant increase in indoor operative 

temperature at higher air speeds compared to low air 

speed, and ii) the coefficients of determination for 

moderate and high air speeds are low (Fig. 4b). These 

results strengthen an earlier point that acceptable indoor 

operative temperature in hot-dry climate is higher than 

hot-humid climate at similar daily mean outdoor air 

temperature due to the lower indoor humidity, but not 

increased air speed. 

 

Fig. 6 supports the above point. At low indoor 

relative humidity (<60%), indoor operative temperatures 

are about 1.5-2°C higher than the corresponding values 

at high indoor relative humidity (≥60%). Hence, taking 

the regression line for high humidity as the baseline 

adaptive algorithm in this case, the effects of lower 

indoor relative humidity on elevating the indoor 

operative temperature are illustrated in Fig. 7. As before, 

Fig. 7 presents the weighted regression for mean 

temperature deviations at each 10% RH bins. The 

weighted regression line shows that at about 35% indoor 

RH, the acceptable indoor operative temperature derived 

from the baseline algorithm for high humidity may be 

raised by 2.5°C (Fig. 7).  

 n = 1055 

n = 2254 

(a) 

(b) 

Figure 4: Scatter of indoor operative temperatures and the 

daily mean outdoor air temperatures at different indoor air 

speeds. (a) Hot-humid climate; (b) Hot-dry climate. 
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On the other hand, indoor relative humidity above 

60% would correspond to indoor operative temperature 

below the baseline algorithm. 

 

A further analysis to examine the sensitivity of 

selecting the appropriate time scale and averaging 

technique of outdoor air temperature in the adaptive 

algorithm reveals that different definitions of the outdoor 

air temperature would yield different adaptive algorithms 

and resulting indoor operative temperatures. This means 

that the different definitions may not be used 

interchangeably in the same adaptive algorithm. Table 3 

summarizes the adaptive algorithm (for low air speed) 

and differences in the respective indoor operative 

temperatures compared to using the daily mean (Eq. 7) 

based on the present database. As shown, the differences 

in the calculated indoor operative temperatures are up to 

about -1°C to 2°C. These differences are seen mainly due 

to the tendency of the monthly mean [3], running mean 

[4] and prevailing mean [12] outdoor air temperatures to 

‘group’ together as a result of averaging, while the daily 

mean outdoor air temperatures are scattered and would 

give more varied indoor operative temperatures that 

reflect the day’s conditions more closely. The benefit of 

using the running mean or prevailing mean outdoor air 

temperatures in hot-humid climate is thus less clear, 

considering that climatic data for at least seven days prior 

to the day to be evaluated, which is sometimes 

impossible to retrieve, would be required for calculating 

them. 

 

Proposed Adaptive Comfort Standard for Hot-Humid 

Climate 

To summarize, the above analyses have led to the 

following key thermal comfort criteria for inclusion in 

the proposed Adaptive Comfort Standard for Hot-Humid 

Climate for naturally ventilated buildings: 

 

1) The basic adaptive algorithm which may represent 

the comfort equation for naturally ventilated 

buildings in hot-humid climate is given in Eq. (7), i.e. 

Tindoor = 0.52Tout + 15.1°C. The variables for Tindoor 

and Tout are indoor operative temperature and daily 

mean outdoor air temperature, i.e. arithmetic mean 

for a 24-hour period, respectively. 

  

Figure 5: Relation between indoor air speed and indoor 

operative temperature deviation in hot-humid climate. 

n = 1934 

Figure 6: Scatter of indoor operative temperatures and the 

daily mean outdoor air temperatures at different indoor 

relative humidity in hot-dry climate. 

Figure 7: Relation between indoor relative humidity and 

indoor operative temperature deviation in hot-dry climate. 

n = 1055 

n = 1934 

Definition of Outdoor Air 

Temperature 
Adaptive Algorithm for Low 

Air Speed 
Coefficient of 

Determination 

(R2) 

Difference in Resulting Indoor Operative 

Temperature Compared to Daily Mean (Eq. 7) 
Min. Max. 

Monthly mean [3] Tindoor = 0.50Tout + 15.4 0.49 -0.94 2.02 
Running mean [4] Tindoor = 0.50Tout + 15.6 0.51 -1.08 1.67 
Prevailing mean [12] Tindoor = 0.50Tout + 15.7 0.51 -1.12 1.97 
Min.: minimum; Max.: maximum. 

Table 3: Comparisons of adaptive algorithm and resulting indoor operative temperature for different definitions of outdoor air 

temperature in hot-humid climate. 



PLEA2012 - 28th Conference, Opportunities, Limits & Needs Towards an environmentally responsible architecture Lima, Perú 7-9 November 2012 

 

2) The corresponding indoor air speed at indoor 

operative temperature equivalent to that derived from 

Eq. (7) is 0.22 m/s. Increased air speeds may be used 

to elevate the indoor operative temperature obtained 

from Eq. (7) as provided in Fig. 5 (regression line for 

hot-humid climate). It is recommended to provide 

occupant controls to regulate the indoor air speed. 

3) In case daily mean outdoor air temperature data are 

not available, monthly mean outdoor air temperature, 

i.e.  arithmetic mean of the mean daily minimum and 

mean daily maximum for the month in question, may 

be used by substituting Eq. (7) with the following 

algorithm, Tindoor = 0.50Tout + 15.4°C. 

4) These criteria may apply to all A (tropical) climates 

and summer season of Cfa climate type (temperate: 

without dry season, hot summer) as defined in the 

Köppen-Geiger climate classification system. 

 

 

CONCLUSIONS 
1) The analysis using ASHRAE RP-884 database 

revealed that the regression coefficient in the basic 

adaptive algorithm for naturally ventilated buildings 

in hot-humid climate is 0.52, which is steeper than 

those of the existing standards [3, 4], even after 

considering the effects of indoor air speed. 

2) It was found that the relationship between increased 

indoor air speed and increasing indoor operative 

temperature in hot-humid climate is also different 

from the existing standards [3, 4]. A new relationship 

for hot-humid climate is proposed. 

3) It was further found that different definitions of the 

outdoor air temperature would yield different 

adaptive algorithms and resulting indoor operative 

temperatures. The daily mean outdoor air temperature 

may give more varied indoor operative temperatures 

that reflect the day’s conditions more closely 

compared to the monthly mean, running mean and 

prevailing mean. 

4) Based on the above findings, an Adaptive Comfort 

Standard for Hot-Humid Climate is proposed for 

application to naturally ventilated buildings in all 

tropical climates and hot-humid summer season of 

temperate climate. 

5) The analysis also revealed that the adaptive algorithm 

for hot-dry climate gives higher indoor operative 

temperature than that of hot-humid climate probably 

due to its lower indoor humidity. Allowance for 

increased air speed may not be applicable to hot-dry 

climate. Instead, a new allowance for elevating 

indoor operative temperature based on indoor relative 

humidity is suggested. 
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