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Abstract 

People respond differently to the thermal environment in naturally ventilated and air conditioned 
buildings. The mechanisms behind these differences deserve further investigation. This paper 
compares occupants’ thermal response during the summer in naturally ventilated and air 
conditioned offices in four cool climate cities in developed economies (Midland in UK, San 
Francisco in US, and Melbourne and Brisbane in Australia) to four warm climate cities in 
developing economies (Bangkok in Thailand, and Bangalore, Jaipur and Chennai in India).  
Results showed that the outdoor climate context mattered, and that occupants voted neutral at 
higher temperatures in the warm climates in both conditioning types, with a more distinct pattern 
for naturally ventilated buildings. Higher airspeeds and adaptive clothing are two factors that are 
attributed to the higher neutral temperatures in the warmer climate group. Cultural differences 
may also be at play, but assessing this directly was beyond the scope of the study. A comparison 
of thermal sensation and thermal preference allowed us to question what is considered ideal, and 
reveals that a majority of occupants did prefer to be thermally neutral in summer.  Of the people 
preferring non-neutral sensations, more wanted a sensation of “slightly cool” compared to 
“slightly warm”. Only a subset of the studies asked questions about air movement preferences 
(naturally ventilated offices in San Francisco and all the buildings in India).  The data showed 
that occupants wanted more air movement beginning at the slightly cool thermal sensation, 
increasing even when airspeeds were above 0.2 m/s in elevated indoor air temperatures.  

1. Introduction

Building designers and operators can provide a quality thermal experience to occupants while 
optimizing energy performance. Interest in low-energy means to achieve comfort gained traction 
in the mid-1970s in response to the oil crisis, then grew in the late-1990s given concerns of 
climate change, and is persistent today for additional concerns about occupant health and 
wellbeing. (De Dear et al. 2013; Lichtenbelt 2017). Throughout the history of the built 
environment, naturally ventilated buildings proliferated as most architecture had to be climate-
responsive. This began changing when the advent of mechanical cooling brought rise to sealed 
systems spanning taller heights and wider floorplans creating a loss of a connection to the 
outdoors (Short 2017). The wide-spread installation of air conditioning units for commercial 
offices occurred in the mid-twentieth century in the United States and is growing exponentially 
today in India (Short 2017; Phadke et al. 2013; Singh et al., 2013). As populations increase, 
existing buildings take on new functions, and new buildings are constructed to accommodate 
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these growths. Architects and engineers must consider how to provide thermal comfort for these 
spaces while facing pressures to reduce energy consumption. 

For the last several decades, researchers have studied how air conditioned and naturally 
ventilated buildings create different occupant responses to the thermal environment. Before field 
studies, rigorous laboratory tests in the 1960s investigated how the body responds to conditions 
in a centrally-controlled HVAC chamber while at a low metabolic rate (Rohles 1971; Rohles and 
Nevins 1971; Nevins et al. 1966; Rohles 1970; Fanger 1970). This work became the basis for the 
heat-balance model, a calculation of predicted mean vote from six inputs: indoor air temperature, 
mean radiant temperature, relative humidity, airspeed, metabolic rate, and clothing (Fanger 
1970). The existing international standards and guidelines on thermal comfort (ASHRAE 55, 
2004; ISO 7730; EN 15251; CEN CR 1752) use the heat-balance model to prescribe ‘ideal’ 
conditions for the design and operation of buildings. De Dear and Brager (1998) challenged the 
universal applicability of these standards, particularly for naturally ventilated buildings, which 
are far different from the climate-controlled laboratory in which the PMV model was created. In 
the adaptive comfort model, researchers emphasize the importance of context on occupant 
response to the thermal environment and critique the notion inherent to the heat-balance model 
that people are passive recipients of thermal stimuli (De Dear and Brager 1998). Field studies 
can assess the impacts of these behavioral and psychological adaptations through the collection 
of survey responses and physical measurements in real time.  

Designing and operating a building for its thermal context, such as providing indoor air 
temperatures that reflect the climate and season, can improve comfort and save energy (Milne 
1995; Hoyt 2014; Hamdy 2011). Humphreys (1978) reviewed 36 Class III field studies1 from a 
range of climates and revealed a statistical dependence of thermal neutrality on mean indoor air 
temperature. This work provides evidence for the hypothesis that people in natural ventilation are 
less sensitive to changes in indoor air temperature than those in air conditioning; occupants 
expect some thermal excursion throughout the day compared to the rigid uniformity expected 
from mechanical systems. Auliciems (1981) expanded this analysis to include 53 Class III field 
studies from climates in Australia, Asia, the Americas, and Europe. The results show a statistical 
dependence of thermal neutrality on mean outdoor temperatures with a steeper regression for 
naturally ventilated buildings than air conditioned buildings. De Dear and Brager (1998) created 
a database of Class I and II field studies in a research project called ASHRAE RP-884, which 
included 21,000 sets of raw data from 160 buildings in nine cities on four continents in diverse 
climatic zones. Analysis showed that occupants experienced comfort in wider ranges of 
temperatures in naturally ventilated vs. air conditioned buildings and had observed neutral 
temperatures substantially different from the predicted mean vote calculation. This study became 
the foundation for the adaptive comfort standard, ASHRAE 55-2004R Thermal Environmental 
Conditions for Human Occupancy (ASHRAE 55-2004R). De Dear et al. (2013) reviewed twenty 
years of thermal comfort field research and supported the core hypothesis of the adaptive model: 
when compared to air conditioned buildings, occupants in naturally ventilated buildings 

1 There are three broad classes of thermal comfort field investigations. Class III studies contain an indoor
temperature measurement and may contain asynchronous survey responses. Class II experiments collect all six 
inputs necessary to calculate PMV at the same time as survey responses. Class I field investigations require all 
sensors and procedures comply with ASHRAE Standard 55 and ISO 7730 procedure (De Dear and Brager 1998). 

MS Thesis, Dept. of Architecture, UC Berkeley 2018 www.escholarship.org/uc/item/203955bs



 
 

 3 

experience comfort across wider indoor temperature ranges and these ranges shift according to 
climatic context. 
   
While the contributions of this research to creating the ASHRAE Std. 55 adaptive comfort model 
is significant, de Dear and Brager (1998) report that more quantitative analysis is needed to 
explain the casual mechanisms behind these trends across climates. Individual field research 
studies have looked into these mechanisms such as clothing adaptation and air movement, but 
the results remain limited to the place of study. A decade later, the literature review by Frontczak 
and Wargocki (2011) identified a similar gap in current research and stressed the importance of a 
review that can quantify what parameters are influencing the observed difference in neutral 
temperatures for air conditioning and natural ventilation across climates. In 2014, international 
researchers collaborated with the Center for the Built Environment at University of California, 
Berkeley and contributed data to an open-source platform expanding ASHRAE RP-884 to 
become Database II, published this year (Foldvary et al. 2017).  
 
Higher airspeeds in warm climates are hypothesized to shift neutral temperatures up, extending 
the upper limit of the comfort zone while providing pleasure and delight (Brager et al., 2015; 
Schiavon & Melikov, 2008). As part of the heat-balance model, perception of air movement was 
first studied in the laboratory by P.O. Fanger in the 1960s in Denmark (Fanger et al., 1970). 
From this research, the effect of air movement on thermal comfort is modelled in the thermal 
indices such as PMV, but was primarily viewed as a source of discomfort or draft. Fanger and 
Christensen (1986) exposed the back of the neck of sedentary, normally clothed subjects to 
ranging air velocities (0.05 to 0.40 m/s) at three temperatures (20, 23, and 26°C). From this data, 
the authors created a draught chart to identify percentage of dissatisfied as a function of mean air 
temperature and velocity. Fanger et al. (1988) completed a similar study of ranging air velocities 
at one air temperature (23°C) and developed a model to calculate draught risk. This research then 
informed international indoor environment standards and guidelines (ASHRAE 55, 2004; ISO 
7730; EN 15251; CEN CR 1752). Huizenga et al. (2006) point out the limitations of applying 
this research to building standards for any and all directions and locations of air motion, as the 
original laboratory studies were based on airflow aimed at the back of subjects’ necks, an area of 
the body that is typically more sensitive than others. Also, the draught risk model was developed 
under conditions when subjects felt slightly cool (Zhang 2007). Through laboratory experiments 
and field analysis from ASHRAE RP-884, Toftum et al. (2004) supported the hypothesis that 
elevated airspeeds can maintain occupant comfort at warmer temperatures. Zhang et al. (2007) 
analyzed air movement preference in naturally ventilated buildings in the San Francisco Bay 
Area and found that preference for more air movement is greater than preference for less, 
beginning in the slightly cool thermal sensation. Arens et al. (2009) incorporated these findings 
into provisions for ASHRAE Std. 55-2013b Elevated Air Speed Comfort Zone Method. 
Parkinson and de Dear (2016) discuss the recent shift to a more positive thinking about air 
movement, as a source of spatial alliesthesia and thermal pleasure, as opposed to the previous 
notion of air movement as a source of draught and discomfort. The authors summarize the 
refined maximum comfort temperature and maximum air movement from several laboratory 
studies ranging from 29°C/>1 m/s (Arens et al. 1998) to 30°C/>0.9 m/s (Candido et al. 2010), 
30°C/>1/6 m/s (Toftum 2004), and 30°C/>1.8 m/s (Zhai et al. 2013). To date, we were unable to 
find field studies that explicitly analyzed how air movement contributes to thermal neutrality in 
warm vs. cool climates, and air conditioned vs. naturally ventilated offices. 
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Clothing adaptation is another hypothesis for the difference in thermal neutrality across climates 
and conditioning types (de Dear and Brager 1998). Nicol et. al (1994) studied office workers in 
Pakistan who demonstrated seasonal differences in neutral temperatures and suggested flexibility 
in dress as a possible factor. In the humid tropics of Australia, Macfarlane (1978) found that 
native-born people were more comfortable than immigrants, likely because of their light 
clothing. Fishman and Pimbert (1982) performed a regression of clothing insulation value [clo] 
with weekly outdoor mean temperature for a year-long study in the UK and statistically showed 
that clothing has a role in the seasonal differences in observed thermal neutrality. Barlow and 
Fiala (2010) tracked clothing levels during the day and across a season in a mixed-mode UK 
office and found that occupants adjust their clothing according to outdoor temperature, but do 
not change during the day despite environmental fluctuations from morning to afternoon. 
Schiavon and Lee (2013) developed dynamic predictive clothing insulation models through 
statistically analysis of ASHRAE RP-884. In California, their study found that people dressed 
similarly in naturally ventilated and air conditioned buildings. They also identified that studies 
wide occupant clothing levels did depend on the outdoor climate. In various climates in India, 
Manu (2016) performed weighted regressions of clothing+chair insulation by mean operative 
temperature, noting a statistically significant relationship for naturally ventilated and mixed 
mode buildings, but not air conditioned buildings.  
 
Finally, the emphasis in previous research on thermal neutrality recognizes an important gap in 
the climatic comparison research. Much of the research merely assumes that a neutral thermal 
sensation is preferred instead of questioning that assumption and if it might depend on location 
and season. McIntyre (1980) proposed that the ideal thermal preference is seasonally dependent, 
and that people might prefer a cooler-than-neutral thermal sensation in summer, and warmer-
than-neutral sensation in winter. Schiller (1988) found in studies of air conditioned and naturally 
ventilated offices in the San Francisco Bay area that 19% of occupants who voted neutral 
preferred to feel warmer or cooler. Spagnolo and de Dear (2003) discovered occupants in semi-
outdoor spaces in Sydney, Australia perceived cooler comfort temperatures in summer than 
winter. Humphreys and Hancock (2007) surveyed students in classrooms and characterized 57% 
of the responses as desiring a thermal sensation other than ‘neutral.’ Li et al. (2010) investigated 
dormitories in China and found a preference for slightly cool in summer. De Dear (2011) 
differentiated thermal neutrality from thermal pleasure defining the former as the sign and the 
magnitude of experience (warm vs. cool) and the latter as the qualitative perception of the 
stimulus (like vs. dislike). His paper reviews the latest innovations in comfort strategies with 
thermal delight, or alliesthesia, emphasized as the objective over thermal neutrality. Note that 
people’s seasonal preference for non-neutral thermal sensations is slightly different than the 
temperatures at which they might feel comfortable (given that temperature is only one factor that 
contributes to sensation).  The seasonal preferences for varied sensations could either support or 
contradict adaptive theory, and is something that needs more attention. 
 
This paper uses selected cities from Database II, to investigate trends in thermal sensation and 
thermal preference for occupants in air conditioned and naturally ventilated buildings in selected 
locations around the world, with an emphasis on analyzing the role of air movement and clothing 
adaptation. The analysis is used to question what is ideal, and what environmental conditions and 
behaviors allow people to achieve comfort in a variety of climates and conditioning types. 
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2. Methods 
 
2.1 Description of database  
 
The data included in this project is from ASHRAE Comfort Database I and Global Thermal 
Comfort Database II. Generated in the 1990s, ASHRAE Comfort Database I compiled raw data 
files from thermal comfort researchers around the world with over 21,000 rows of paired survey 
responses and physical measurements (de Dear et al, 1998). Gathered from 19 publications, the 
data represents 21 cities in 8 countries from a variety of seasons in both naturally ventilated and 
air conditioned buildings. In 2014, the expansion of this open-source database, now published as 
Global Thermal Comfort Database II, was led by teams at the Center for the Built Environment, 
University of Sydney, and Yongsei University Korea. With over 76,000 entries, Database II 
represents 113 cities in 21 countries in all seasons, four conditioning types, and five building 
typologies (Zhang et al. 2017).  
 
With a variety of quality controls that ensure the contributing studies met rigorous scientific 
standards, there is consistency across both of the databases in both methodology and how the raw 
data was harmonized (de Dear et al, 1998; Zhang et al. 2017). The survey information includes 
thermal sensation, thermal acceptability, thermal preference, thermal comfort, air movement 
preference, humidity preference, access to personal controls, clothing insulation, metabolic rate, 
and demographic (age and sex). The physical measurements include indoor temperature (air, 
radiant, operative), indoor relative humidity, and airspeed. Some entries may be missing in a 
particular study because the survey question or physical measurement was not collected in the 
raw data. The original work included in this paper had the most complete sets for the objective of 
study and their entries are summarized in Appendix Table 2. 
 
This paper focuses on one building typology, commercial offices, for the purpose of consistency 
across comparisons. The authors chose this typology with the aim to provide insights into a 
workplace demographic that is continually evolving in developed and developing countries. 
Furthermore, this analysis includes only the summer season, chosen for similar objectives of 
consistency across comparisons. We only included field studies that had data for both 
conditioning types, air conditioning and natural ventilation. The cities in the combined Database 
I and II that met all these criteria include Midland (United Kingdom), San Francisco (United 
States), Brisbane and Melbourne (Australia), Bangkok (Thailand), and Bangalore, Chennai and 
Jaipur (India).  
 
In order to compare climatic trends, the cities are ordered by mean outdoor temperature for the 
summer season, and then subdivided into two groups (Appendix Table 1).  In order of increasing 
mean outdoor summer temperature, the “cool climate” cities (16-24°C) are: Midland, United 
Kingdom; San Francisco, United States; Melbourne and Brisbane, Australia.  The “warm 
climate” cities (30-36°C) are: Bangkok, Thailand; and Bangalore, Jaipur, Chennai, India. In 
addition to climate, economy is an important distinction between these two groups.  All the cool 
climate cites happen to be in countries that are classified as developed economies (US, UK, 
Australia), while the warm climate cites are in countries that are classified as developing 
economies (Thailand, India (United Nation 2017). India, as a developing economy, is expected 
to triple its commercial office floor space by 2030 (Singh et al., 2013). Prior to ten years ago, 
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naturally ventilated buildings were the norm in India. But sales of air conditioning units have 
doubled over five years in India and now make up the highest consumption of energy for the 
country (Phadke et al. 2013). Comparatively, the United States rapidly expanded HVAC systems 
for commercial offices in the mid-twentieth century (Short 2017). In addition to climate, these 
two groups are also distinct in economy, history of conditioning systems, and culture. 
 
2.2 Description of selected field studies  
 
The thermal comfort field studies included in this analysis are from nine original citations, and 
are presented here organized by city from cool to warm climates.  Climate data for all the 
locations are summarized in the Appendix Table 1. 
 
The first among the “cool climate” group, the Midland region of the United Kingdom, is 
classified as a west coast marine climate with a mean outdoor summer temperature at 16°C. 
Oseland (1998) performed thermal comfort field studies throughout the Midland region in eight 
naturally ventilated and eight air conditioned buildings. Continuous monitoring and repetitive 
surveys occurred in one week during the summer. This study found that the comfortable 
temperature range in naturally ventilated offices was wider than in air conditioned offices, and 
that thermal satisfaction was lower for NV spaces. Information is not available whether fans 
were present. 
 
The San Francisco Bay Area in California is the second in the “cool climate” group, and is a 
Mediterranean climate in the United States with a mean outdoor summer temperature of 17°C. 
Benton and Brager (1994) carried out field studies in three air conditioned offices during the 
summer in San Ramon, a city inland to the SF Bay. The offices did not have fans, but did address 
the role of personal control and behavioral adjustment through modifications of shading devices, 
personal heaters, and clothing. While the modifications were infrequently cited during the study, 
they were effective in improving thermal responses. Schiller et al. (1988) conducted research in 
five locations during one week of the summer in the San Francisco Bay Area including Berkeley, 
San Ramon, Palo Alto, San Francisco, and Walnut Creek. The buildings include two naturally 
ventilated offices and eight air conditioned offices. The buildings represented a variety of types 
from new to old construction, private and open-plan, single and multi-tenant, open and sealed 
envelopes. Of the set, one naturally ventilated building and three air conditioned buildings had 
desk fans. This paper correlated survey responses and physical measurements in the field and 
compared results to laboratory practice and the ASHRAE Standard 55.  They found 52.8% of the 
physical measurements fell within the comfort zone limits during the summer, and airspeeds 
exceeded the limit defined by the ASHRAE-55 only 2.4% of the time. Paliaga and Brager (2004) 
investigated a naturally ventilated office in Berkeley, a city on the east side of the bay, during the 
summer season. Primarily open plan, this five-story building had operable windows and ceiling 
fans. The data showed that occupants in naturally ventilated buildings adapt their expectations of 
thermal comfort based on outdoor conditions and degree of personal control. Honnekeri et al. 
(2016) included a study of a naturally ventilated office in the Alameda, CA. This two-story 
building had ceiling fans (turned on 1/5 of the time), and operable windows (opened 2/3 of the 
time). The authors found that the use of fans was related to the indoor air temperatures, while the 
use of windows was driven more by occupancy patterns. To summarize the buildings from the 
San Francisco Bay area, the majority of workstations in air conditioned offices did not have 
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access to fans while those in naturally ventilated offices had ceiling fans and operable windows 
nearby at varying degrees of personal control. Even with the presence of fans, these buildings 
were built before the ASHRAE-55 standard was amended to allow elevated airspeeds; therefore, 
it is assumed all of the buildings were intended to comply with the restrictions on air movement. 
 
In Australia, Melbourne has a west coast marine climate and Brisbane has a humid subtropical 
climate at mean outdoor summer temperatures of 20°C and 24°C, respectively. Melbourne and 
Brisbane are the last two completing the “cool climate” category. De Dear and Auliciems (1988) 
studied five air conditioned and five naturally ventilated buildings in Brisbane and four air 
conditioned and three naturally ventilated buildings in Melbourne. The statistical analysis 
revealed a dependence of thermal neutrality on monthly outdoor temperatures, particularly for 
the naturally ventilated buildings. Information is not available whether fans were present.  
 
At a mean outdoor temperature of 30°C, Bangkok, Thailand is the first city amongst the “warm 
climate” group. The climate is classified as wet equatorial. Busch (1990) surveyed occupants in 
two air conditioned and three naturally ventilated office buildings in Bangkok, Thailand. The 
buildings were built after 1980 for governmental and commercial office use in contemporary, 
high rise design. The paper’s results supported an argument for an upper comfort limit of 31°C 
for naturally ventilated offices in the hot-humid climate of Bangkok, Thailand. It also provided 
evidence for acclimatization in the naturally ventilated spaces compared to the air-conditioned 
offices. Their final conclusion was that offices in Thailand did not need to be so heavily cooled 
and comfort would still be maintained by the occupants. The naturally ventilated buildings used 
local fans while the air-conditioned buildings did not. 
 
Of the cities in India included in this report, Bangalore and Chennai are located in the tropical 
savanna climate and Jaipur is classified as semi-desert. These three cities complete the “warm 
climate” group. Bangalore has a mean outdoor summer temperature of 30°C, Jaipur has a mean 
of 31°C, and Chennai is the warmest at 36°C. Dhaka et al. (2015) conducted a transverse study 
across two years in Jaipur with 17 naturally ventilated buildings and six air conditioned 
buildings. The office buildings from this study had fans in operation for both air conditioned and 
naturally ventilated types. The naturally ventilated offices gave occupants control over the 
operable windows. Manu et al. (2016) collected survey responses and physical measurements 
from two naturally ventilated buildings and one air conditioned building in Bangalore, and one 
naturally ventilated and one air conditioned building in Chennai. Bangalore and Chennai were 
chosen as representative of their climate zone and as representative of cities with fast-paced 
development of offices buildings with large populations and growing economies. The offices are 
primarily open plan layouts with low height partitions for both conditioning types. The naturally 
ventilated office in Chennai had ceiling and pedestal fans in use with operable windows which 
varied from shut to fully open. The air-conditioned office in Chennai had ceiling fans in 
operation part of the time. The naturally ventilated offices in Bangalore had table fans, pedestal 
fans, wall mounted fans, and ceiling fans along with operable windows. The air-conditioned 
office in Bangalore had ceiling fans. To summarize the buildings included from India, all cities 
and conditioning types had some kind of fan installed and operated to varying frequencies. 
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3. RESULTS 
 
This section presents results of thermal sensation responses for a compilation of air conditioned 
and naturally ventilated offices in eight cities during the summer, including the trends in indoor 
air temperature associated with each sensation, climate, and conditioning type, and a look into 
the adaptive mechanisms which may explain these differences: air movement and clothing 
adaptation. The section concludes with an analysis of thermal preference responses, questioning 
what is considered ideal in the summer for each location and cooling strategy.  
 
Overall, the people surveyed in this set exhibited typical office activity with metabolic rates 
averaging from 1.03 to 1.27 per city (Appendix Table 2).  Overall, the clothing values varied 
from 0.3 to 1.3 clo, and will be described in more detail later. 
 
3.1 Patterns of thermal sensation 
 
The distribution of thermal sensation votes per city and conditioning type (Figure 1) can reveal 
trends across climates for how natural ventilation compares to air conditioning. Overall, in the 
NV offices, 68% of the occupants voted in the central 3 categories:  30% neutral, 27% slightly 
warm, and 11% slightly cool. In comparison, only a slightly higher number – 77% – voted this 
way in the AC offices:  37% neutral, 21% slightly warm, and 19% slightly cool. Overall, these 
fall short of the goal of ASHRAE Std 55, which hopes to achieve 80% thermal acceptability in 
offices, assumed to coincide with the 3 central categories of the thermal sensation scale.   
 
Looking at differences in climate, San Francisco and Bangalore are chosen as examples for a 
cool and warm climate, both similar in that the center of the thermal sensation distribution falls 
at neutrality for air conditioned and naturally ventilated offices. San Francisco performed better 
than the full group for NV offices - 80% between slightly cool to slightly warm (with a mean 
indoor air temperature at 24°C, but comparable for the AC offices with 79% in the central 
categories (with a mean indoor air temperature of 23°C). Bangalore had 86% and 89% for NV 
and AC offices at 29°C and 25°C respectively – both higher than the group overall. For NV 
buildings in Figure 1, Chennai showed the highest level of warm discomfort, with a mean indoor 
air temperature at 35°C and the majority of occupants feeling warm and hot.  This contrasts 
sharply with the AC offices in Chennai, operated at a mean of 26°C with 86% between slightly 
cool to slightly warm.  
 
The strongest difference in the thermal sensation profiles between natural ventilation and air 
conditioning is in the tails of the 7-point scale (+/- 2,3 hot, warm, cool, cold). In Figure 1, each 
city shows a general trend – as one might expect - for more warm/hot votes in NV vs. AC offices 
and more cool/cold votes for AC vs. NV offices. Per city, the scatter graphs of thermal sensation 
vs. indoor air temperature in the Appendix further illustrate this trend of cooler votes in air 
conditioned buildings and warmer votes for natural ventilation, primarily in the warm climate 
cities.  
 
Appendix Table 2 summarizes the maximum, minimum, mean and median survey response and 
physical measurement for each city and conditioning type sorted from cool to warm mean 
outdoor summer temperature. For air-conditioned offices, the four cool climates show a mean 
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thermal sensation above zero, while the warm climates show a mean thermal sensation below 
zero, suggesting a trend of over-cooling in these warm climates in Thailand and India. This is 
particularly interesting given that the AC buildings in warm climates had higher indoor ambient 
temperatures than those in cool climates, which suggests that people were so adapted to the 
warmer climates that even the higher indoor temperatures were still perceived to be cool.  This 
means that there is still potential to save energy in the AC buildings in warm climates by setting 
the thermostat even higher.  
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      Percent (%) 
 
Figure 1. Percent thermal sensation by city and conditioning type. 
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3.2 Indoor air temperature and thermal sensation 
 
An analysis of the full thermal sensation spectrum highlights important distinctions between 
mechanically and passively systems across climates. Air-conditioned offices have narrower 
ranges of indoor air temperatures than naturally ventilated offices, at an average range of 8.4°C 
and 11.1°C, respectively, for all cities. The “cool climate” set has an average range of 8.0°C 
(AC) and 10.8°C (NV), compared to a slightly wider range in the “warm climate” set of 10.8°C 
(AC) and 11.4°C (NV) (Appendix Table 2).  
 
Relating these physical measurements back to the survey responses, Figures 2 and 3 are boxplots 
of thermal sensation vs. indoor air temperature for cool and warm climate groups, respectively. 
In both figures, the wider temperature ranges we noted above for NV vs. AC buildings appears to 
occur for all thermal sensations.  
 
In Figure 2, for cool climates, responses in AC and NV buildings are somewhat similar for the 
cool sensations - median indoor air temperatures and even the range of temperatures are similar 
for AC and NV in the cold to slightly cool thermal sensations. The patterns begin to diverge for 
the two conditioning types at neutral and warmer sensations, where people in NV offices 
experience a given sensation at higher temperatures compared to AC.  
 
In Figure 3, for warm climates, the differences in responses for NV vs. AC buildings are more 
pronounced than what we saw in cool climates, and the indoor air temperatures are higher in NV 
vs. AC offices for each of the thermal sensations. None of the occupants voted “cold” for NV 
offices in warm climates. Jaipur is the only city which collected “cool” votes likely because the 
temperatures were much below those of the other warm climate naturally ventilated buildings; in 
fact, they are surprisingly low for a naturally ventilated building that they can be considered 
outliers. A further look at the original paper reveals these low min. indoor air temperatures 
correspond to low outdoor temperatures in Jaipur at the time of study (Dhaka et al., 2014).  
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Figure 2. Boxplot of indoor air temperatures by thermal sensation for AC and NV offices in cool 
climate cities (Midland, San Francisco, Brisbane, Melbourne). 
 
 

 
Figure 3. Boxplot of indoor air temperature by thermal sensation for AC and NV offices in warm 
climate cities (Bangkok, Bangalore, Jaipur, Chennai). 
 
 
 

MS Thesis, Dept. of Architecture, UC Berkeley 2018 www.escholarship.org/uc/item/203955bs



 
 

 13 

The previous figures grouped cities into two general climate categories.  Now we are going to 
look at the center boxplot – the temperatures at which occupants feel neutral – and compare them 
city-by-city to illuminate the trends from the cool to warm climates, and for the two conditioning 
types (Figure 4). The range of indoor air temperatures across which people feel neutral confirms 
that the occupant response is different for air conditioned vs. naturally ventilated buildings, and 
is not universal across climates. For each city, the NV offices have a higher median indoor air 
temperature for neutrality than the AC offices. As you move down the figure to the warmer 
climates, this difference is more pronounced up to 5°C. Warm climates show higher neutral 
temperatures than cool climates in both conditioning types, with a more distinct pattern for 
naturally ventilated buildings (Figure 4).  
 

 
Figure 4. Boxplot of indoor air temperatures for neutral thermal sensation (TS=0) by city ordered 
by cool to warm mean summer outdoor temperature. 
 
3.3 Indoor and outdoor air temperature 
 
The relationship between indoor air temperature and mean summer outdoor temperature for each 
city (Figure 5) reveals two trends for naturally ventilated and air conditioned buildings (note that 
the x-axis have discrete, not continuous values of temperatures). As it is expected in naturally 
ventilated buildings, indoor air temperatures have a close linear relationship to outdoor 
temperatures. Air conditioned buildings operate independently of outdoor temperature, as shown 
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in Figure 5. The four boxplots on the right (outdoor temperatures above 30°C) represent the 
warm climate cities. Quite obviously for naturally ventilated buildings, warm climate cities 
experience warmer mean indoor air temperatures compared to cool climate cities. Air 
conditioned buildings all show a mean around 23°C, independent of outdoor temperature, except 
for the cities in India (Bangalore, Jaipur, Chennai) which have mean indoor air temperatures 
above 24°C (Figure 5; Appendix Table 2). Understanding indoor air temperatures in air 
conditioned buildings, and their associated comfort profiles, with regard to context (climate, 
culture, etc.) has important implications for energy saving.  
 
This graph also contains information about the adaptive thermal comfort model. The triangles 
represent the bounds of the 80% acceptability limits and the crosses indicate 90% acceptability.2 
Section 3.1 highlighted NV buildings in San Francisco and Bangalore as example cities from a 
cool climate and a warm climate that had 80% and 86% of thermal sensation votes within an 
acceptable thermal sensation range (-1 to 1). In Figure 5, San Francisco and Bangalore NV 
offices have 91% and 97% of indoor air temperatures fall within the 80% acceptability range, 
81% and 83% within 90% acceptability. Section 3.1 also noted Chennai as an exceptional 
example with a majority of thermal sensation votes recorded as “hot” (TS=3). Chennai at 36°C 
mean outdoor temperature and 34°C mean indoor temperature does not comply with the adaptive 
model. Looking at an additional example, Bangkok, the fifth boxplot from the left in Figure 5 at 
30°C, shows 54% of temperatures above the 80% acceptability limit and 78% above 90% 
acceptability. Referring to Figure 1, between 50-75% of thermal sensation votes are recorded as 
warm and hot. The acceptability ranges of indoor air temperatures by outdoor temperature, 
established by the adaptive model, effectively predict occupant thermal sensation in cool and 
warm climate cities.  
 
The boxplots for AC buildings of indoor vs. outdoor temperature overlaid with the adaptive 
model acceptability limits (triangles and crosses) further depict the trend for overcooling 
especially in the warm climate cities (Figure 5). The cool climate cities have indoor temperature 
ranges between the 80% and 90% limits for air conditioning. The warm climate cities dip well 
below the lower limit and are distinctively under the upper limit. While the adaptive model does 
not apply to mechanically cooled spaces in ASHRAE 55, this figure offers a visual comparison 
to how these temperatures then related to the thermal sensations presented in this paper. 
 
Now that the patterns of thermal sensation, indoor air temperature, and outdoor temperature are 
established for each city and conditioning type, the next step is to dive deeper into the possible 
influences through quantitative analysis of air movement and clothing.  

                                                
2 The author utilized the CBE thermal comfort tool to identify the adaptive model acceptability 
limits at each mean outdoor temperature, as presented in Figure 5 with triangles and crosses. The 
adaptive limits cannot be shown as the traditional band within defined slopes, since this 
particular figure does not have a continuous x-axis of outdoor temperatures in order to present 
each city (for example, Bangkok and Bangalore both have outdoor temperatures of 30C and as 
such have the same limits). While of a modified variety, Figure 5 aims to present information in 
accordance with the adaptive model published by Brager and de Dear (2000). 
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Figure 5. Boxplots of indoor air temperature per mean outdoor temperature for each city (from 
left to right:  Midland, San Francisco, Melbourne, Brisbane, Bangkok, Bangalore, Jaipur, 
Chennai) in the summer by conditioning type, NV above and AC below. The triangles represent 
the upper and lower bound of adaptive model 80% acceptability limit, and the crosses reflect the 
90% acceptability limit (Brager and de Dear, 2000). 
 
3.4 Air movement and thermal sensation 
 
In this dataset, air conditioned offices have lower airspeeds than naturally ventilated offices, and 
warm climates have higher airspeeds than cool climates. For cool climates, the average airspeed 
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is 0.13 m/s overall, 0.11 m/s for AC and 0.15 m/s for NV. For warm climates, the average 
airspeed is 0.36 m/s overall, 0.22 m/s for AC and 0.50 m/s for NV (Appendix Table 2). Figures 6 
and 7 are boxplots of airspeed by thermal sensation for air conditioned and naturally ventilated 
offices, in cool and warm climates, respectively. For cool climates, Figure 6 shows no apparent 
patterns in the relationship between thermal sensation and airspeed; there is no notable difference 
between AC and NV buildings in the median airspeeds for each thermal sensation; and air speed 
is relatively low with all inner quartile ranges are consistently below 0.2 m/s. The maximum 
airspeed is up to 1.0 m/s in AC and 1.3 m/s in NV.  
 
For warm climates, Figure 7, the patterns are quite different.  At each thermal sensation, there is 
a higher inner quartile range for airspeed in NV compared AC offices. The median airspeed 
increases in relation to thermal sensation for the naturally ventilated set, but stays relatively 
constant for the AC buildings (similar to the pattern for cool climates). For both conditioning 
types, air speeds are also much higher in the warm climates compared to the cool climates, which 
might be a result not only of the operable windows but the warm climate buildings had fans 
installed.  City by city analysis of airspeed by thermal sensation is available in the appendix.  
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Figure 6. Boxplot of airspeeds by thermal sensation for AC and NV offices in cool climate cities 
(Midland, San Francisco, Brisbane, Melbourne). 
 

 
Figure 7. Boxplot of airspeeds by thermal sensation for AC and NV offices in warm climate 
cities (Bangkok, Bangalore, Jaipur, Chennai). 
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Only four of the cities in this dataset (San Francisco in the U.S., and Chennai, Jaipur and 
Bangalore in India) included a question about air movement preference (do people want more, 
less, or no change).  Figure 8 shows the air movement preference data for the naturally ventilated 
buildings in these U.S. and India cities, broken down by thermal sensation.  Occupants begin to 
prefer more air movement while feeling cool and the percent wanting more (14%) exceeds the 
percent wanting less (7%) at the slightly cool sensation. Figure 8 shows the air preference data 
for both NV and AC buildings, this time divided by levels of air velocity.  Interestingly, 
occupants want more airspeed even when airspeeds are between 0.2-0.8 m/s and above 0.8 m/s. 
The India data is most responsible for this pattern, as both AC and NV offices had elevated 
airspeeds (due to the prevalent operation of fans) while the San Francisco set had relatively low 
airspeeds (appendix; Figure 8).  

 
Figure 8. Percent of air movement preference for NV offices in all data available (Chennai, 
Jaipur, Bangalore, San Francisco).  
 

 
Figure 9. Percent of air movement preference for NV and AC offices in all data available 
(Chennai, Jaipur, Bangalore, San Francisco).  
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3.5 Clothing and thermal sensation 
 
Another possible explanation for the differences in thermal responses in air conditioned and 
naturally ventilated offices is clothing adaptation. Figure 10 presents the clothing insulation 
values for AC and NV offices by climate group. The median values reveal no significant 
difference between air conditioned and naturally ventilated offices for both warm and cool 
climates. For both conditioning types, warm climates have lower median, 75th percentile, and 
maximum clothing insulation values than cool climates. All sets demonstrate individual variety. 
As this analysis incorporates data from multiple studies and around the world, there could be 
differences in how clothing information is collected and how clo values are determined in each 
study, as well as differences in workplace dress patterns due to culture, gender, and workplace 
dress codes. Yet, despite these individual differences, a pattern is apparent when comparing 
warm and cool climates.  
 

 
Figure 10. Boxplots of clothing insulation by climate group and conditioning types. 
 
3.6 Thermal preference and ideal thermal sensation 
 
As a final step in our analysis, we studied thermal preference responses for air conditioned and 
naturally ventilated offices across climates to understand trends and to question the assumption 
that “neutrality” is the ideal thermal sensation. Figure 11 visualizes the distribution of thermal 
preference votes by city and conditioning type. Comparing this graph to the thermal sensation 
distribution in Figure 1, the percentage voting for no change is larger than the percent voting 
neutral for each city and conditioning type, suggesting that many occupants preferring a 
sensation other than neutral.  
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Table 1 presents the percent of occupants voting no change for each of the slightly cool to 
slightly warm thermal sensations, broken down for each city and for air conditioned and 
naturally ventilated offices. It also indicates which thermal sensation was associated with the 
highest percentage of “no change” votes.  Most cities in both AC and NV offices have a majority 
preferring no change at a neutral thermal sensation. Bangalore NV offices, Bangkok AC offices, 
and Chennai AC offices have a marginal 5% tipping the majority to prefer no change at slightly 
cool. All cities, for both conditioning types, show a greater percent preferring no change at 
slightly cool than slightly warm.  
 

 
Figure 11. Percent of thermal preference by conditioning type and city. 
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 AIR CONDITIONING NATURAL VENTILATION 

  % voting “no change“ for 
each thermal sensation:  % voting “no change“ for 

each thermal sensation: 

 Highest 
Preference -1 0 +1 Highest 

Preference -1 0 +1 

Midland Neutral 32 90 19 Neutral 34 90 23 
San Francisco Neutral 63 84 30 Neutral 71 86 37 
Brisbane Neutral 61 85 42 Neutral 40 64 14 
Melbourne Neutral 62 92 52 Neutral 54 93 60 
Bangkok Sl. cool 74 70 5 Neutral 57 59 18 
Bangalore Neutral 60 89 19 Sl. cool 88 82 13 
Jaipur Neutral 34 57 11 Neutral 7 38 1 
Chennai Sl. cool 77 72 27 Neutral 33 33 14 
Table 1. Percent of occupants recording a thermal preference of “no change” at -1 to +1 thermal 
sensation in AC and NV offices in all cities. 
 
4. DISCUSSION 
 
To meet the needs of growing populations entering the workforce, the construction of office 
buildings will continue to rapidly expand, especially in countries with developing economies 
such as India. The building industry has long addressed how to best satisfy the comfort of these 
occupants while reducing the environmental impact. Thermal comfort field studies have 
informed building standards since the adaptive comfort model was accepted in ASHRAE Std. 55 
(ASHRAE 2004). The number of publications in the last two decades has significantly deepened 
our understanding of thermal comfort in buildings, and in particular the body of evidence for the 
mechanisms behind thermal adaptation such as air movement and clothing adaptation. Database 
II offers an opportunity to explore and analyze these studies from 113 cities in 21 countries, 4 
conditioning types, and 5 building typologies (Foldvary et al. 2017). From Database I and II, this 
paper looked at data from office buildings in 8 cities in 5 countries from 2 conditioning types, 
presenting a glance into some of the new insights available. 
 
The primary questions investigated in this report are as follows. What are the overall patterns of 
occupant thermal response to naturally ventilated and air conditioned offices across climates? 
What is considered ideal? What are the physical conditions behind these thermal sensations and 
thermal preferences, and particularly indoor air temperature? What is the role of air movement 
and clothing adaptation in explaining some of these observed differences in thermal sensation for 
naturally ventilated vs. air conditioned systems in each climate?  
 
Similarities in occupant thermal response to naturally ventilated and air conditioned offices occur 
in several cities for this dataset. The percent of occupants within slightly cool to slightly warm 
thermal sensations is comparable for NV and AC offices overall as well as for a cool climate 
city, San Francisco, and for a warm climate city, Bangalore (Figure 1). This dataset also has case 
studies where a majority of indoor air temperatures fall outside of the adaptive comfort range, 
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such as in Chennai. The city with the hottest outdoor temperatures amongst the group, Chennai 
had a median thermal sensation response of hot, which is to be expected given the indoor air 
temperatures had a mean of 35°C (Figure 5, Appendix Table 2). This paper contains record of 
when the outdoor climate and corresponding indoor temperatures inside naturally ventilated 
buildings cause occupants to deviate from comfortable. This paper also reveals an overall body 
of evidence from the field that naturally ventilated offices can achieve thermal comfort 
comparable to air conditioning in both warm and cool climates during the summer.  
 
The differences in occupant response for the two conditioning types is most apparent for the 
higher percent of cold, cool votes in air conditioned offices compared to naturally ventilated 
offices in each city. In a survey of 100 US air conditioned offices, Mendell & Mirer (2009) 
found on average indoor temperatures in summer were colder than the recommended comfort 
range. From our survey of offices in 8 cities in the US, Australia, UK, India, and Thailand, the 
thermal sensation responses show that occupants feel colder in AC vs. NV offices. As an 
additional indicator, the mean thermal sensation for AC offices in warm climates is below zero 
while it is above zero for cool climates, demonstrating a more pronounced effect for Thailand 
and India. At the same time, the ambient temperatures in AC offices for warm climates are 
higher than those in cool climates. This finding supports adaptation: when people are adapted to 
the warm climate even higher indoor temperatures were perceived as over-cooling. Around the 
world, there is more potential for energy saving through appropriate building conditioning in the 
summer without sacrificing comfort.  
 
Occupants feel cooler in air conditioned offices than naturally ventilated offices in all eight 
cities. Is that thermal sensation preferred? Further analysis reports a majority of occupants prefer 
to be neutral in summer in this dataset across cities and conditioning types. An additional 5% 
prefer slightly cool than neutral in Bangkok AC offices, Chennai AC offices, and Bangalore NV 
offices, but the sample sizes were low enough that this marginal tipping in majority to slightly 
cool is not conclusive enough in its effect without more statistical analysis. In each conditioning 
type and climate, some percent of the occupants feeling neutral preferred a different thermal 
sensation. A greater percent feeling slightly cool preferred no change in thermal sensation than 
those feeling slightly warmer (Table 1). This analysis of office buildings across climates supports 
the findings from previous literature in specific locations and various building typologies that 
neutral is not always preferred (McIntyre, 1980; Schiller et al. 1988; Spagnolo and de Dear, 
2003; Humphreys and Hancock, 2007; Li et al., 2010; De Dear, 2011). After McIntyre (1980), 
two studies, one in classrooms and one in dormitories, concluded slightly cool takes the majority 
preference over neutral in summer (Humphreys and Hancock, 2007; Li et al., 2010). Our results 
differ from this work with neutral as the overwhelming majority in commercial offices across 
climates for both air conditioning and natural ventilation. 
 
While outside the scope of this database, the timing of when other than neutral is preferred is an 
important component. What are the thermal histories of these people? Did they just arrive to the 
office and the contrast between outdoor and indoor is steep? Is it morning or the afternoon? 
These questions around acclimatization are important for understanding thermal adaptation. De 
Dear and Brager (1998) write in more depth about this topic and further studies such as Manu et 
al. (2014) include survey questions about the occupants’ thermal history. More research is 
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needed to be able to compare the results across climates globally. Future attention could be paid 
to how these trends change across a country’s developmental history. 
 
We explored what indoor air temperatures are associated with the observed thermal sensations, 
for warm vs. cool climates and naturally ventilated vs. air conditioned offices. Overall, NV 
offices have wider ranges of indoor air temperatures than AC offices, which is the same result 
from the Database I analysis by de Dear and Brager (1998). The warm climate set of air 
conditioned offices has wider ranges of summer indoor air temperatures than the cool climate set 
(Figure 2 and 3). The indoor air temperatures at which occupants feel neutral are higher for NV 
than AC offices and are especially higher for warmer than cooler climates (Figure 6). These 
patterns support the findings of original thermal comfort field studies (Humphreys 1978; 
Auliciems, 1981; De Dear and Brager, 1998). Through a review of twenty years of thermal 
comfort field research, De Dear et al. (2013) supported the adaptive model conclusion that 
naturally ventilated buildings have wider temperature ranges at which occupants feel neutral and 
that these ranges shift depending on climate. McCartney and Nicol (2002) correlated occupant 
neutral temperature with outdoor temperature for five countries in Europe (France, Greece, 
Portugal, Sweden, UK). The authors developed an algorithm to apply adaptive comfort 
principles to HVAC control systems. They note that this body of work was based on field 
research in exclusively cool climates and suspect the potential for energy savings would be even 
greater in warm climates for mitigating the overuse of air conditioning and implementing natural 
ventilation techniques into building design. Frontczak et al. (2011) reviewed thermal comfort 
literature of residential and office spaces in Israel, Thailand, Singapore, and southern China. 
They found higher neutral temperatures and wider ranges of acceptable temperatures in NV than 
AC buildings. Our results, exclusive to offices in the summer for eight cities in the US, India, 
Australia, and Thailand, support these findings. 
 
The differences in neutral temperatures between “cool” and “warm” groups are not due to 
climate alone. The results may be specific to the year these field studies were completed, in that 
the social and economic history of the place could impact expectations and therefore the 
occupant responses to the thermal environment. To what degree these factors play a role, is 
beyond the scope of this study. 
 
Another hypothesis for the differences in neutral temperatures between naturally ventilated 
buildings and air conditioned buildings is that the naturally ventilated buildings have more 
access personal controls (operable windows, personal fans, ceiling fans, etc.). Previous literature 
has supported the role of personal control in increasing occupant satisfaction (Paciuk, 1989; 
Benton and Brager, 1994; Williams, 1995; Rowe et al., 1995; Paliaga and Brager, 2006; Toftum, 
2009; Langevin, 2012; Zhang et al. 2017). The data from Paliaga and Brager (2006) on a 
naturally ventilated building in San Francisco is included in this dataset; however, data on 
personal control is not available for other climates and conditioning types and therefore this 
factor is not included in the scope of this paper’s comparative analysis.  
 
This paper focuses on the two factors of air movement and clothing adaptation. While 
information about whether the occupants had personal control over the window and fan is not 
available for all of the cities in our dataset, the recorded airspeeds suggest whether an air 
movement strategy was in use or not and how this impacted thermal response. Airspeeds are 
higher in the warmer climates than cool climates, and naturally ventilated buildings have higher 
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airspeeds than air conditioned buildings. This supports the hypothesis that air movement is a 
mechanism to explain the differences in neutral temperatures. Both conditioning types in cool 
climates have median airspeeds below 0.2 m/s. While some of the naturally ventilated buildings 
in this group had ceiling fans and some of the air-conditioned buildings had desk fans, these low 
airspeeds are not surprising because the building standards in the U.S., U.K., and Australia 
restricted the airspeeds to that limit at the time those buildings were built (ASHRAE 55, 2004; 
ISO 7730; CEN CR 1752). These standards are based on the heat-balance model where the effect 
of air movement on thermal comfort is attributed to “draught” and discomfort (Fanger, 1970). 
Laboratory studies has since demonstrated the positive effects of air movement on thermal 
comfort (Toftum, 2004; Arens et al. 1998; Candido et al. 2010; Zhai et al. 2013; Parkinson and 
De Dear, 2016). Zhang et al. (2007) analyzed the air movement preference data from two 
naturally ventilated buildings in San Francisco, whose raw data is included in this paper’s set. 
They found that occupants prefer more air movement beginning at the slightly cool thermal 
sensation and that this preference increases for each thermal sensation cold to hot. These findings 
were then translated in the provisions for ASHRAE 55-2013b Elevated Air Speed Comfort Zone 
Method, allowing airspeeds up to 1.2 m/s if personal control is present (Arens et al., 2009; 
ASHRAE 55-2013). Similar methods were used to analyze the air movement preference data in 
this paper, which has additional data on air conditioned and naturally ventilated offices from 
India. What is particularly interesting about the contribution of the India studies is that, in these 
offices, airspeeds are already elevated above 0.2 m/s and majority of occupants prefer more 
(Figure 9 and 10). The results in India further support the results of Zhang et al. (2007), covering 
additional climates in warm summer regions and air-conditioned offices. 
 
As a final piece of analysis, clothing adaptation is observed for both conditioning types in warm 
climates compared to cool climates (Figure 11). Clothing can explain the difference in neutral 
temperatures between the two groups as one factor. It is supported by a vast body of literature 
studying adaptations in clothing in a variety of locations and cultures (Nicol et al., 1994; 
Macfarlane, 1978; Fishman and Pimbert, 1982; Barlow, 2010; Manu, 2016). Our results show no 
significant difference in clothing between air conditioned and naturally ventilated offices for any 
climate, which support the California findings of Schiavon and Lee (2013). Schiavon and Lee 
(2013) found a correlation of clothing values to operative temperature suggesting clothing 
adaptation occurred with regard to indoor temperatures for the data collected in Australia, US, 
and Canada. Our results from Australia, US, India, and Thailand reveal a noticeable difference in 
dress across climates, where warmer climates, which have higher neutral temperatures, 
demonstrate lighter dress. 
 
5. Conclusion 
 
The main conclusions of the global database analysis of thermal comfort field studies in naturally 
ventilated and air conditioned buildings are summarized below. 
 
1. In both conditioning types, occupants voted neutral at higher neutral temperatures in warm 
climates than cool climates. This pattern is more distinct for naturally ventilated buildings.  
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2. Higher airspeeds and lower clothing values are attributed to higher neutral temperatures in the 
warmer climate group. Cultural differences may also play a role in distinguishing differences 
between the two groups.  
 
4. In summer, a majority of occupants preferred to be thermally neutral. Of the people preferring 
non-neutral sensations, more wanted a sensation of “slightly cool” compared to “slightly warm”. 
 
5. Occupants want more air movement beginning at the slightly cool thermal sensation (for the 
studies in the US and India with air movement preference data available). Preference for more 
increased even when airspeeds were above 0.2 m/s primarily observed in elevated indoor air 
temperatures.  
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APPENDIX 

 
Table 1. List of climates and mean outdoor summer temperature by country and city. 
 
 
 
City Type  Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 

M
id

la
nd

 
 

AC 
max 3 2 3  29.31 62.70 31.16 0.96 1.61 2 4895 
min -3 1 1  20.21 19.12 18.49 0.00 0.31 1  
mean 0.21 1.73 1.83  23.21 39.78 23.49 0.07 0.63 1.26  

 median 0.00 2 2  23.03 39.60 23.20 0.04 0.62 1.22  

NV 
max 3 2 3  31.48 86.57 31.05 0.98 1.67 2 4610 
min -3 1 1  17.66 19.67 18.77 0.00 0.31 1  
mean 0.82 1.69 1.60  24.22 43.26 24.27 0.07 0.63 1.27  

  median 1 2 1  24.25 42.81 24.24 0.04 0.62 1.23  

Sa
n 

Fr
an

ci
sc

o AC 
max 3 2 3  27.58 77.95 27.58 0.37 1.94 1.40 673 
min -3 1 1  19.79 49.15 20.29 0.00 0.25 1  
mean 0.28 1.85 1.77  22.89 61.90 23.15 0.10 0.62 1.13  

 median 0 2 2  22.80 61.64 23.08 0.10 0.58 1  

NV 
max 3 2 3 3 32.90 77.16 32.40 1.35 1.64 1.40 2047 
min -3 1 1 1 19.20 23.12 19.10 0.00 0.13 1  
mean 0.38 1.77 1.73 2.36 24.00 47.58 24.02 0.10 0.67 1.20  

  median 0 2 2 2 23.80 45.49 23.80 0.05 0.63 1.20  

M
el

bo
ur

ne
 

AC 
max 3  3  27.00 67.44 30.30 0.38 1.14 1.68 509 
min -3  1  19.40 29.10 19.40 0.01 0.27 0.99  
mean 0.34  1.81  23.43 43.92 23.75 0.11 0.65 1.16  

 median 0  2  23.30 43.75 23.60 0.10 0.67 1.13  
NV max 3 2 3  33.20 56.67 33 2.32 1.04 1.98 554 

Country City Climate Mean Outdoor 
Summer Temperature 

Group  
Designation 

UK Midland West coast marine 16 Cool 

USA San Francisco  Mediterranean 17 Cool 

Australia Melbourne West coast marine 20 Cool 

Australia Brisbane Humid subtropical 24 Cool 

Thailand Bangkok Wet equatorial 30 Warm 

India Bangalore Tropical savanna 30 Warm 

India Jaipur Semi desert 31 Warm 

India Chennai Tropical savanna 36 Warm 
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min -3 1 1  19.20 18.42 19.20 0.02 0.30 0.99  
mean 0.85 1.74 1.69  24.34 39.25 24.51 0.17 0.65 1.16  

  median 1 2 2  23.35 39.07 23.50 0.12 0.65 1.13  

B
ris

ba
ne

 
 

AC 
max 3  3  26.20 71.94 26.70 1 1.36 1.98 561 
min -3  1  19.00 43.34 18.90 0.02 0.26 0.99  
mean 0.03  1.86  23.76 53.24 23.92 0.15 0.56 1.18  

 median 0  2  23.70 52.68 24.10 0.14 0.57 1.13  

NV 
max 3 2 3  30.60 100.00 36.60 2.35 0.93 1.78 610 
min -3 1 0.00  24.70 20.90 25.60 0.06 0.26 0.99  
mean 0.92 1.73 1.37  27.91 57.56 27.89 0.31 0.51 1.17  

  median 1 2 1  27.90 56.78 27.80 0.27 0.52 1.13  

B
an

gk
ok

 

AC 
max 3 2 3  26.90 79.30  0.31 1.30 1.10 768 
min -3 1 1  19.50 33.60  0.09 0.00 1.10  
mean -0.10 1.90 1.70  23.60 59.23  0.12 0.57 1.10  

 median 0 2 2  23.50 60.00  0.12 0.56 1.10  

NV 
max 3 2 3  34.20 93.80  2.25 0.79 1.10 390 
min -1 1 1  24.00 58.50  0.09 0.26 1.10  
mean 1.31 1.58 1.25  30.84 73.15  0.32 0.50 1.10  

  median 1 2 1  30.80 72.85  0.25 0.51 1.10  

B
an

ga
lo

re
 

AC 
max 3 2 3 3 29.80 65.10 27.00 0.84 1.15 1.85 194 
min -3 1 1 1 22.10 38.20 22.80 0.02 0.38 1.03  
mean -0.14 1.82 1.96 2.45 24.59 52.54 24.69 0.17 0.71 1.28  

 median 0 2 2 2 24.70 48.45 24.85 0.11 0.67 1.23  

NV 
max 3 2 3 3 31.20 64.80 30.80 1.13 1.13  170 
min -2 1 1 2 26.50 51.60 26.40 0.02 0.38   
mean 0.46 1.72 1.58 2.55 29.01 58.23 28.99 0.28 0.65   

  median 0 2 2 3 29.00 58.40 29.10 0.23 0.63   

Ja
ip

ur
 

AC 
max 2  3 3 32.80 66.20  2.06 1.03 1.60 316 
min -3  1 1 18.96 14.50  0.00 0.37 1  
mean -0.14  1.69 2.30 26.06 37.64  0.38 0.54 1.20  

 median 0.00  2 2 26.40 37.97  0.32 0.57 1.20  

NV 
max 3  3 3 40.50 82.40  2.84 1.22 2 280 
min -2  1 1 14.10 10.27  0.00 0.31 1  
mean 0.72  1.39 2.34 30.50 46.61  0.79 0.59 1.19  

  median 1  1 2 32 44.40  0.66 0.57 1.20  

C
he

nn
ai

 

AC 
max 3 2 3 3 28.90 80.90 28.90 1.45 1.77 2.10 599 
min -3 1 1 1 22.30 55.30 22.90 0.01 0.38 0.90  
mean -0.12 1.84 1.80 2.45 25.79 66.68 26.06 0.22 0.77 1.22  

 median 0 2 2 2 25.80 65.60 26.10 0.16 0.67 1.10  

NV 
max 3 2 3 3 35.90 58.60 36.70 1.45 1.14  90 
min -1 1 1 1 31.50 34.90 32.10 0.23 0.40   
mean 2.18 1.51 1.24 2.41 34.45 46.94 34.58 0.59 0.54   

  median 3 2 1 3 34.30 48.40 34.45 0.52 0.50   
 
Table 2. Statistical summary of survey responses and physical measurements in all cities and 
conditioning types. 
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Midland 
 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 
max 3 2 3 

 
29.31 62.70 31.16 0.96 1.61 2 4895 

min -3 1 1 
 

20.21 19.12 18.49 0.00 0.31 1 
 avg 0.21 1.73 1.83 

 
23.21 39.78 23.49 0.07 0.63 1.26 

 median 0.00 2 2 
 

23.03 39.60 23.20 0.04 0.62 1.22 
 Table 3. Stats summary of AC offices in Midland, UK. 

 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 
max 3 2 3  31.48 86.57 31.05 0.98 1.67 2 4610 
min -3 1 1  17.66 19.67 18.77 0.00 0.31 1 

 avg 0.82 1.69 1.60  24.22 43.26 24.27 0.07 0.63 1.27 
 median 1 2 1  24.25 42.81 24.24 0.04 0.62 1.23 
 Table 4. Stats summary of NV offices in Midland. 

 

 
Figure 1. Indoor air temperature by thermal sensation for AC and NV offices in Midland. 
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Figure 2. Airspeed by thermal sensation for AC and NV offices in Midland. 
 
 

 
Figure 3. Thermal sensation by indoor air temperature for AC offices in Midland. 
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Figure 4. Thermal sensation by indoor air temperature for NV offices in Midland. 
 

 
Figure 5. Boxplot of clothing insulation values by conditioning type in Midland. 
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San Francisco Bay 
 

 Tsen
s Tacc Tpref Apre

f Tin RH TG Vel Clo Met n 

max 3 2 3 
 

27.5
8 

77.9
5 

27.5
8 0.37 1.94 1.40 673 

min -3 1 1 
 

19.7
9 

49.1
5 

20.2
9 0.00 0.25 1 

 
avg 0.28 1.85 1.77 

 

22.8
9 

61.9
0 

23.1
5 0.10 0.62 1.13 

 
median 0.00 2 2 

 

22.8
0 

61.6
4 

23.0
8 0.10 0.58 1 

 Table 5. Stats summary of AC offices in San Francisco Bay, U.S.. 
 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 

max 3 2 3 3 32.90 77.16 32.40 1.35 1.64 1.40 2047 
min -3 1 1 1 19.20 23.12 19.10 0.00 0.13 1 

 avg 0.38 1.77 1.73 2.36 24.00 47.58 24.02 0.10 0.67 1.20 
 median 0.00 2 2 2 23.80 45.49 23.80 0.05 0.63 1.20 
 Table 6. Stats summary of NV offices in San Francisco Bay. 

 

 
Figure 6. Indoor air temperature by thermal sensation for AC and NV offices in San Francisco. 
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Figure 7. Airspeed by thermal sensation for AC and NV offices in San Francisco Bay. 
 
 

 
Figure 8. Thermal sensation by indoor air temperature for AC offices in San Francisco Bay. 
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Figure 9. Thermal sensation by indoor air temperature for NV offices in San Francisco Bay. 
 

 
Figure 10. Boxplot of clothing insulation values by conditioning type in San Francisco. 
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Melbourne 
 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 
max 3  3  27.00 67.44 30.30 0.38 1.14 1.68 509 
min -3  1  19.40 29.10 19.40 0.01 0.27 0.99  

avg 
0.34  1.81  23.43 43.92 23.75 0.11 0.65 1.16  

median 0.00  2  23.30 43.75 23.60 0.10 0.67 1.13  
Table 7. Stats summary of AC offices in Melbourne, Australia. 
 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 
max 3 2 3 

 
33.20 56.67 33 2.32 1.04 1.98 554 

min -3 1 1 
 

19.20 18.42 19.20 0.02 0.30 0.99 
 avg 0.85 1.74 1.69 

 
24.34 39.25 24.51 0.17 0.65 1.16 

 median 1 2 2 
 

23.35 39.07 23.50 0.12 0.65 1.13 
 Table 8. Stats summary of NV offices in Melbourne. 

 

 
Figure 11. Indoor air temperature by thermal sensation for AC and NV offices in Melbourne. 
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Figure 12. Airspeed by thermal sensation for AC and NV offices in Melbourne. 
 

 
Figure 13. Thermal sensation by indoor air temperature for AC offices in Melbourne. 
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Figure 14. Thermal sensation by indoor air temperature for NV offices in Melbourne. 
 

 
Figure 15. Boxplot of clothing insulation values by conditioning type in Melbourne. 
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Brisbane 
 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 
max 3 

 
3 

 
26.20 71.94 26.70 1 1.36 1.98 561 

min -3 
 

1 
 

19.00 43.34 18.90 0.02 0.26 0.99 
 avg 0.03 

 
1.86 

 
23.76 53.24 23.92 0.15 0.56 1.18 

 median 0.00 
 

2 
 

23.70 52.68 24.10 0.14 0.57 1.13 
 Table 9. Stats summary of AC offices in Brisbane, Australia. 

 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 
max 3 2 3 

 
30.60 100.00 36.60 2.35 0.93 1.78 610 

min -3 1 0.00 
 

24.70 20.90 25.60 0.06 0.26 0.99 
 avg 0.92 1.73 1.37 

 
27.91 57.56 27.89 0.31 0.51 1.17 

 median 1 2 1 
 

27.90 56.78 27.80 0.27 0.52 1.13 
 Table 10. Stats summary of NV offices in Brisbane. 

 

 
 
Figure 16. Indoor air temperature by thermal sensation for AC and NV offices in Brisbane 
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Figure 17. Airspeed by thermal sensation for AC and NV offices in Brisbane. 
 
 

 
Figure 18. Thermal sensation by indoor air temperature for AC offices in Brisbane. 
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Figure 19. Thermal sensation by indoor air temperature for NV offices in Brisbane. 
 

 
Figure 20. Boxplot of clothing insulation values by conditioning type in Brisbane. 
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Bangkok 
 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 
max 3 2 3 

 
26.90 79.30 

 
0.31 1.30 1.10 768 

min -3 1 1 
 

19.50 33.60 
 

0.09 0.00 1.10 
 avg -0.10 1.90 1.70 

 
23.60 59.23 

 
0.12 0.57 1.10 

 median 0.00 2 2 
 

23.50 60.00 
 

0.12 0.56 1.10 
 Table 11. Stats summary of AC offices in Bangkok, Thailand. 

 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 
max 3 2 3  34.20 93.80  2.25 0.79 1.10 390 
min -1 1 1  24.00 58.50  0.09 0.26 1.10  
avg 1.31 1.58 1.25  30.84 73.15  0.32 0.50 1.10  
median 1 2 1  30.80 72.85  0.25 0.51 1.10  
Table 12. Stats summary of NV offices in Bangkok. 
 

 
Figure 21. Indoor air temperature by thermal sensation for AC and NV offices in Bangkok. 
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Figure 22. Airspeed by thermal sensation for AC and NV offices in Bangkok. 
 

 
Figure 23. Thermal sensation by indoor air temperature for AC offices in Bangkok. 
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Figure 24. Thermal sensation by indoor air temperature for NV offices in Bangkok. 
 

 
Figure 25. Boxplot of clothing insulation values by conditioning type in Bangkok. 
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Bangalore 
 

 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 

max 3 2 3 3 29.80 65.10 27.00 0.84 1.15 1.85 194 

min -3 1 1 1 22.10 38.20 22.80 0.02 0.38 1.03  
avg -0.14 1.82 1.96 2.45 24.59 52.54 24.69 0.17 0.71 1.28  
median 0.00 2 2 2 24.70 48.45 24.85 0.11 0.67 1.23  
Table 13. Stats summary of AC offices in Bangalore, India. 
 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 

max 3 2 3 3 31.20 64.80 30.80 1.13 1.13  170 

min -2 1 1 2 26.50 51.60 26.40 0.02 0.38   
avg 0.46 1.72 1.58 2.55 29.01 58.23 28.99 0.28 0.65   
median 0.00 2 2 3 29.00 58.40 29.10 0.23 0.63   
Table 14. Stats summary of NV offices in Bangalore, India. 
 

 
Figure 26. Indoor air temperature by thermal sensation for AC and NV offices in Bangalore. 
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Figure 27. Airspeed by thermal sensation for AC and NV offices in Bangalore. 

 
Figure 28. Thermal sensation by indoor air temperature for AC offices in Bangalore. 
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Figure 29. Thermal sensation by indoor air temperature for NV offices in Bangalore. 
 

 
Figure 30. Boxplot of clothing insulation values by conditioning type in Bangalore. 
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Jaipur  
 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 

max 2  3 3 32.80 66.20  2.06 1.03 1.60 316 

min -3  1 1 18.96 14.50  0.00 0.37 1  
avg -0.14  1.69 2.30 26.06 37.64  0.38 0.54 1.20  
median 0.00  2 2 26.40 37.97  0.32 0.57 1.20  
Table 15. Stats summary of AC offices in Jaipur, India. 
 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 
max 3 

 
3 3 40.50 82.40 

 
2.84 1.22 2 280 

min -2 
 

1 1 14.10 10.27 
 

0.00 0.31 1 
 avg 0.72 

 
1.39 2.34 30.50 46.61 

 
0.79 0.59 1.19 

 median 1 
 

1 2 32 44.40 
 

0.66 0.57 1.20 
 Table 16. Stats summary of NV offices in Jaipur. 

 

 
Figure 31. Indoor air temperature by thermal sensation for AC and NV offices in Jaipur. 
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Figure 32. Airspeed by thermal sensation for AC and NV offices. 
 

 
Figure 33. Thermal sensation by indoor air temperature for AC offices in Jaipur. 
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Figure 34. Thermal sensation by indoor air temperature for NV offices in Jaipur. 
 

 
Figure 35. Boxplot of clothing insulation values by conditioning type in Jaipur. 
  

MS Thesis, Dept. of Architecture, UC Berkeley 2018 www.escholarship.org/uc/item/203955bs



 
 

 53 

 
Chennai 
 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 

max 3 2 3 3 28.90 80.90 28.90 1.45 1.77 2.10 599 

min -3 1 1 1 22.30 55.30 22.90 0.01 0.38 0.90  
avg -0.12 1.84 1.80 2.45 25.79 66.68 26.06 0.22 0.77 1.22  
median 0.00 2 2 2 25.80 65.60 26.10 0.16 0.67 1.10  
Table 17. Stats summary of AC offices in Chennai, India. 
 
 Tsens Tacc Tpref Apref Tin RH TG Vel Clo Met n 
max 3 2 3 3 35.90 58.60 36.70 1.45 1.14  90 
min -1 1 1 1 31.50 34.90 32.10 0.23 0.40   
avg 2.18 1.51 1.24 2.41 34.45 46.94 34.58 0.59 0.54   
median 3 2 1 3 34.30 48.40 34.45 0.52 0.50   Table 18. Stats summary of NV offices in Chennai. 
 
 

 
Figure 36. Indoor air temperature by thermal sensation for AC and NV offices in Chennai. 
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Figure 37. Airspeed by thermal sensation for AC and NV offices in Chennai. 
 

 
Figure 38. Thermal sensation by indoor air temperature for AC offices in Chennai. 
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Figure 39. Thermal sensation by indoor air temperature for NV offices in Chennai. 
 

 
Figure 40. Boxplot of clothing insulation values by conditioning type in Chennai. 
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