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The increasing population in Indian cities is leading to an increased load on the built environment in urban areas 
which is prone to effects such as the reduction of outdoor open spaces and decline of environmental quality. 
In this line, focus on outdoor thermal comfort studies has become an important aspect. The current status of 
outdoor thermal comfort in India and its comparative scenario are not available to researchers. In this paper, a 
critical review is performed on the studies published in the past 10 years, those focused on a built environment 
from micro-scale to macro scale. For the review, 18 papers were finally selected after performing the searches in 
major databases and filtering out irreverent studies. Following this, the shortcomings and gaps are identified and 
the future scope is stated. Most importantly, future studies are necessary to cover missing climatic regions and 
urban areas which are not yet been explored. The review also seeks the focus on the standardization of thermal 
comfort indices and the range of neutral values as per climatic regions. Along with the quantitative studies, a 
qualitative approach is also required in the research. Furthermore, future studies need to include psychological 
aspects such as adaptation and acclimatization. This review is the foremost study of the Indian context. It will act 
as a reference for researchers, architects, planners, and urban designers to improve their knowledge of outdoor 
thermal comfort and understand the gaps that need to be addressed.
1. Introduction

The estimated world population in cities will be 81% by 2030 [19]
whereas, 91% of the population will be in cities of developing countries 
[20]. In India, the annual growth rate of the urban population is 3.35% 
[21], which is vulnerable to the built environment and the change in 
the built morphology of the existing urban areas; also there are cities 
in India that are proposed to be built [22]. This growth is leading to an 
increased load on the built environment in urban areas which is prone 
to effects such as the reduction of outdoor open spaces and decline of 
environmental quality. Urban built form alters the thermal environment 
significantly [23]. One of the concerns related to this is the outdoor 
thermal comfort level. The users tend to stay indoors for most of the 
duration of the day to get refuge from the thermal discomfort [24] that 
also results in the decline in outdoor space use.

The increasing population in the Indian cities is resulting into the 
decline of the open spaces and the increasing issues of outdoor thermal 
comfort. [25] conducted the study at Delhi, India, and found that the 
neighborhoods with high population density have a comparatively low 
proportion of outdoor open spaces. It was also found that the neigh-
borhoods did not match the criteria of WHO and UN for per capita 
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availability of public open spaces. Outdoor thermal comfort is one of 
the major concern at these spaces due to the ambient temperature level 
at the Indian urban areas especially during the summer season.

Traditionally outdoor open spaces India were used for various day 
today activities. The outdoor spaces were not just limited to the circula-
tion paths, playgrounds or any type of recreation activity but extended 
to the social interaction that gave a certain character to the open spaces. 
These activities are getting affected due to the level of outdoor thermal 
comfort. It is vulnerable to the society since the time spent by the user 
at the outdoor spaces is getting declined and the quality of life is getting 
affected.

Thermally comfortable urban open spaces can attract the citizens to 
the outdoors [26–28]. These spaces are important for the physical and 
social well-being of the user [29]. In this regard, an in-depth under-
standing of outdoor thermal comfort is required among the stakeholders 
who can help to improve the quality of open spaces. One needs to under-
stand the interaction between the user, the microclimatic parameters, 
and the built environment.

In this regard, numerous studies related to outdoor thermal com-
fort have been conducted around the world. The studies varied based 
on the scale of the site, climatic regions, use of the thermal comfort 
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Nomenclature

✓ Topic studied
ANOVA Analysis of variance
ANCOVA Analysis of co-variance
ASV Actual sensation vote
𝐶 Convective heat flow
C𝐶 Cloud cover
Cl Clothing value
CFD Computational Fluid Dynamics
𝐷 Globe diameter
𝑑 Index of agreement
𝐸𝐷 Latent heat flow to evaporate water into water vapor dif-

fusing through the skin
DI Discomfort index
𝑒 Globe emissivity
𝐸𝑅𝑒 Sum of heat flows for heating and humidifying the inspired 

air
HSV Humidity sensation vote
HSD Honest significant difference
H/W Height to width ratio
K↓ Short-wave radiant flux density from the upper hemi-

sphere
K↑ Short-wave radiant flux density from the lower hemi-

sphere
L↓ Long-wave radiant flux density from the upper hemisphere
L↑ Long-wave radiant flux density from the lower hemisphere
LCZ Local climatic zone
LST Land surface temperature
𝑀 Metabolic rate
𝑁∕𝐴 Data not available
𝑁𝑆 Not studied
OP Operative temperature
PET Physiological equivalent temperature

PMV Predicted mean vote
𝑅 Net radiation of the body
RMSE Root mean square error
Rℎ Relative humidity
R2 Coefficient of determination
𝑟 Correlation coefficient
𝑆 Storage heat flow for heating or cooling the body mass.
SET Standard effective temperature
OUT-SET Outdoor standard effective temperature
SPSS Statistical Package for the Social Sciences
SSV Sun sensation vote
SVF Sky view factor
𝐸𝑆𝑊 Heat flow due to evaporation of sweat
T𝑎 Air temperature
T𝑔 Globe temperature
T𝑠 Surface temperature
THI Temperature humidity index
T𝑚𝑟𝑡 Mean radiant temperature
TSV Thermal sensation vote
TC Thermal comfort
TCPS Thermal comfort perception survey
mTSV Mean thermal sensation vote
𝑇𝑊 Wet bulb temperature
UT Union Territory
UTCI Universal thermal climate index
V𝑎 Wind speed
𝑊 Physical work output
WBGT Wet bulb globe temperature
WSV Wind sensation vote
N30°E Orientation aligned at an angle 30° from North
N60°E Orientation aligned at an angle 60° from North

Table 1

Studies selected for the review.

Study Title

[1] Evaluating outdoor thermal comfort in urban open spaces in a humid subtropical climate: Chandigarh, India.
[2] Evaluating outdoor thermal comfort in “Haats” – The open-air markets in a humid subtropical region.
[3] Assessing outdoor thermal comfort conditions at an urban park during summer in the hot semi-arid region of India.
[4] Assessing The Thermal Comfort Conditions In Open Spaces: A Transversal Field Survey On The University Campus In India.
[5] Evaluating the role of the albedo of material and vegetation scenarios along the urban street canyon for improving pedestrian thermal comfort outdoors.
[6] Impact of building regulations on the perceived outdoor thermal comfort in the mixed-use neighborhood of Chennai.
[7] Urban heat island intensity and evaluation of outdoor thermal comfort in Chennai, India.
[8] Exploring the pattern of outdoor thermal comfort (OTC) in a tropical planning region of eastern India during summer.
[9] Outdoor thermal comfort in different settings of a tropical planning region: A study on Sriniketan-Santiniketan Planning Area (SSPA), Eastern India.
[10] Outdoor thermal comfort in various micro-entrepreneurial settings in hot humid tropical Kolkata: Human biometeorological assessment of objective and 

subjective parameters.
[11] Quantitative outdoor thermal comfort assessment of street: A case in a warm and humid climate of India.
[12] Semantics of outdoor thermal comfort in religious squares of composite climate: New Delhi, India.
[13] Assessing outdoor thermal comfort of English Bazar Municipality and its surrounding, West Bengal, India.
[14] Thermal comfort in urban open spaces: Objective assessment and subjective perception study in the tropical city of Bhopal, India.
[15] Optimizing Street Canyon Orientation for Rajarhat Newtown, Kolkata, India.
[16] Role of Built Environment on Factors Affecting Outdoor Thermal Comfort - A Case of T. Nagar, Chennai, India.
[17] Impact of urban morphology on microclimatic conditions and outdoor thermal comfort – A study in a mixed residential neighborhood of Chennai, India.
[18] Study on the Microclimatic Conditions and Thermal Comfort in an Institutional Campus in Hot Humid Climate.
index, method of evaluation, etc. The majority of the studies were car-
ried out during the daytime since the questionnaire responses can be 
achieved when people are awake and using outdoor space [30]. The 
studies [31–34] performed the climatic study at a regional scale, on 
the other hand, studies [35,11] are conducted on a single street for a 
much smaller area. Studies have been performed under numerous cli-
matic zones. Those studies referred to the Koppen climate classification 
2

whereas Indian studies have the option to refer to their classification 
in the climatic zones of India. Studies are mostly focused on a sin-
gle climatic zone. But, there are studies [36,37] which performed the 
cross-climatic analysis. Most of the outdoor thermal comfort studies 
are based on on-site studies. The scale of such sites varied based on 
the scope of the studies. Some studies [38,39] compared two or more 
neighborhoods to have a comparative understanding or studied [40] a 
single street or open space in depth to evaluate the thermal comfort 

level and impact of enclosing built masses. The majority of the stud-
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Table 2

Summary of the studies.

Study Year Published in Journal City (State) Climatic region Season studied

[1] 2022 Building and Environment Chandigarh (UT) Composite Summer and winter
[2] 2021 Building and Environment New Delhi (UT) Composite Summer
[3] 2021 Materials today: proceedings Sofidon (Haryana) Composite summer
[4] 2021 International journal of built environment and sustainability Sonepat (Haryana) Composite Winter
[5] 2021 Urban Climate Roorkee (Uttarakhand) Composite Summer
[6] 2021 Frontiers of Architectural Research Chennai (Tamil Nadu) Warm-humid Summer
[7] 2021 Environment, Development and Sustainability Chennai (Tamil Nadu) Warm-humid Summer and winter
[8] 2020 Urban climate Sriniketan-Santiniketan (West Bengal) Warm-humid Summer
[9] 2020 Sustainable Cities and Society Chotanagpur (Jharkhand) Warm-humid Summer and winter
[10] 2020 Science of the Total Environment Kolkata (West Bengal) Warm-humid Summer and winter
[11] 2020 Urban Climate Vijayawada (Andhra Pradesh) Warm-humid Summer and winter
[12] 2019 International Journal of Biometeorology New Delhi (UT) Composite Summer
[13] 2019 Advances in Space Research English bazar (West Bengal) Warm-humid Summer, winter and post monsoon
[14] 2017 Urban climate Bhopal (Madhya Pradesh) Composite Summer
[15] 2017 Environmental and Climate Technologies Kolkata (West Bengal) Warm-humid Summer
[16] 2016 Indian Journal of Science and Technology Chennai (Tamil Nadu) Warm-humid Winter
[17] 2015 ICUC9 Conference Chennai (Tamil Nadu) Warm-humid Summer
[18] 2014 30th Plea Conference Chennai (Tamil Nadu) Warm-humid Summer
ies focused on physical or geometrical parameters, for example, studies 
[41–43] used H/W ratio, SVF, and orientation to define the morpholog-
ical character of the site and studied their impact on thermal comfort. 
Although numerous studies are focused on outdoor thermal comfort, 
these studies vary in terms of the focus. The studies either focus on the 
estimation of thermal neutrality, the existing thermal state, or the ef-
fect of physical and climatic parameters on the thermal comfort level. 
The studies are also focused on optimization [44,45] of urban form to 
achieve better thermal comfort levels. Various tools and techniques are 
being used to evaluate outdoor thermal comfort. Studies [46–48] used 
a CFD simulation technique to investigate the complex fluid flow pat-
terns in urban thermal environments. Whereas, in the past few years 
studies used ENVI-met simulations steady-state analysis.

Due to the complexity and number of aspects involved in the out-
door thermal comfort studies, several researchers [49,30,50,51] around 
the world have performed review studies on the topic of outdoor ther-
mal comfort. Shooshtarian et al. [52] conducted a critical review to 
examine the quality of thermal comfort assessment in Australia’s cities 
whereas, Dunjic [53] reviewed the outdoor thermal comfort research 
in urban areas of 11 countries of Central and Southeast Europe in 
the past decade (2010-2019). Dissanayake and Weerasinghe [54], and 
Baruti et al. [55] reviewed the outdoor thermal comfort in warm humid 
climates. These studies are focused on the regions based on specific ter-
ritories and climatic zones to better assess the thermal comfort scenario 
and to identify the gaps. Some reviews are also focused on the assess-
ment methods, comfort parameters [56], numerical models [57] etc. 
The only review study in the Indian context by Kumar [58] performed 
meta-data analysis for the subject’s thermal adaptation in various in-
door environments.

The advancements in the outdoor thermal comfort studies world-
wide have been done since decades. Since the 1970s, a series of thermal 
comfort models based on people’s thermal sensation to environment 
have been developed [59]. Past 10 years research in outdoor thermal 
comfort in Indian context has gained momentum. The topic of research 
at Indian context is comparatively new an not yet explored in depth. For 
this reason, it is necessary to look into the current status of the Indian 
studies.

The topic of outdoor thermal comfort is vast, diverse, and multi-
faceted. Its scale varies from immediate outdoor spaces to buildings to 
the issues such as climate change and heat island effects. Since the re-
view seeks the human involvement and related parameters, the study 
is limited to the outdoor open spaces ranging from the immediate open 
space to the buildings to the neighborhood scale. The broader scales 
such as climate change and urban heat island effect studies are not in-
volved since those are not based on the human involvement and the 
3

effect of the specific entity of the built environment can not be visual-
ized. Basically, the review is about the interaction of user- climate- built 
environment.

Due to the rising population in the Indian cities urbanization has 
taken a rapid pace, outdoor space use has been affected due to issues 
linked to the climate. But there seems to be missing attention by the re-
searchers in most of the cities and their thermal comfort status. There 
are also the parameters that need necessary attention such as the stan-
dardized range of thermal comfort, mode or the index of its evaluation, 
etc. To give attention to the issues in Indian urban areas, it is necessary 
to see the gaps in the current research.

The current status of outdoor thermal comfort in India and its com-
parative scenario are not available for researchers in the field of thermal 
comfort. For this reason, in this paper, a critical review is performed, 
with the objectives broadly concerning the focus, type of built envi-
ronments studied, thermal comfort indices used, parameters evaluated, 
thermal sensation scales used, and the results obtained by the studies. 
The review is focused on a micro-scale (single location such as a plaza or 
a street) to a macro-scale (two or more locations within an urban area). 
Studies that are concerned about the subjective and objective thermal 
comfort level that have used thermal indices are only considered for 
the review. The study is performed comparatively. Following this, the 
shortcomings and gaps are identified and the future scope is stated.

2. Materials and methods

2.1. Search procedure

The review is based on 18 research papers. The following procedure 
was followed to select appropriate studies for the review.

The search process was conducted multiple times; before writing the 
review, after completing the writing part to check if new papers have 
been published in between, and before submitting the manuscript to the 
journal.

As per the study by Falagas et al. [60], commonly used databases are 
Pubmed, Google Scholar, Scopus, and Web of Science. These databases 
were searched in this review. Publishers’ websites such as Taylor and 
Francis, SAGE Publications, MDPI, Springer, Hindawi, Wiley, and Emer-
ald were also searched. Other databases such as “Copernicus” were also 
searched but it did not result in any thermal comfort study from India. 
The Keywords used were “thermal comfort”, “thermal perception”, “ur-
ban thermal comfort”, “outdoor thermal comfort”, and “thermal com-
fort in India”. The search was not limited to outdoor thermal comfort, 
since it is possible that the titles used related aspects such as affecting 
parameters, effect on the sensation, etc. For this reason, more keywords 

were used such as “urban canyon”, “street”, PET, “T𝑚𝑟𝑡”, etc. The deci-
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Table 3

Output of the search process.

Database/ Platform Step 1- Search result of 
Indian studies

Step 2- Studies focused on 
outdoor environment

Step 3- Relevant studies 
obtained

Science Direct 112 42 11
Reasearchgate 68 26 9
Google Scholar 156 36 15
Semantic scholar 83 39 8
Pubmed 5 2 2
Taylor and Francis 5 0 0
Springer Nature 35 6 2

Total no. of selected articles 47

Finally selected articles after removing duplicates 18
Fig. 1. Site locations concerning climatic zones of India.

sion to include thermal indices PET and T𝑚𝑟𝑡 is due to the commonly 
used indices in thermal comfort studies.

The search used the typical syntax with standard boolean: “Outdoor 
AND Thermal comfort AND India”, “Thermal comfort AND India”, “Hu-
man AND Thermal comfort”, “Outdoor thermal comfort” OR “Outdoor 
microclimate” and “User AND Thermal comfort”. The search resulted in 
original journal articles, review articles, conference papers, and a Ph.D. 
thesis. Table 3 shows the broader steps involved in the search, filtration, 
and output in terms of the number of articles.

Screening and filtration were performed manually by reading the ti-
tles and abstracts to check whether the articles are in the scope of the 
review. Some studies focused on the climatic aspects at the meso scale 
to macro scale are excluded from the review. For example, [61] investi-
gated the climate change impact and thermal comfort zones in semi-arid 
regions of Andhra Pradesh with the use of the Land Surface Tempera-
ture (LST) and Normalized Difference Built-up Index (NDBI). The study 
is not relevant to the review since it talks about climate change, a long-
term phenomenon that occurs at the regional scale. Also, the study does 
not talk about human interference and the parameters linked to it. Some 
studies are conducted at an urban scale and involve people/users/re-
spondents, still, they are not qualified for the review since they focused 
on the areas such as indoor activities. For example, [62] investigated 
summertime thermal comfort at residences of elderly people. The study 
is not relevant to this review because it has investigated indoor thermal 
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comfort, and it is only focused on elderly people. Another study [63]
that focused on a specific activity, and assessed the outdoor thermal 
comfort conditions of exercising people, was excluded.

The selection criteria are based on the limitation of this review: 
1) The studies conducted at outdoor open spaces in India, 2) Stud-
ies conducted user surveys, 3) Addressed the issues of outdoor open 
spaces within the urban limit, 4) Considered the interaction of the user-
climate- built environment. 5) Articles published in the past ten years.

To ensure all the relevant articles are gathered, at “Google” (www .
google .com), one more method was used in which keywords were used 
with the extensions such as .pdf, .ppt, .docx, etc. For example, to find 
the available research in pdf format the search query was put as “Ther-
mal comfort in India .pdf”. The search query was repeated with a few 
more related keywords. The method also helped to search for any un-
published work, grey literature, notes, etc. Attempts were also made 
to search for unpublished works on digital platforms such as Scribd 
(www .scribd .com) and Academia (www .academia .edu). The search did 
not result in any relevant articles. The articles obtained through this 
method were the repeated results of previous stage searches and no 
fresh article was found. The authors did not find any article which is 
relevant for the review but not accessible. 18 articles were finally se-
lected for the review (Table 1). Table 2 gives the summary of those 
studies.

2.2. Data extraction and classification

The finally selected studies were first gathered into the “Mendeley” 
which is a referencing application, that also helps to organize and sort 
the articles. The initial analysis was conducted using Microsoft Excel in 
which the data was classified into a number of tables. For example, in 
Table 6, the data extracted is arranged as the target population, sample 
size, and thermal parameters evaluated. The extract that was put in the 
tables helped to organize the data and to make sure the valuable infor-
mation is not missed out. The results are organized into ten subsections. 
This number obtained due to the data extracted from the studies could 
be organized into these ten subsections, and there is no other idea that 
defines the specific number of subsections. The whole process was con-
ducted manually and no other analytical method or software was used 
since the number of articles is limited to 18 only.

3. Results and discussion

3.1. The focus of the reviewed studies

Although Koppen climate classification [64,65] is one of the most 
widely used climate classification systems in the world, Indian studies 
tend to follow the Indian classification of climates that is the ‘climatic 
zones of India’ [66]. In this review, all the climatic zones are mentioned 
in terms of the climatic zones of India for ease of understanding. Studies 
have been conducted in ten cities from two climatic zones (composite, 
and warm and humid) whereas the remaining three climatic zones (hot 

and dry, temperate, and cold) are not yet studied. Fig. 1 shows the 
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climatic zones of India with pointers showing the sites of the studies 
conducted.

Studies by Manavvi and Rajasekar [1] and Ali and Patnaik [14]
evaluated thermal comfort levels at three different urban typologies: 
waterfront, green, and built open space to evaluate the biometeoro-
logical index PET at composite climate. The study by Manavvi and 
Rajasekar [2] evaluated the outdoor thermal comfort level at two “Haat-
s” (open-air markets) in New Delhi. One more study [12] conducted in 
New Delhi evaluated outdoor thermal comfort at two religious squares. 
Kumar and Sharma [3] assessed the outdoor thermal comfort level by 
evaluating UTCI, PET, and WBGT at a public park in Sofison, Haryana. 
Another study by Kumar and Sharma [4] at Haryana focused on the 
university campus of DCRUST University to evaluate the neutral range 
of PET. Mohammad et al. [5] focused on the albedo of materials and 
vegetation along the urban canyon at Roorkee, Uttarakhand for the 
improvement of pedestrian thermal comfort level. It is the only study 
on the composite climate of India that focuses on the contribution of 
parameters such as materials and vegetation on the effect of thermal 
comfort level. In contrast, the rest of the studies (Table 4) focused on 
the evaluation of the thermal comfort level in various urban neighbor-
hoods and typologies.

Amongst the studies conducted in warm and humid climates were 
studies conducted in Chennai [6,7,16–18], and West Bengal [8–10,13,
15], whereas Deevi and Chundeli [11] conducted the study at Vijay-
wada. Among the studies from West Bengal, Das and Das [8] identified 
the variety of subjective and objective thermal sensations across the 
LCZs to evaluate PET whereas Das et al. [9] worked on similar aspects 
with similar LCZs to evaluate UTCI and THI. Bhaskar and Mukher-
jee [15] examined the influence of canyon orientation by generating 
the scenarios of canyon orientations with 15° increments. Optimum ori-
entation was found by comparing various thermal parameters for all 
the explored orientations. Banerjee et al. [10] collected the data for 
summer and winter to understand the seasonal variations in outdoor 
thermal comfort in various neighborhoods and calculate the neutral 
temperature. Ziaul and Pal [13] analyzed the Spatiotemporal conditions 
by using DI and PET and evaluated the thermal comfort conditions for 
various seasons. Deevi and Chundeli [11] conducted the study at Vi-
jayawada and investigated the factors (SVF and H/W ratio) influencing 
the thermal comfort level at an urban canyon. Studies by Amirtham 
et al. [18] and Amirtham et al. [17] investigated the influence of ge-
ometrical and morphological parameter SVF, building materials, and 
green cover on PET in Chennai during the summer season. Another 
study conducted in the built environment of Chennai by Horrison and 
Amirtham [16], analyzed the spatial variation of T𝑎 and Rℎ during the 
winter season.

3.2. Study of built environment

Studies have classified the built environments based on land use, 
density, morphology, geometry, LCZs, streets, and marketplaces (Ta-
ble 4). LCZ (local climatic zone) classification is proposed by Stewart 
and Oke [67], which provides a research framework for urban heat 
island studies and standardizes the worldwide exchange of urban tem-
perature observations. This classification is based on the density of the 
built mass, the height of buildings, land cover, and vegetation. Some 
of the reviewed studies Rajan and Amirtham [6], Das and Das [8], Das 
et al. [9] used LCZ classification for differentiating the urban densities 
in their studies. Ziaul and Pal [13] classified built environments based 
on varying densities: Open mid rise, Compact low rise, and Open low 
rise densities which are similar to LCZ classification. Similarly, Baner-
jee et al. [10], and Amirtham et al. [17] also studied varying densities 
of the built environment.

LCZ classification just allows a basic assessment of the local cli-
mate and its accuracy is limited [68]. It can provide a valuable input 
for meso-scale models, but its reliability at the micro- scale is not yet 
5

tested. It is not a popular index in the Indian context. A review study 
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[69] found that more than half of the published studies on LCZ are in 
Chinese cities. The study also highlights that the LCZ classification is 
more applicable to the UHI and climate change studies rather than the 
micro-climate studies.

Studies conducted in warm and humid climates by Manavvi and 
Rajasekar [1] and Ali and Patnaik [14] compared and evaluated the 
outdoor thermal comfort level in three different urban settings: Green 
space, waterfront, and plaza. Both studies considered vegetation present 
on the site. Canopy cover is the area of the ground covered by a ver-
tical projection of the canopy, while canopy closure or canopy density 
is the proportion of the sky hemisphere obscured by vegetation when 
viewed from a single point [70]. Canopy cover is used by Manavvi and 
Rajasekar [1] whereas canopy density (recorded using spherical den-
siometer) is used by Ali and Patnaik [14]. Studies at New Delhi [2,12]
evaluated thermal comfort by comparing urban squares, few studies 
[4,18] are performed in the educational campuses, whereas some stud-
ies [5,7,11,15,16] are focused on urban streets.

The commonly studied physical parameters are H/W and SVF along 
with orientation to understand the built morphology of their study ar-
eas. These parameters represent the geometrical aspects of the built 
environment. Several studies (Table 4) used SVF and H/W ratios in 
their studies. The traditional way of acquiring the SVF is taking a 180° 
fish-eye photograph of the surrounding area [71,72]. Besides taking 
photographs, Rayman [73] is the software tool that is commonly used. 
Chen et al. [74] concluded that the SVF is a useful and effective tool 
for planners and urban climatologists conducting studies in sub-tropical 
cities. The H/W ratio or aspect ratio is another commonly used method 
to understand and evaluate the built geometry. It is calculated by tak-
ing the ratio of the average height of the buildings surrounding the open 
space to the width of the open space. Orientation of buildings or open 
spaces is also considered in the studies. Bhaskar and Mukherjee [15]
explored the seven alternative orientations of the street with a 15° in-
crement to arrive at the appropriate street orientation for the optimum 
thermal comfort level.

SVF can be used to correlate thermal parameters at the micro scale 
as well as macro scale studies such as UHI [40,75]. There has been a mix 
opinion about which parameters defining the physical configuration is 
better among H/W ratio and SVF. Deevi and Chundeli [11] preferred 
SVF over H/W ratio. Whereas it is observed that the most of the studies 
where the linear configuration of open spaces such as streets is studied, 
the H/W ratio is given the preference. It can be said that the open spaces 
which are primarily enclosed from two opposite directions can use the 
H/W ratio.

It is observed that the orientation of the built masses plays a vital 
role along with the H/W ratio or SVF. The built environments with sim-
ilar values of SVF can have variations in the enclosing physical entities 
along with their orientation, due to which variation in the thermal en-
vironment may occur. Several studies [76] have encountered this point 
in which the orientation plays a vital role for the built environments 
having similar SVFs.

Other than physical/geometrical parameters, the studies have also 
differentiated the built morphologies in terms of materials [5,18]. The 
studies [3,4,8,9] made the thermal comfort evaluation based on the 
field survey by evaluating the subjective and objective parameters; 
these studies did not focus on the physical parameters of the built envi-
ronment.

3.3. Micro meteorological measurements

On-site micrometeorological measurements can be used directly for 
thermal analysis, as an input for the calculation of T𝑚𝑟𝑡, or as an input 
for ENVI-met. These measurements are also used to validate the simu-
lation outcome. T𝑎 (°C), Rℎ (%), V𝑎 (m/s), and T𝑔 (°C) are commonly 
measured indices on site (Table 5).

The globe temperature (T𝑔) is indicated by a temperature sensor 

placed in the center of a globe. It is measured by a globe thermometer 
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Table 4

Built environment classification with physical parameters.

Study Built environment Physical/ Geometrical parameters

[1] Plaza, green and waterfront SVF, percentage of tree cover
[2] The open air markets at 2 locations SVF, frequency of shade
[3] City park -𝑁𝑆-
[4] University campus of DCRUST -𝑁𝑆-
[5] Single linear street SVF
[6] Various morphologies defined with LCZs SVF, H/W
[7] Streets and open spaces SVF
[8] Various morphologies defined with LCZs -𝑁𝑆-
[9] Various morphologies defined with LCZs -𝑁𝑆-
[10] Various morphologies of varying heights SVF, H/W
[11] Street with varying building heights SVF, H/W, and orientation
[12] two religious squares. SVF
[13] Morphologies of varying densities Open mid rise, compact low rise and open low rise
[14] Parks, lakefronts, open spaces Tree canopy density
[15] Street orientations Seven alternative orientations with 15° increment
[16] Streets and open spaces within the neighborhood H/W, SVF, built density, and orientation
[17] Various morphologies H/W, SVF, built density
[18] University campus of Satyabhama University SVF, H/W, green cover, and orientation
developed by Vernon [77] that measures the combined effect of radiant 
heat, air temperature, and wind speed [78,79]. T𝑔 along with T𝑎 and 
V𝑎 is used for the calculation of T𝑚𝑟𝑡. Studies [5–7,15] used measured 
T𝑎 for the validation of the simulation outcome.

Some studies preferred one or two more indices other than com-
monly measured indices to help evaluate thermal comfort. Li and 
Becker [80] suggested that knowledge of the LST is necessary for envi-
ronmental studies. It is one of the key parameters for the understanding 
of energy fluxes between the atmosphere and the ground [81]. Man-
avvi and Rajasekar [1], and Manavvi and Rajasekar [2] measured the 
incoming and outgoing short wave (K↓, K↑) and long wave (L↓ and L↑) 
radiant flux densities. Many studies evaluated these indices with the 
help of ENVI-met simulations. WBGT is a heat stress index and its value 
represents the thermal environment to which an individual is exposed 
[82]. The standard also recommends it as a screening method to es-
tablish the presence or absence of heat stress. Kumar and Sharma [3]
measured WBGT (°C) with a WBGT meter and evaluated the range of 
neutral values.

The instruments placed on the site have to be placed as per certain 
protocols. Studies [3,10,11,8,9] preferred 1.1 m as suggested by previ-
ous studies [83–86] which is also in accordance with standards [87]. 
Some studies [1,2,12] preferred 1.2 m height as suggested in the study 
by [88], whereas [5] preferred 1.5 m height. In rare cases, studies used 
different heights due to site-specific challenges as can be seen in the 
study by Rajan and Amirtham [7] which used 2.5 m as the height for 
the placement of the instruments.

3.4. Use of software and its validation

Commonly used software among the revied studies is Rayman [89]
and ENVI-met [90]. Only Deevi and Chundeli [11] used Ecotect for 
developing shadow patterns. Rayman is commonly used for the calcu-
lation of T𝑚𝑟𝑡 and PET, whereas most of the climatic indices can be 
simulated using ENVI-met. Reviewed studies also used ENVI-met for 
simulating the T𝑚𝑟𝑡 and PET (Table 5). Most of the studies preferred 
Rayman over ENVI-met. There are no studies that compare the out-
put of Rayman and ENVI-met. The possible reason for the inclination 
towards the Rayman can be because of its open-source availability, 
whereas ENVI-met has a grid limitation of 50 * 50 cells for free users, 
and tools for bioclimatic indices such as PET and UTCI are available 
only for paid users. To calculate PET in Rayman, T𝑎, Rℎ, V𝑎, T𝑚𝑟𝑡, and 
personal characteristics are used. Several studies [91] found that ENVI-
met is a more suitable tool for thermal comfort studies than Rayman.

Numerical models such as ENVI-met need to be validated before 
their results can be considered reliable and used for the analysis. Ear-
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lier studies [92,93] analyzed the performance of the ENVI-met model. 
Studies [94] have tried to understand the effectiveness of the ENVI-
met tool for outdoor thermal comfort studies. The study also suggested 
the procedure to perform simulations in Envi-met. [95] conducted the 
validation study for ENVI-met. All of the reviewed studies which used 
ENVI-met simulations validated the results with on-site measurements. 
Rajan and Amirtham [6] and Rajan and Amirtham [7] performed vali-
dation with linear regression (R2) between observed and simulated T𝑎. 
To improve the accuracy of the validation Willmott [96] suggested root 
mean square error (RMSE) and index of agreement (𝑑) to determine the 
model performance. Bhaskar and Mukherjee [15] used R2, RMSE and 𝑑
to validate simulated T𝑎 with observed T𝑎. Mohammad et al. [5] per-
formed validation with R2 for T𝑎, V𝑎, Rℎ, and T𝑚𝑟𝑡. The outcome of 
validation for accepted values is shown in Table 5.

3.5. Thermal comfort indices

Thermal comfort indices were developed based on single-node, two-
node, and multi-node models. A single node is based on the heat balance 
equation, calculated using six basic parameters, T𝑎, Rℎ, V𝑎, T𝑚𝑟𝑡, Cl, and 
metabolic rate. Two models include the effect of skin temperature and 
core temperature on heat balance. In the multi-node model, the whole 
human body was divided into many sections to consider the effect of 
skin temperature, core temperature, and rate of change of skin temper-
ature on heat balance.

Numerous indices have been used for the evaluation of thermal 
comfort. It is observed that these indices get affected differently due 
to climatic and non-climatic parameters. for example, T𝑚𝑟𝑡 is affected 
greatly by solar radiation whereas PET gets affected due to wind speed; 
for this reason, it is beneficial to use two or more indices in a single 
study so that the effect from various entities of the built environment 
can be accommodated in the study. It is observed that Indian studies 
have used more than two indices together for thermal comfort evalua-
tion.

Number of multi-node models have been developed since last five 
decades [97]. The indices explained in the subsequent sections are the 
commonly used indices in the reviewed studies.

3.5.1. Physiological equivalent temperature (PET)

To date, various thermal comfort indices have been used. Potchter 
et al. [98] summarised the indices used in 117 studies from 2001 to 
2017. Having a suitable model for the evaluation of thermal comfort 
is an important aspect. In this review, it can be seen that most of the 
studies used PET as a primary index and other indices to support the 
evaluation. Other review studies [52,88] also found that the PET is the 

widely used index to evaluate the thermal comfort of users.
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Table 5

Micrometeorological measurements, software used, and indices evaluated.

Study Micrometeorological measurements Software used Indices evaluated Validation

[1] T𝑎, Rℎ, V𝑎, T𝑔 , T𝑠, K↓, K↑, L↓, L↑ Rayman T𝑚𝑟𝑡, PET -𝑁𝑆-
[2] T𝑎, Rℎ, V𝑎, T𝑔 , K↓, K↑, L↓, L↑ Rayman T𝑚𝑟𝑡, PET -𝑁𝑆-
[3] T𝑎, Rℎ, V𝑎, T𝑔 , WBGT Rayman UTCI, PET, WBGT -𝑁𝑆-
[4] T𝑎, Rℎ, V𝑎 Rayman PET -𝑁𝑆-
[5] T𝑎, Rℎ, V𝑎, T𝑔 , and T𝑠 Rayman, ENVI-met T𝑚𝑟𝑡, PET R2= 0.80 to 0.93
[6] T𝑎, Rℎ ENVI-met T𝑚𝑟𝑡, PET R2= 0.65 to 0.71
[7] T𝑎, Rℎ ENVI-met T𝑚𝑟𝑡, PET R2= 0.51 to 0.91
[8] T𝑎, Rℎ, V𝑎, LST -𝑁𝑆- UTCI,THI -𝑁𝑆-
[9] T𝑎, Rℎ, V𝑎, LST -𝑁𝑆- PET, SET, DI -𝑁𝑆-
[10] T𝑎, Rℎ, V𝑎, T𝑔 , Rayman PET -𝑁𝑆-
[11] T𝑎, Rℎ, V𝑎 Ecotect, Rayman PET -𝑁𝑆-
[12] T𝑎, Rℎ, V𝑎, T𝑔 , Rayman PET, UTCI, T𝑚𝑟𝑡 -𝑁𝑆-
[13] T𝑎, Rℎ, V𝑎 Rayman DI, PET, PMV, T𝑚𝑟𝑡 -𝑁𝑆-
[14] T𝑎, Rℎ, V𝑎, T𝑔 , C𝑐 Rayman PET -𝑁𝑆-
[15] T𝑎, V𝑎 ENVI-met T𝑚𝑟𝑡, PET R2= 0.97, RMSE= 0.411 °C, 𝑑= 0.995
[16] T𝑎, Rℎ Rayman T𝑎, Rℎ -𝑁𝑆-
[17] T𝑎, Rℎ, V𝑎, T𝑔 Rayman T𝑚𝑟𝑡, PET -𝑁𝑆-
[18] T𝑎, Rℎ, V𝑎, T𝑔 Rayman PET -𝑁𝑆-
In this review paper, 16 out of 18 studies used PET for the evaluation 
of thermal comfort, which indicates the reliability and importance of 
the index in the field of thermal comfort. PET was introduced by [83]. 
It is based on a two-node Munich energy balance model [99,100]. The 
heat balance of PET is given by equation (1).

𝑀 +𝑊 +𝑅+𝐶 +𝐸𝐷 +𝐸𝑅𝑒 +𝐸𝑆𝑊 +𝑆 = 0 (1)

3.5.2. Mean radiant temperature (T𝑚𝑟𝑡)

Out of reviewed studies, seven studies have used the T𝑚𝑟𝑡 index. It is 
best suited for the evaluation of daytime thermal comfort since T𝑚𝑟𝑡 val-
ues do not fluctuate in the absence of sunlight [78]. There are various 
methods to determine the T𝑚𝑟𝑡 [101]. Studies Rajan and Amirtham [6], 
Ziaul and Pal [13], and Perera and Weerasekara [102] achieved T𝑚𝑟𝑡

from the simulation outputs. T𝑚𝑟𝑡 is recommended by ISO 7726: 1998 
[103] and given by equations (2), (3) and (4). These equations are 
useful when a globe thermometer is used and combined with measure-
ments of T𝑎 and V𝑎. Equation (3) is used by Banerjee et al. [10] for the 
calculation using measured Tg with an emissivity of 0.95 and a globe di-
ameter of 120 mm, whereas equation (4) is used by Ali and Patnaik [14]
for the calculation using 40 mm globe thermometer. There are several 
other equations developed by the researchers. The equations vary due to 
the globe’s mean convection coefficient (For example 3.42 ∗ 109𝑉 𝑎0.119

is a mean convection coefficient in the case of equation (2)). Equation 
(4) is a simplified equation where a mean convection coefficient and 
globe emissivity are kept constant.

𝑇𝑚𝑟𝑡 =
[
(𝑇 𝑔 + 273)4 + 3.42 ∗ 109𝑉 𝑎0.119

𝑒𝐷0.4 ∗ (𝑇 𝑔 − 𝑇 𝑎)
]0.25

− 273.15 (2)

𝑇𝑚𝑟𝑡 =
[
(𝑇 𝑔 + 273)4 + 1.1 ∗ 108𝑉 𝑎0.6

𝑒𝐷0.4 ∗ (𝑇 𝑔 − 𝑇 𝑎)
]0.25

− 273.15 (3)

𝑇𝑚𝑟𝑡 = 𝑇 𝑔 + 273 ∗ 𝑉 𝑎0.5 ∗ (𝑇 𝑔 − 𝑇 𝑎) (4)

3.5.3. Universal thermal climate index (UTCI)

The UTCI is defined as the air temperature of the reference condi-
tion causing the same model response as actual conditions [104]. It is 
based on Fiala’s [105] advanced multinode model. The index provides 
an assessment of the outdoor thermal environment. Several studies 
[106,107] around the world validated the index.

UTCI is very sensitive to changes in temperature, solar radiation, 
wind, and humidity. [108] found the effect of direct solar radiation 
on UTCI. It depicts temporal variability of thermal conditions better 
than other indices [109,97]. It can be computed using the software 
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developed by Brode et al. [110]. It can also be evaluated with the 
equation (5). Kumar and Sharma [3], Das and Das [8], Manavvi and 
Rajasekar [12] used UTCI in their studies.

𝑈𝑇𝐶𝐼 = 𝑓 (𝑇 𝑎;𝑇𝑚𝑟𝑡;𝑉 𝑎;𝑅ℎ) (5)

According to Blazejczyk et al. [109], the present indices express 
bioclimatic conditions reasonably only under specific meteorological 
situations, while the UTCI represents specific climates, weather, and lo-
cations much better. Also, according to the study, similar to the human 
body, the UTCI is very sensitive to changes in ambient stimuli: temper-
ature (Ta and Tmrt), solar radiation, wind, and humidity. UTCI depicts 
the temporal variability of thermal conditions better than other indices.

3.5.4. Temperature humidity index (THI)

THI is a measure of the reaction of the human body to a combi-
nation of heat and humidity [111,112]. According to Eludoyin and 
Adelekan [113], and Eludoyin [114] for tropical climates, THI is the 
most relevant thermal comfort index. It is evaluated with the equation 
(6). Das and Das [8] used THI along with UTCI for warm and humid 
West Bengal.

𝑇𝐻𝐼 = 0.8 ∗ 𝑇 𝑎+ (𝑅ℎ ∗ 𝑇 𝑎)∕500 (6)

3.5.5. Discomfort index (DI)

DI is a physiological thermal stress indicator that was developed by 
Thom [111]. It is based on the T𝑎 and Rℎ and evaluated with equation 
(7). Das et al. [9] and Ziaul and Pal [13] used DI.

𝐷𝐼 = 𝑇 𝑎− 0.55(1 − 0.01𝑅ℎ)(𝑇 𝑎− 14.5) (7)

3.5.6. Standard effective temperature (SET)

SET [115] and OUT-SET [116] use two-node models. SET is defined 
as the air temperature in which, in a given reference environment, the 
person has the same skin temperature and wetness as in the real envi-
ronment. Das et al. [9] used SET.

3.5.7. Wet bulb globe temperature (WBGT)

WBGT [117] is an outdoor heat stress index in a hot environment 
[118]. It is a thermo-physiological index that measures the heat stress 
of an individual under direct sunlight [119]. Equation (8) [120] shows 
the index without direct solar radiation whereas equation (9) [120]
shows the index with direct solar radiation. Kumar and Sharma [4]
used equation (9).

𝑊𝐵𝐺𝑇 = 0.7𝑇𝑤+ 0.3𝑇 𝑔 (8)
𝑊𝐵𝐺𝑇 = 0.7𝑇𝑤+ 0.2𝑇 𝑔 + 0.1𝑇 𝑎 (9)
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Table 6

Parameters evaluated from questionnaire.

Study Target population Sample size TSV SSV WSV HSV TC Acceptability Preference

[1] Plaza, green and waterfront 2585 ✓ -𝑁𝑆- ✓ ✓ ✓ ✓ ✓
[2] Marketplaces 392 ✓ ✓ ✓ ✓ -𝑁𝑆- ✓ ✓
[3] City park 55 ✓ -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- ✓ -𝑁𝑆- -𝑁𝑆-
[4] University campus 185 ✓ ✓ ✓ ✓ ✓ ✓ ✓
[5] Street 73 ✓ -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- ✓
[8] 23 sites 200 ✓ ✓ ✓ ✓ -𝑁𝑆- -𝑁𝑆- -𝑁𝑆-
[9] 23 sites 200 ✓ ✓ ✓ ✓ -𝑁𝑆- -𝑁𝑆- -𝑁𝑆-
[10] Neighborhoods 318 ✓ -𝑁𝑆- ✓ -𝑁𝑆- ✓ ✓ -𝑁𝑆-
[11] Local street vendor 94 ✓ -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆-
[12] Religious squares 353 ✓ ✓ ✓ ✓ - ✓ ✓
[13] Various densities 250 ✓ -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆-
[14] Visitors and vendors 240 ✓ -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- ✓ -𝑁𝑆- -𝑁𝑆-
[17] Residential neighborhood -𝑁𝐴- ✓ -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆-
[18] University campus -𝑁𝐴- ✓ -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆- -𝑁𝑆-

% of studies used the parameter 100 27.78 38.89 33.33 27.78 27.78 27.78
WBGT replaces ambient temperature and humidity indexes, the in-
dex responds to solar access and wind [121]. The study also highlights 
the limitation of the index. WBGT requires careful evaluation of peo-
ple’s activity, clothing, and many other factors, all of which can intro-
duce large errors in any predictions of adverse effects. The index can 
provide only a general guide to the likelihood of adverse effects of heat. 
This index is best suited for active people such as outdoor workers, ath-
letes, etc. [122]

3.5.8. Predicted mean vote (PMV)

Ziaul and Pal [13] used predicted mean vote (PMV) [123] along 
with other indices T𝑚𝑟𝑡, PET and DI. PMV is based on six factors: T𝑎, 
V𝑎, Rℎ, T𝑚𝑟𝑡, M, and Cl. It was originally developed for indoor cli-
mates. It was first applied to the outdoor environment by Jendritzky 
and Nübler [124], and developed a model called as Klima-Michel Model 
(KMM). Later on, several other studies adopted PMV in outdoor envi-
ronments. The PMV overestimates/underestimate of thermal sensation 
in warm and cool conditions respectively because the PMV model does 
not consider the psychological and behavioral adaptations in the real 
world [127]. It also overestimates the thermal sensation experienced 
by Indians, since Indians may have a wider thermal comfort range, es-
pecially concerning hotter temperatures [125]. For this reason, though 
it is widely used in the last ten years all over the world [126], Indian 
studies did not rely on this index.

3.6. On-site questionnaire survey

Table 6 shows the summary of the parameters included in the ques-
tionnaire. Most of the reviewed studies evaluated and compared ther-
mal comfort at two or more locations of varying characteristics whereas 
some studies are focused on a single location such as a street [5], uni-
versity campus [4,18], and city park [3]. The sample size of the studies 
typically ranged between 200 to 400 users. Kumar and Sharma [3] cited 
the reason as the COVID pandemic for only 55 respondents in its study.

The data collected was usually divided into three sections. The first 
section is about personal parameters such as age, gender, clothing, 
metabolic rate, demographic information, and socio-cultural value. The 
second section deals with subjective thermal perceptions, and the third 
section is about preference and acceptance. Manavvi and Rajasekar [1]
adopted the questionnaire from Johansson et al. [88] which has a 
higher potential to rescale the thermal indices. The questionnaire uti-
lized by Mohammad et al. [5] is based on previous research [86,128]
and ASHRAE 55 standard [87,129]. Kumar and Sharma [4] designed 
the questionnaire based on ISO 2001 [130].

Current studies generally neglect psychological, socio-economic, 
and cultural factors [131,51], and assume steady-state conditions for 
outdoor subjects [132]. Ali and Patnaik [14] done the demographic 
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profiling based on the Kuppuswamy scale [133]. Ali and Patnaik [14]
considered parameters such as socio-economic status, ethnic groups, 
and demography and evaluated the impact on thermal sensation us-
ing various data analysis methods. The study used the Kruskal-Wallis 
test to estimate the relationship of thermal sensation votes with socio-
economic status, Tuckey’s HSD to confirm the differences that occurred 
among the groups, and Mann-Whitney U to evaluate the relationship of 
thermal sensation votes with gender. The effect of gender was also ana-
lyzed by Manavvi and Rajasekar [12] who found that gender has a weak 
influence on thermal perception which agrees well with Shooshtarian 
and Ridley [134] but contradicts with Lam et al. [135]. Thermal percep-
tion can vary as per age also. Manavvi and Rajasekar [12] found that 
the age of 20-40 showed higher acceptability of PET. Clothing value 
is another personal parameter that can affect thermal sensation. It is 
scaled from 0 (no clothing) to 1 (complete/100% clothing). Clothing 
values for various garments are given by the standards [136–138]. Stud-
ies [1,12] calculated clothing values concerning [138,139] whereas, 
Banerjee et al. [10] adopted clothing values from the study [140] which 
suggest the clothing values for the traditional Indian subcontinent.

3.7. Thermal comfort evaluation parameters and measurement scales

Table 6 gives the overview of the parameters evaluated from the 
questionnaire and Fig. 2 shows the measurement scales used to evaluate 
those parameters.

Three types of scales used in the thermal comfort evaluation are 1) 
descriptive, 2) affective, and 3) preferential [51]. The study [141] first 
used the descriptive and affective scales. The combination of these three 
scales explains the thermal comfort level in a better manner [142].

3.7.1. Descriptive scales

Descriptive scales explain the present thermal state of the users. Re-
viewed studies evaluated TSV, WSV, SSV, and HSV using various scales. 
The commonly used parameter in the questionnaire is thermal sensa-
tion/thermal sensation vote (TSV) (Table 6). It is different from the 
thermal comfort level. Thermal sensation and thermal comfort describe 
two different attitudes towards microclimate [143,144]. The thermal 
sensation is a conscious feeling generally evaluated on the seven-point 
scale [87,145,146].

As per ASHRAE 55 [87], the thermal sensation scale is a seven-point 
ordinal scale. Zhang and Zhao [147] and Schweiker et al. [148] recom-
mended a seven-point scale for temperate climates whereas a nine-point 
scale (added ‘very cold’ (-4) and ‘very hot’ (+4) categories) for extreme 
climates. Manavvi and Rajasekar [1], and Manavvi and Rajasekar [2]
evaluated the thermal sensation on a nine-point ordinal scale for the 
composite climate of New Delhi where extreme climate situation is 
observed. [11] followed a seven-point scale, whereas [14] used a four-
point scale for the ASV referred from the international standard [149]

(later on revised [130]) to measure thermal sensation level.
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Fig. 2. Measurement scales used in the studies.
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HSV, WSV, and SSV were evaluated on a five-point Likert scale by 
Manavvi and Rajasekar [1], and Manavvi and Rajasekar [2], whereas 
Banerjee et al. [10] and Das et al. [9] evaluated HSV on a seven-point 
scale (dry to very humid). Banerjee et al. [10] taken SSV on a seven-
point scale (very soothing to very harsh). [14] Highlighted that the 
socio-economic factors affect the thermal sensation.

3.7.2. Affective scales

Thermal comfort, thermal satisfaction, and acceptance are measured 
on affective scales. Thermal comfort is that condition of mind which 
expresses satisfaction with the thermal environment and is assessed by 
subjective evaluation [87]. Ali and Patnaik [14] used a four-point ther-
mal comfort scale [149] where comfortable (0) is the point of origin 
followed by slightly uncomfortable (1), uncomfortable (2), and very 
uncomfortable (3). The scale does not account for neutral sensation.

A match of thermal expectations with actual conditions results in 
thermal satisfaction [150]. Mohammad et al. [5] used seven-point scale 
(Fig. 2 e). As per ASHRAE 55 standards, if the temperature is accepted 
by at least 80% of the users then it can be termed as acceptable. Studies 
[1,2,12] used a two-point scale for thermal acceptability.

3.7.3. Preference scales

Thermal preference is an ideal condition an individual would favor 
in the thermal environment [51,151,150]. Studies [2,5,11,12,14] used 
three-point McIntyre scale ((-1) Prefer warmer; (0) No change; (+1) 
Prefer cooler). Manavvi and Rajasekar [1] used a two-point scale: want 
cooler and want warmer whereas a five-point scale is used by Banerjee 
et al. [10].

Mohammad et al. [5], and Ali and Patnaik [14] used a three-point 
scale with more humid (+1), same (0), and less humid (-1). [10] added 
two more points on the scale on either side (much more and much less) 
to make it a five-point scale for humidity and wind preference whereas 
the study used a three-point scale for shade preference.

3.8. Acclimatization and adaptation

Acclimatization is one of the determinants of outdoor thermal com-
fort level [86,152–155]. Studies [151,86] have observed the behavioral
adaptation during strong sunshine. People in public places was seeking 
shade, either under trees or man-made shading devices such as caps and 
umbrella.

Nikolopoulou and Steemers [156] defines three kinds of adapta-
tion: physiological, physical, and psychological. Nikolopoulou [157]
included two more kinds of adaptations: reactive and interactive. Psy-
chological adaptation promotes the presence of people in an urban 
space [158]. Manavvi and Rajasekar [12] found that the purpose of 
the visit to the site affects the PET level, which can be understood as an 
example of psychological adaptation. Manavvi and Rajasekar [1] also 
highlights the psychological adaptability to naturalness since the study 
observed a wider range of acceptable PET in a green space compared 
to a plaza. The study by Manavvi and Rajasekar [2] at marketplaces in 
New Delhi, found that 80% of the subjects accept a PET value of 38.6 °C, 
and users are found to be more tolerant of higher PET. The study ob-
served an instant reactive adaptation in one of the marketplaces. From 
the above observations, it can be said that the acclimatization or adap-
tation to the site affects the thermal comfort perception of the user.

de Dear and Brager [159] proposed a framework for adaptive com-
fort based on three dimensions: behavior adaptation, physiological ac-
climatization, and psychological adaptation. Adaptive thermal behav-
iors can be patterned by the user’s behavior towards thermal comfort; 
such as changing posture, clothing value, avoiding heat sources, etc. 
[160,150,159].

Very few reviewed studies talked about acclimatization. Banerjee 
et al. [10] found that during the summer season, people responded to 
10

an increase in comfort at one of the study sites with an annual neutral 
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PET 3.82 °C higher than the other site. [14] Highlighted the significance 
of psychological adaptation

3.9. Thermal neutrality

Thermal neutrality is the mean vote on the thermal sensation scale 
that indicates neutral [87]. Since equivalent temperature is not directly 
related to thermal sensation, it is associated with the thermal sensation 
data (TSV, mTSV) obtained from the field surveys. Most of the reviewed 
studies have used PET to establish neutrality (Table 7).

Linear regression (R2) is the most commonly used method for the 
determination of neutral value. Although there are no such standards 
that state the acceptable value for R2 while establishing the thermal 
neutrality, based on Table 7, it can be said that the lowest acceptable 
R2 value is 0.41 for T𝑎, 0.42 for UTCI and 0.60 for PET.

Linear regression has limitations in terms of accuracy [161,162]. 
Even increments are permitted in linear regression, whereas uneven 
increments are permitted in probit regression [163]. Manavvi and Ra-
jasekar [1] is the only study from the reviewed studies that used 2 
probit regression to compare the results of linear regression. The study 
achieved a neutral temperature of 24.05 °C which is very close to the 
neutral value obtained from linear regression (24.09 °C). These results 
do not prove the inaccuracy of the linear regression and further studies 
are necessary to check the accuracy.

A huge variation could be observed in the neutral values (Table 7). 
The possible reasons could be the tolerance, acclimatization, and adap-
tation of the user to the variation in weather conditions, differences 
in the built environments, and the activities they are involved in. It 
is also concluded by [164] that the PET values vary with climate as 
people from a specific place develop equilibrium with the conditions 
of that climate which develops differential thermal perception from 
place to place. Manavvi and Rajasekar [1] estimated different values 
of neutral T𝑎 for different wind speeds. Users were found to be more 
tolerant of higher wind velocity (V𝑎 > 1.5 m/s), which gave a neutral 
value of 0.5 °C higher than lower wind velocity (V𝑎 < 0.5 m/s). Sim-
ilarly, the difference was also achieved between summer and winter. 
Thermo-neutral PET value was higher in summer (29.5 °C) than during 
winter (23.2 °C). Manavvi and Rajasekar [2] achieved 24.7 °C as a neu-
tral PET value, however 80% of the subjects accepted a PET value of up 
to 38.6 °C. The neutral range of DI evaluated by [13] is 21 °C-24 °C with 
a comfort range of 18 °C-21 °C whereas the comfort range defined by 
Thom [111] is 15 °C -19.5 °C. Very few respondents reported a neutral 
thermal sensation during the summer out of the reviewed studies.

The neutral values estimated by the studies belong to the specific 
sites where on-site measurements and questionnaire surveys took place. 
For this reason, the same neutral value can not be considered the neu-
tral value of that whole city or climatic region. There are studies around 
the world that have estimated neutral values on a broader scale. Neu-
tral PET range achieved by Lin et al. [165] is 26 °C - 30 °C for Taiwan, 
Matzarakis and Mayer [166] achieved 18 °C - 23 °C for Europe whereas, 
Cohen et al. [167] achieved 20 °C - 25 °C for the Mediterranean climate 
of Israel. Studies are therefore required in the Indian context to esti-
mate the neutral temperature either as per climatic region or as per 
the cities, which will act as a reference point for the researchers in the 
related fields.

It is interesting to note that Fagner’s seven-point scale shows the 
neutral scale and the comfortable scale as two different points on the 
sensation scale. ‘Neutral’ is the point between comfortable and uncom-
fortable; so the question arises whether the neutral state means the user 
is slightly less comfortable. The user may vote for slightly comfortable 
or slightly uncomfortable; under which situation will he vote for neu-
tral? vote cast by the user can affect the calculations of the neutral 
value. Future studies should bring more clarity to the definition of the 

points on the sensation scales.
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Table 7

Thermal neutrality achieved by studies.

Study City Indices correlated Values of R2 Neutral value Acceptable range

[1] Chandigarh mTSV vs T𝑎 (V𝑎 < 0.5 m/s) R2= 0.91 19.60 °C (T𝑎) -𝑁𝑆-
mTSV vs T𝑎 (V𝑎 > 1.5 m/s) R2= 0.98 20.10 °C (T𝑎) -𝑁𝑆-
mTSV vs PET R2= 0.92 24.09 °C (PET) 20.20 °C to 36.60 °C

[2] New Delhi mTSV vs PET R2= 0.63 24.70 °C (PET) -𝑁𝑆-
[12] New Delhi mTSV vs PET R2= 0.60 24.70 °C (PET) -𝑁𝑆-

mTSV vs UTCI R2= 0.42 22.90 °C (UTCI) -𝑁𝑆-
[3] Sofidon mTSV vs PET R2= 0.67 30.80 °C (PET) 24.04 °C to 37.50 °C

mTSV vs UTCI R2= 0.68 31.80 °C (UTCI) 28.03 °C to 35.60 °C
mTSV vs WBGT R2= 0.97 24.80 °C (WBGT) 23.50 °C to 26.10 °C

[4] Sonepat mTSV vs PET R2= 0.65 21.89 °C (PET) 18.42 °C to 25.37 °C
[5] Roorkee mTSV vs PET R2= 0.91 19.91 °C (PET) 17.27 °C to 22.56 °C
[10] Kolkata mTSV vs PET R2= 0.64 to 0.77 23.58 °C (PET) 19.48 °C to 27.59 °C

mTSV vs T𝑎 R2= 0.41 to 0.78 -𝑁𝑆- 22.10 °C to 27.56 °C

Table 8

Relationship between physical parameters and thermal comfort indices.

Study Influence Effect on Index Method (Relationship) Key results

[1] SVF PET (Summer) R2= 0.81 (Strong) SVF >0.5 is 3.8 °C higher than SVF <0.5
[1] SVF PET (Winter) R2= 0.64 (Strong) SVF >0.5 is 5.3 °C higher than SVF <0.5
[5] SVF PET R2= 0.80 (Strong) Higher relationship is observed after 2 pm till 12 am
[11] SVF PET (Strong) Up to 3 °C difference across the locations
[12] SVF PET R2= 0.83 (Strong) Spatial and temporal variation observed
[2] SVF PET R2= 0.90 Thermal characteristics are predominantly driven by SVF
[6] SVF PET R2= 0.92 (High) Increase in SVF by 0.2 increases PET by 4.15 °C
[2] SVF T𝑚𝑟𝑡 R2= 0.80 Thermal characteristics are predominantly driven by SVF
[6] SVF T𝑚𝑟𝑡 R2= 0.83 (High) Increase in SVF by 0.2 increases T𝑚𝑟𝑡 by 1.06 °C
[12] SVF Tmrt R2= 0.76 (Strong) Spatial and temporal variation observed
[5] SVF TC -𝑁∕𝐴- SVF is not a precise indicator for thermal comfort conditions.
[12] SVF mTSV R2= 0.75 An increase of 0.5 in SVF value contributed to an increase of 1.5 in MTSV
[11] H/W PET -𝑁∕𝐴- H/W is less effective than SVF in achieving thermal comfort.
[18] H/W T𝑎, PET -𝑁∕𝐴- Up to 3.7 °C reduction in PET due to higher H/W ratio
[11] Orientation PET -𝑁∕𝐴- EW oriented streets perform poorly, even with high aspect ratios.
[18] Orientation PET -𝑁∕𝐴- E-W orientation of the street are 6.6 °C higher than N-S oriented streets.
[15] Orientation T𝑎 -𝑁∕𝐴- N30°E to N60°E perform better during the afternoon when heat stress is higher.
[15] Orientation V𝑎 -𝑁∕𝐴- Orientation oblique to wind direction improves cross ventilation.
[17] Orientation T𝑎 -𝑁∕𝐴- Higher temperature at E-W and at E-W and N-S street intersection.
[18] Orientation T𝑎 -𝑁∕𝐴- E-W orientation of the street are 3.7 °C higher than N-S oriented streets.
[14] Tree canopy T𝑚𝑟𝑡 R2= 0.35 10% tree canopy cover lowers T𝑚𝑟𝑡 by 0.7 °C and 70% canopy cover lowers T𝑚𝑟𝑡 by 2.2 °C
[14] Tree canopy PET R2= 0.28 10% tree canopy cover lowers PET by about 0.8 °C and 70% canopy cover lowers PET by 2.6 °C
[18] Vegetation PET -𝑁∕𝐴- Up to 3.28 °C reduction in PET
[2] Albeo T𝑠 -𝑁∕𝐴- An increase in albedo of 0.1 can reduce the T𝑠 by 7.9 °C
[2] Albeo PET -𝑁∕𝐴- An increase in the albedo of 0.1 can reduce the PET by 4.9 °C

Table 9

Relationship between climatic parameters and thermal comfort indices.

Study Influence Effect on Index Method (Relationship) Key results

[1] T𝑎 PET 𝑟= 0.81 (summer), 0.74 (winter) -𝑁∕𝐴-
[1] T𝑎 mTSV R2= 0.95 (Exposed), 0.94 (shaded) T𝑎 was found to be the most decisive determinant of thermal sensation
[8] T𝑎 LST 𝑟= 0.98 (Strong) -𝑁∕𝐴-
[8] T𝑎 UTCI 𝑟= 0.98 (Strong) -𝑁∕𝐴-
[8] T𝑎 THI 𝑟= 0.96 (Strong) -𝑁∕𝐴-
[9] T𝑎 SET R2= 0.96, 𝑟= 0.98 (Strong) -𝑁∕𝐴-
[9] T𝑎 DI R2= 0.96, 0.89 The areas with >32 °C temperature fall under the category of state of a medical emergency.
[9] T𝑎 PET R2= 0.99 -𝑁∕𝐴-
[9] T𝑎 TSV R2= 0.90(Strong) -𝑁∕𝐴-
[13] T𝑎 LST R2= 0.70 to 0.87 -𝑁∕𝐴-
[2] T𝑎 TSV 𝑟= 0.43 -𝑁∕𝐴-
[9] Rℎ DI R2= -0.70, -0.43 -
[9] Rℎ T𝑎 R2= -0.92 (Strong correlation) -𝑁∕𝐴-
[9] V𝑎 T𝑎 R2= -0.72 -𝑁∕𝐴-
[17] V𝑎 T𝑚𝑟𝑡, PET -𝑁∕𝐴- The higher wind speeds during noon reduced the T𝑚𝑟𝑡 and PET values significantly.
[10] T𝑚𝑟𝑡 PET R2= 0.65 to 0.77 -𝑁∕𝐴-
[12] T𝑚𝑟𝑡 PET R2= 0.82 (Strong) -𝑁∕𝐴-
[14] T𝑔 ASV (Significant impact) -𝑁∕𝐴-
[5] T𝑠 PET R2= 0.45 (High) The building and tree shading has a considerable effect on T𝑠
11
3.10. Effect of physical and climatic parameters on thermal comfort
Table 8 shows the relationship between physical parameters and 
thermal comfort indices. Physical parameters can also be called geomet-
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rical parameters, since the physical parameters represent the geometri-
cal aspects of the built environment such as SVF, H/W, orientation, and 
density. Most of the reviewed studies established the relationship be-
tween SVF and comfort indices with R2 and found a strong correlation. 
Thus, it can be said that the thermal comfort level is highly dependent 
on the SVF of that location. Deevi and Chundeli [11] also found that 
the SVF is more effective than H/W to assess thermal comfort.

Variation in thermal comfort was observed in various built environ-
ments such as vegetated spaces/parks, waterfronts, urban squares, and 
streets. Studies [1,9,13,14] observed lower PET in vegetated spaces. 
The density of the built environment also affects the thermal comfort 
level. [15] found that densely built areas reduced the T𝑎 up to 0.7C. 
On the contrary, density negatively affected the thermal comfort in the 
study [16] even though the SVF is only 0.22. [9] also found the lower 
temperature at compact low-rise areas.

Variations in the temperature can be observed due to the orienta-
tion of the open space. Even for the higher H/W Amirtham et al. [17]
found higher values of T𝑚𝑟𝑡 and PET. This is due to the orientation of 
open space having a higher H/W ratio oriented E-W which is open to 
direct solar radiation for a maximum duration of the day. Other stud-
ies [11,17,18] also achieved similar results. Appropriate orientation 
can improve the thermal comfort level by improving the ventilation of 
that open space. Orientation oblique to wind direction improves cross-
ventilation [15].

The effect of solar access could be observed in several studies. 
Manavvi and Rajasekar [1] observed more significant variation in sun-
exposed spaces than shaded spaces. Ali and Patnaik [14] found that 
the tree canopy density significantly affected the thermal comfort index 
PET. Results thus highlight the importance of shade and radiation re-
duction in attaining thermal comfort in urban open spaces during the 
afternoon.

The effect of material can also be seen in the variation of thermal 
comfort. Das and Das [8] found higher THI at high-density built-up 
areas due to impervious surfaces and high density. similarly, [13] found 
that the impervious surface is very uncomfortable (more than 30 °C) in 
the summer season, and partially uncomfortable (24 °C -27 °C) in post-
monsoon. [2] studied the effect of albedo on T𝑠 and PET.

Studies have identified the influence of climatic parameters such as 
T𝑎, Rℎ, V𝑎, and T𝑔 on thermal comfort indices with correlation coeffi-
cient (𝑟) and coefficient of determination (R2) (Table 9). T𝑎 is the most 
commonly used parameter. [1] also found that the T𝑎 is the most deci-
sive determinant of thermal sensation.

The lowest value of R2 that represents as ‘high’ is 0.45 by Moham-
mad et al. [5] whereas correlation (𝑟) is accepted for the lowest value 
of 0.43 by Manavvi and Rajasekar [2]. Since there are no such scales 
evolved for 𝑟 and R2 in the topic of thermal comfort, Table 8 and Ta-
ble 9 can be refereed for the strength levels of the relationships between 
various parameters.

Researchers typically use various data analysis methods to establish 
the relationships between two or more parameters.

To estimate thermal neutrality, ordinal probit regression is widely 
used [152,168]. Ali and Patnaik [14] used SPSS [169] to perform 
various analysis. The study used one-way ANOVA [170] to compare 
perceived thermal comfort and thermal sensation, along with HSD test 
[171] to confirm the differences. Ordinal Logistic Regression was car-
ried out to find which environmental parameters were affecting the 
perception of thermal comfort and thermal sensation by the people. 
The relationship between tree canopy density and PET was performed 
with linear regression. Mann-Whitney U [172] and Kruskal-Wallis H 
non-parametric tests were performed to analyze the relationship of the 
thermal sensation votes with gender and socio-economic status of the 
respondents. Das et al. [9] also used the Kruskal-Wallis test to assess 
whether a significant difference exists or not between various parame-
12
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4. Gaps, limitations and future scope

The reviewed studies have presented comprehensive work on var-
ious aspects of outdoor thermal comfort. Various built environments 
were focused on to evaluate and estimate their interaction with thermal 
parameters. Most of the studies estimated thermal neutrality whereas 
some studies evaluated the effect of physical and climatic parameters 
on thermal parameters. To achieve these, studies also conducted on-
site micro-meteorological measurements and questionnaire surveys. To 
achieve subjective votes, various measurement scales were used by the 
studies after referring to relevant standards and past studies. In-depth 
work has been carried out by past studies; however, several gaps and 
shortcomings are identified which demand further research in this field.

There are five climatic zones in India out of which only two have 
been explored to date. Most of the studies focused on major cities 
Kolkata, Chennai, New Delhi, and towns nearby these cities. Studies 
done at Bhopal and Vijayawada are the exceptions. There are still a lot 
of urban areas in these two climatic zones (composite and warm-humid) 
which are unexplored by researchers. There are important cities in the 
remaining three climatic zones that are vulnerable to climate-related is-
sues. Future studies are required to explore the sites from these climatic 
regions.

Past studies have revealed that various morphologies such as veg-
etated areas, waterfronts, urban squares, and street canyons impact 
significantly the thermal sensation level of the user. Studies rarely dis-
cussed the material characteristics of these entities and their thermal 
behavior. Each morphological entity can have a varying effect on the 
thermal comfort level within that urban area. For this reason, future 
studies are required to estimate the effect of each entity and their con-
tribution to the thermal comfort level.

LCZ is a comprehensive climate-based classification of urban and ru-
ral sites for temperature studies Stewart and Oke [67]. In this review, 
studies [8,9] used LCZ classification to differentiate 23 sites. Studies 
[173,102] from other parts of the world also used LCZ for differenti-
ating various urban neighborhoods. Past studies revealed that the LCZ 
classification can be applied to have a comparative idea of various ur-
ban neighborhoods, but its application within the same neighborhood 
(at the micro-scale) is not justified.

Besides climatic zones and type of built environment, future studies 
should also consider the cultural and ethnic background of the users. 
More technically, it can be explained in terms of their activity level, 
and their clothing value which can affect the thermal perception level.

Studies followed almost similar methods to conduct the on-site mi-
crometeorological measurements. The weather station used by the stud-
ies usually carries measuring instruments with a data logger which 
gives the measurement of climatic parameters such as T𝑎, Rℎ, and V𝑎. 
Some studies also used a black globe thermometer to measure T𝑔 , so 
that the T𝑚𝑟𝑡 can be calculated. Studies placed these instruments at 
measuring heights of 1.1 m to 1.5 m. In rare cases, heights were sig-
nificantly changed due to site-specific challenges. Studies often took 
measurements at multiple locations at the same time; in that case, they 
required multiple instruments and volunteers who can operate these in-
struments. To overcome these problems researchers have looked into 
the development of miniature weather stations which can be worn by 
users [174–176] or can be placed on the top of vehicles [177,178] so 
that a single set-up of measuring instruments can capture the measure-
ments at multiple locations within short time difference which will also 
improve the accuracy of measurements when two or more locations are 
compared.

Currently, a quantitative approach is being followed by studies for 
the evaluation of subjective as well as objective responses to thermal 
comfort. An on-site survey with a questionnaire is the common practice 
for subjective thermal comfort; these questions are based on the ther-
mal comfort scales suggested by various standards. The scales varied 
from two points to nine points. The questionnaire responses can be sub-

jective due to several reasons such as the interpretation of the question 
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by the respondent. Also, in most of the cases, it is observed that the re-
sponses ranged between two to three points on the scale (Fig. 2). The 
subjective variation of thermal comfort is difficult to observe under such 
responses. The qualitative approach to the survey can help improve the 
understanding of subjective thermal comfort. Earlier studies have sug-
gested qualitative methods such as photographic comparison [179] and 
thermal walk [180]. Employing qualitative and quantitative approaches 
together can improve the outcome of subjective thermal comfort.

The need for standardization of thermal indices was suggested by 
various studies [88,24]. Candido et al. [181] suggested a Brazilian 
Standard on Thermal Comfort. For Mediterranean climates, the MOCI 
index (Mediterranean Outdoor Comfort Index) was proposed by Golasi 
et al. [182]. Currently, there are no such standards in Indian climatic 
zones. Indian studies have been following universal standards for all 
the parameters related to thermal comfort. The applicability of those 
parameters in the Indian context is not proven by any study. Also, the 
universal standards for the Indian subcontinent may not be applicable, 
since various climatic regions have their climatic characteristics and 
the response from the local population in terms of clothing and adapta-
tion. Hence, there is a huge potential to develop local thermal comfort 
standards for the outdoor environment. These standards will act as a 
benchmark for future thermal comfort and related studies.

5. Conclusion

This study presented a critical review of outdoor thermal comfort 
within urban areas of India. The focus on Indian studies derived from 
the change in the built morphology caused due to population growth in 
Indian cities, rapid urbanization, and the decline of outdoor space use. 
The selected papers for the review resulted broadly from two stages. 
In the first stage, major databases were searched based on various key-
words, the resulting papers were further then filtered to finally achieve 
18 valid papers from India that are published in the past 10 years. The 
foremost thing observed from the search process is that the outdoor 
thermal comfort research in the Indian context is limited to certain 
cities and climatic regions whereas there is still a huge part of India 
that is unexplored.

Built environments were represented with various geometrical pa-
rameters such as SVF, H/W, and orientation; some studies even used 
LCZ classification. Studies followed on-site campaigns for micrometeo-
rological measurements to collect climatic parameters such as T𝑎 , Rℎ, 
V𝑎, and T𝑔 . To understand subjective thermal comfort levels and on-site, 
questionnaires were also collected by some studies. Amongst various 
parameters, the thermal sensation was the most commonly evaluated 
parameter. These parameters were evaluated based on various scales 
ranging from two-point to nine-point. Thermal comfort indices T𝑚𝑟𝑡 and 
PET have commonly evaluated indices whereas UTCI, DI, THI, and SET 
are also evaluated by some studies. RayMan and ENVI-met are the com-
monly used software that was used to estimate the thermal parameters 
which were not obtained from on-site micrometeorological measure-
ments. Most of the studies estimated the thermal neutral values along 
with the neutral range whereas some studies focused on the effect of 
physical and climatic parameters on thermal comfort level. The stud-
ies used various data analysis methods out of which linear regression 
was used for validation, identifying thermal neutrality, and it was also 
used to identify the relationship between two parameters. A correlation 
method was also commonly used. Studies rarely discussed the topics 
such as acclimatization and adaptation.

The review also highlights the gaps and limitations in the current re-
search and highlights the future scope. First, and most importantly, the 
climatic zones and cities which are not yet studied; second, the improve-
ment in the approaches of the study such as qualitative understanding, 
focus on the personal parameters, the consideration of acclimatization 
and adaptation during the study; lastly, the possibility of developing the 
13

local thermal comfort index.
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