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Abstract
Introduction: Climate change, heat waves, greenhouse gas emissions, and global warming have become a never-ending 
cycle, contributing to environmental degradation and causing discomfort to humans and other living beings. To address 
climate change, research on the thermal comfort of buildings has been conducted and developed since 1946, using both 
passive and active thermal comfort strategies. To understand the evolution of thermal comfort, this paper aims to establish 
the progression and principles of thermal comfort research. Methodology: A narrative literature review method was 
adopted to analyze the progress of thermal comfort research. A total of 122 selected articles examined concepts, models, 
architectural perspectives, standards, and policies related to thermal comfort. Results and discussion: Thermal comfort 
has evolved from the invention of air conditioning to the application of passive thermal comfort strategies in buildings. 
Thermal comfort research has consistently identified six key parameters that have improved our understanding of indoor 
thermal comfort. Moreover, the use of innovative technologies in thermal comfort studies can enhance occupant health 
and well-being. An interdisciplinary approach to thermal comfort research is therefore necessary. Recommendations: 
This study outlines the sequence of thermal comfort research, including innovations in models, simulation, prediction, and 
emerging challenges. As such, it will help future researchers, developers, and other stakeholders in the built environment 
to fill gaps and connect past findings with future directions.

Keywords: thermal comfort, chronology of thermal comfort, thermal comfort models, adaptive thermal comfort model.

Introduction
Climate change is a global concern. Human 

emissions become trapped in the atmosphere and 
release heat back into the environment. Carbon 
dioxide  — one of the key greenhouse gases 
responsible for climate change  — remains in the 
atmosphere for 300 to 1,000 years after it is initially 
produced, causing heat waves (NASA, 2019). As a 
result, the average global temperature has risen 
by 0.8°C compared to pre-industrial levels (NASA, 
2011). Heat waves are becoming more frequent, 
severely affecting human survivability, especially 
in countries like India (Gupta, 2024). This climate 
scenario increases the demand for thermal comfort 
(TC) in living spaces, leading to the widespread 
installation of air conditioners in buildings and further 
contributing to emissions. It should be noted that 
approximately 30 % of all CO2 emissions come from 
buildings, which accounts for nearly 40 % of global 
energy use (Lee et al., 2023).

Thermal comfort (TC) refers to the sensation of 
being hot or cold in a confined environment. It is 
essentially about how a person feels in a space, 
whether they perceive it as comfortable or not. 
Here, comfort is understood primarily in terms of 
temperature. The definition of TC is “the condition 
of mind that expresses satisfaction with the 
thermal environment” (ASHRAE, 2013). Several 

other studies have also provided definitions of TC. 
According to Emetere (2022), TC is a subjectively 
evaluated mental state that indicates contentment 
with the thermal environment. In addition to being 
a person’s perception of the thermal atmosphere, 
TC is also described as a neutral sensation 
regarding a given thermal environment  — that is, 
the ability to remain sweat-free. TC is a multifaceted 
phenomenon influenced by mean radiant heat, air 
velocity, relative humidity, and ambient temperature 
(Chatzidimitriou and Yannas, 2016). There are six 
main TC parameters: four environmental factors 
(air temperature, relative humidity, mean radiant 
temperature, and air velocity) and two personal 
factors (clothing insulation and metabolic rate). 
These parameters are universally recognized and 
adopted in research and practice.

Research on TC has continually progressed, 
evolving from the invention of air conditioning (active 
strategies) to a growing focus on passive strategies, 
with contemporary emphasis on climate change, 
energy consumption, and environmental impacts. 
However, the roots of TC extend back to human 
evolution, beginning when humans lived in caves. 
The invention of fire provided warmth during cold 
nights, marking one of the earliest concerns for TC. 
This historical perspective illustrates that humans 
have always sought ways to maintain thermal 
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satisfaction. Scientists studied TC on warships and 
gradually shifted their focus to indoor environments. 
Research advanced further with the introduction of 
computerization, simulation, and modeling. Modern 
TC research began in earnest in the 1930s, initially 
focusing on human metabolic activities (Stoops, 2006).

Typical areas of TC research can be categorized 
as follows: TC and energy efficiency, indoor 
environmental quality (IEQ) (Ma et al., 2021; Weng et 
al., 2023; Zuo et al., 2021), TC measurements (Nishi 
et al., 2017; Revel et al., 2014), passive strategies 
(Elshafei et al., 2021; Inusa and Alibaba, 2017; Pitts, 
2017; Rana, 2021; Tungnung et al., 2023), active 
strategies (Gomez-Azpeitia et al., 2012; Han and 
Chen, 2017; International Energy Agency, 2018), 
TC bands (Faheem et al., 2023; Pal et al., 2024; 
Soflaei et al., 2020), adaptive TC (Manu et al., 2016; 
Rawal et al., 2022), personal TC (Luo et al., 2018), 
group comfort systems and analysis (Chowdhury et 
al., 2008; Kumar et al., 2022; Weng et al., 2023; Xie 
et al., 2014), simulation (Pragati et al., 2023; Thapa 
et al., 2023), and optimization (Alghamdi et al., 
2024; Liu et al., 2024; Senthilkumar and Ayyathurai, 
2022). As research has advanced, the complexity 
and scope of TC studies have also expanded. 
Understanding the chronological development and 
diverse areas of TC research is therefore crucial for 
new researchers. Given the breadth of the literature 
and the significance of the field, a clear understanding 
of TC evolution is especially important, particularly 
regarding its implications in India.

This study aims to identify the chronological 
progression of TC research, providing a comprehensive 
overview of its evolution over time. It seeks to explore 
key themes, trends, and debates within the literature, 
offering insights into the primary focus areas and 

ongoing discussions in the field. Finally, the study 
aims to highlight gaps and opportunities for future 
research, equipping researchers with a clearer 
understanding of TC studies and guiding them in 
selecting appropriate methodologies by building on 
existing models and approaches.

Method of Literature Review
This study adopted a narrative literature 

review approach, which is well-suited to the aim of 
understanding the chronological progression of TC 
research. The literature search was conducted using 
electronic databases such as Scopus, Google Scholar, 
ScienceDirect, and ProQuest. The timeline for the 
search was set from 1946 to 2024 (see Fig.1). Such 
an extensive time range was required to capture the 
chronology of TC studies. The starting year of 1946 
was chosen because the earliest published evidence 
on Scopus dates from that year. The preliminary 
screening of papers was based on titles and 
abstracts. The keyword “thermal comfort” generated 
39,847 papers in Scopus. Papers were selected 
according to three main criteria: 1) to understand 
the fundamental concepts of TC and its relationship 
with the environment; 2) to trace the evolution of TC, 
including its origins, early indicators, and applications 
in architecture; 3) to examine research domains 
focused on TC models, simulation and prediction, 
standards, and policies. Only papers written in 
English were considered. In total, 122 sources were 
reviewed for this study, including journal papers, 
reports, conference proceedings, book chapters, 
code books, standards, and web resources. Of these, 
86 were cited directly.

Chronology of Thermal Comfort Research 
The study of TC is inherently interdisciplinary. 

As discussed earlier, TC concerns the thermal 

Fig. 1. Flowchart illustrating the literature review process for this study (Source: Author)  
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Temperature (ET). ET for a given space is defined 
by the dry-bulb temperature of a thermo-equivalent 
environment with 50 % relative humidity and a specific 
uniform radiation condition. The term “thermo-
equivalent conditions” refers to combinations that 
produce the same sensation of warmth or coldness 
(Roy Choudhury et al., 2011).

In 1936, Gagge developed the two-node model, 
a technique for predicting how the human body 
responds to temperature changes in its surroundings. 
This model has applications in thermal ergonomics, 
occupational health, and HVAC design, and is useful 
for evaluating human TC. According to the model, 
the human body is represented as two interacting 
thermal nodes: the core node, representing internal 
organs, and the skin node, representing the body’s 
outer layer. This model is particularly important 
in environments where maintaining optimal 
temperatures is critical for human safety and comfort 
(van Hoof, 2008).

Simultaneously, the use of thermal manikins for 
TC research gained popularity in the 1940s. The 
United States Army was the first to adopt thermal 
manikins, subsequently using them to study indoor 
environments, clothing, and textiles (Simova et al., 
2021). Thermal manikins are used to measure the 
Manikin-Based Equivalent Temperature (MBET), 
helping to determine tolerable temperatures and 
evaluate personal comfort systems (Luo et al., 2018; 
Mustakallio et al., 2017).

By the 1950s and 1960s, research increasingly 
focused on the impact of discomfort on health, giving 
rise to the term “Sick Building Syndrome” (Ganji et al., 
2023; Nduka et al., 2021; Weng et al., 2023; Zuo et al., 
2021). Many studies from this period were published in 
journals related to medicine, health, textiles, physiology, 
industrial medicine, toxicology, and industrial hygiene. 
The first documented building TC research in Scopus 
dates back to 1954, with a study by A. E. Moore on the 
thermal properties of concrete floors.

The 1960s and 1970s are often regarded as the 
golden era of TC research, during which numerous 
inf luential studies were conducted. Danish 
physiologist Ole Fanger focused on the correlation 
between environmental and physical factors and 
physiological responses, alongside subjective well-
being reported by occupants (van Hoof, 2008). 
Building on this work, Fanger developed models 
such as the Predicted Mean Vote (PMV) to predict 
TC for groups of people (van Hoof, 2008). His 
contributions laid the foundation for adaptive TC 
research (Fabbri, 2015; Karyono et al., 2020). Later, 
Richard de Dear proposed an adaptive TC model, 
which was adopted in the ASHRAE 55 guidelines 
(Brager and de Dear, 1998).

Early Indicators of Thermal Comfort 
In the 1950s, researchers including Constantine 

P. Yaglou and David Minard made a significant 

satisfaction of building occupants. Early TC research 
was primarily driven by military needs, focusing 
on innovations for warships, airplanes, and high-
temperature environments. Research then shifted 
to indoor TC, examining physical, physiological, 
psychological, social, and cultural interactions, 
including the influence of human activity, clothing, 
architecture, and eating habits (Fabbri, 2015). 
Initially, TC studies concentrated on human 
physiology and physical factors. Over time, the focus 
evolved toward adaptive thermal comfort, exploring 
how people adjust their behavior to maintain comfort 
indoors. This transition also introduced the concept 
of space heating, which became a central concern 
in Western countries, where heating needs were 
particularly significant (de Dear et al., 2016).

Genesis of Thermal Comfort Research 
This section identifies and discusses the key 

events and milestones in the history of TC research 
in chronological order.

The earliest stages of TC research focused on 
human comfort and the physiological effects of the 
environment. In 1850, American physician John 
Gorrie invented the first cooling machine, designed 
for hospitals to treat yellow fever patients. The device 
operated on a cold-air refrigeration process, emerging 
from attempts to reduce patient fevers by cooling indoor 
spaces. Fifty years later, in 1902, Willis Carrier  — 
known as the father of modern air conditioning  — 
developed the first true air conditioner. Carrier’s system 
cooled air by passing it over coils filled with chilled 
water. Although the earliest air conditioners were large 
and expensive, the underlying principles remain the 
basis of today’s systems. Early research at this stage 
primarily emphasized air temperature and air-related 
parameters. In the 1910s, synthetic air charts were 
introduced to represent vapor–liquid equilibria in the 
air. Building on this, Carrier made a major contribution 
in 1911 by presenting the psychrometric chart, a 
breakthrough that laid the foundation for modern air 
conditioning (McDowall, 2006) . This chart illustrated 
the relationships between temperature, humidity, and 
other air properties, becoming an essential tool for 
engineers, architects, and HVAC (Heating, Ventilation, 
and Air Conditioning) specialists. The application of 
psychrometrics quickly extended beyond building 
comfort to fields such as meteorology, agriculture, and 
industrial processes, significantly shaping the design 
and operation of air conditioning and refrigeration 
systems (Teitelbaum et al., 2023). At the core of these 
studies was the investigation of water–air vapor–
liquid equilibrium, fundamental to understanding TC 
and the dynamic interplay between relative humidity 
and air temperature (Mark Crawford, 2012).

The studies “Determination of the Comfort 
Zone” and “Determining the Lines of Equal 
Comfort”, published in 1923 by Houghten and 
Yaglou, introduced the empirical index of Effective 
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Fig. 2. Key milestones in the development of TC research (Source: Author)

contribution to the development of TC research 
(Fig. 2, Table). They introduced the Wet Bulb Globe 
Temperature (WBGT), a comprehensive index 
for assessing thermal discomfort that accounts 
for temperature, humidity, wind speed, and solar 
radiation. The WBGT is widely used to prevent 
heat-related illnesses and ensure safety in hot 
environments (Hensen Centnerová, 2018). Two 
other notable indices were subsequently developed: 
the Equatorial Comfort Index (ECI) in 1959 and the 
Cumulative Discomfort Index (CDI) in 1961. The ECI 
is used to assess TC in hot and humid climates by 
integrating temperature and humidity into a single 
measure. The CDI provides a practical method for 
evaluating the total amount of discomfort a person 
experiences over time due to environmental factors. 
It offers a comprehensive assessment of thermal 
stress by considering both the intensity and duration 
of exposure, helping to guide interventions and 
improve comfort and safety in various contexts 
(Fabbri, 2015). In 1980, researchers at the Central 
Building Research Institute, Roorkee, India, 
developed the Tropical Summer Index (TSI). This 
index measures the degree of tropical climatic 
characteristics, particularly during the summer, and is 
calculated using multiple meteorological parameters 
such as temperature, humidity, and precipitation. 
The TSI reflects both the severity and frequency of 
tropical conditions, representing an early effort to 
adapt TC research to local geographical and climatic 
conditions (Sharma and Ali, 1986).

Thermal Comfort in Architecture 
Over time, TC research increasingly focused on 

the architectural aspects of buildings. While the use 

of vernacular materials and traditional designs was 
common, there was little documented evidence before 
the 1960s on the application of passive strategies to 
achieve TC. In 1963, Victor Olgyay published “Design 
with Climate”, introducing the concept of bioclimatic 
architecture, which examined the relationship 
between building form and climate. Similarly, in 1969, 
Baruch Givoni’s book “Man, Climate and Architecture” 
discussed human heat transfer and perspiration, 
emphasizing strategies to maintain comfort within 
built environments (Givoni, 1969).

Givoni discusses climate, human comfort, 
climate zones, architectural design, passive design 
strategies, building materials, thermal performance, 
and several case studies in his book. These works 
inspired Mazria’s 1979 “The Passive Solar Energy 
Book”, which developed architectural design 
principles for solar, passive, green, and bioclimatic 
architecture. Since then, researchers have explored 
and experimented with passive design strategies in 
buildings to enhance TC. Passive design strategies 
investigated include window-to-wall ratio (Abdullah 
and Alibaba, 2020), building envelope (Sharma 
and Chani, 2019; Surendran et al., 2023; Wang 
et al., 2020; Yamamoto, 2023), building insulation 
(Arumugam and Ramalingam, 2024), materials 
(Marey et al., 2024; Sen et al., 2014), glazing, 
building orientation (Kaushal et al., 2023; Sharma 
and Rakshit, 2017), form and shape, green and cool 
roofs, etc. (Jia et al., 2024; Kumar and Mahalle, 
2016; Pragati et al., 2023). Researchers have 
also employed computer simulations to analyze 
and evaluate the performance of these passive 
strategies.
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Key Milestones in TC Research (Source: Author)
Period Focus Key Developments Key Researchers Significance

Early research Thermal 
regulation models

Two-node models Gagge (1936) Laid the foundation 
for understanding and 
modeling human thermal 
regulation.

1950s–1960s Indoor TC, 
comfort zones

Comprehensive studies on 
Wet Bulb Globe Temperature 
(WBGT), Equatorial Comfort 
Index (ECI) and other thermal 
comfort indices, and comfort 
lines

Webb (1959), Yaglou 
and Minard (1957)

Identified indoor 
environment indices 
to measure and understand 
TC.

1960s–1970s Developing TC 
models

Introduction of Predicted 
Mean Vote (PMV) and 
Predicted Percentage 
Dissatisfied (PPD) models to 
predict group TC

Fanger (1967) Established a basis for 
predicting and quantifying 
TC in built environments.

1980s–
present

Adaptive TC Introduction of adaptive 
models; recognition of 
dynamic and personal 
variations in comfort

Brager and de Dear 
(1998)

Supported more flexible 
and energy-efficient 
building designs; influenced 
ASHRAE 55 and NBC.

Recent 
decades & 
ongoing 

Passive and 
active strategies

Exploration of building 
orientation, materials, HVAC 
control, and PCM insulation

Ali et al. (2020), Dili et 
al. (2010), Elshafei et 
al. (2021), Figueiredo 
et al. (2020), Inusa and 
Alibaba (2017)

Advanced strategies for 
enhancing TC and energy 
efficiency in buildings.

Recent 
decades & 
ongoing 

Simulations and 
computerization

Use of AI, ML, and genetic 
algorithms to optimize indoor 
TC and energy usage

Lu et al. (2019), 
Pragati et al. (2023), 
Silva et al. (2016), 
Soflaei et al. (2020), 
Xu et al. (2023)

Enhanced precision 
and control in building 
automation systems; 
improved energy efficiency.

1940–ongoing Thermal manikins Measurement of equivalent 
temperatures and evaluation 
of personal systems

Simova et al. (2021), 
Zasimova et al. (2023)

Provided accurate, detailed 
assessments of TC and 
supported ergonomic 
designs.

Recent & 
ongoing 

Climate change 
and TC 

Assessing climate change 
scenarios, mitigation 
strategies, and weather file 
usage

Dodoo and Ayarkwa 
(2019), Ferdyn-
Grygierek et al. (2021), 
Tomrukcu & Ashrafian 
(2024)

Mitigation strategies for 
climate change scenarios.

Models of Thermal Comfort 
This section discusses the main techniques 

and models used to measure and evaluate TC. 
Two widely recognized and universally accepted 
approaches are Fanger’s PMV and PPD model and 
de Dear’s adaptive comfort model.

(i)	 Fanger’s model 
Fanger made significant contributions to TC 

studies. He emphasized the relationship between 
physical environmental parameters, physiological 
indicators of occupants, and their subjective 
experience of well-being. In 1967, he published the 
paper “Calculation of Thermal Comfort: Introduction 
of Basic Comfort Equation”, proposing a rating scale 
to assess reported sensations of comfort. In 1970, 
his book “Thermal Comfort” further highlighted the 
study of comfort and health in indoor environments. 
Fanger introduced the Predicted Mean Vote (PMV) to 
quantify an individual’s perception of comfort based 
on four environmental and two personal factors. The 

PMV helps identify a comfort zone on psychrometric 
charts, setting optimal conditions for shared spaces 
such as theaters, hospitals, and shopping centers. 
However, the PMV alone does not indicate whether 
these conditions are universally acceptable. To 
address this limitation, Fanger proposed the 
Predicted Percentage of Dissatisfied (PPD) index, 
which estimates the proportion of individuals likely 
to feel discomfort under given conditions, even if 
the majority find them acceptable. For example, 
a PMV of –0.3 may appear slightly cold, but the 
PPD accounts for the 5 % of occupants who may 
find it unsatisfactory. The PPD–PMV diagram helps 
determine the percentage of dissatisfied individuals 
based on variations in the PMV, which depends 
on factors such as relative humidity, air velocity, 
temperature, metabolism, and clothing. Extreme 
PMV values, such as “very cold” or “very hot,” 
exponentially increase dissatisfaction. Additional 
indicators, including stress indices and local 
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discomfort measures like heat stress, also reflect 
dissatisfaction caused by non-uniform environmental 
conditions. Architect Baruch Givoni introduced the 
Index of Thermal Stress (ITS) to assess thermal 
discomfort under such circumstances (Fabbri, 2015).

(ii)	 Adaptive TC 
De Dear’s adaptive thermal comfort model has 

significantly advanced our understanding and 
application of TC in building design. Unlike static 
models, it emphasizes the dynamic interaction 
between occupants and their surroundings by 
considering human adaptability to temperature 
variations. De Dear’s research, particularly during 
the late 20th and early 21st centuries, provided robust 
empirical evidence and theoretical frameworks 
highlighting the importance of behavioral and 
contextual factors in TC. In collaboration with Gail 
Brager, de Dear developed a pioneering theory, 
presented in their 1998 paper “Developing an 
Adaptive Model of Thermal Comfort and Preference”. 
This study demonstrated that occupants in naturally 
ventilated buildings could tolerate a wider range 
of indoor temperatures than those in mechanically 
controlled environments.

The model emphasizes the significance of 
occupants’ actions, such as adjusting clothing, 
opening windows, and acclimating to seasonal 
temperature changes. According to the adaptive 
approach, comfort levels should be context-specific 
and flexible, rather than universally applicable. This 
approach highlights the dynamic and adaptive nature 
of human comfort in response to environmental 
changes. The model predicts comfort based on 
observed occupant behavior and preferences, 
demonstrating that people can feel comfortable 
across a wide range of temperatures. Empirical data 
from various climates and building types are used 
to define adaptive comfort ranges. The relationship 
between outdoor and indoor temperatures is 
established through regression analysis of the 
collected field data. The results of the adaptive 
model are typically presented as a comfort band 
graph, illustrating the acceptable range of indoor 
temperatures.

Subsequent research has further validated 
the applicability and robustness of the adaptive 
model. Its assumptions have been supported in 
diverse climate zones, including tropical, temperate, 
and continental regions. For example,Nicol and 
Humphreys (2002) observed comparable adaptive 
responses in European environments. These 
findings support a more occupant-centered approach 
to thermal regulation and building design, reducing 
reliance on HVAC systems and improving energy 
efficiency. Further adaptations of the model include 
work by Manu et al. (2016), who developed an 
adaptive thermal comfort model for air-conditioned, 
mixed-mode, and naturally ventilated commercial 

buildings. The approach was also incorporated into 
the National Building Code of India (Bureau of Indian 
Standards, 2016). More recently, Rawal et al. (2022) 
proposed a thermal comfort model specifically for 
Indian residential buildings.

Simulation and Prediction
Simulation in the built environment, often referred 

to as Building Performance Simulation (BPS), is a 
crucial tool for predicting the energy performance, 
thermal performance, and daylighting of buildings 
(Altan et al., 2016). A simulation tool typically 
requires input data such as climate, building 
envelope characteristics, lighting, equipment, 
occupancy patterns, ventilation, heating and cooling 
systems, fans, and occupant schedules. Based on 
these inputs, the tool generates outputs projecting 
building energy use and environmental performance 
across end-use categories such as cooling, 
lighting, heating, fans, plugs, and processes. Some 
simulation software can also estimate energy costs. 
The potential applications of building simulation 
include building design, Life Cycle Analysis (LCA), 
and retrofit assessments. Widely used tools include 
DesignBuilder, EnergyPlus, TRNSYS, Ecotect, 
and IES-VE. DesignBuilder, with its integrated 
EnergyPlus plugin and user-friendly interface, is 
particularly popular among researchers for rapid 
adoption. The main advantage of building simulation 
is its ability to test and compare different design 
solutions, optimize equipment efficiency, and predict 
building performance during the design phase. The 
duration of a simulation depends on the complexity 
of the building model (Altan et al., 2016).

Recognition of the limitations of older models 
through large-scale field studies involving actual 
building occupants has led to a better understanding 
of thermal interactions and overall satisfaction with 
the indoor environment, thereby informing improved 
design and operation of buildings and building 
services (de Dear et al., 2013). Recently, the use 
of computer-based technologies in TC research 
has expanded significantly. In addition to energy 
simulation, optimization techniques have gained 
popularity, including genetic algorithms, artificial 
neural networks (ANNs), and multi-objective 
optimization algorithms (Han and Chen, 2017; Liu 
et al., 2024; Sekartaji et al., 2023; Sen et al., 2014; 
Senthilkumar and Ayyathurai, 2022; Wang, 1990; Xu 
et al., 2023). These methods have also been applied 
to evaluate comfort hours and optimize set points in 
retail spaces in India.

Several studies have explored the use of machine 
learning (ML) and artificial intelligence (AI) in TC 
research. Researchers have experimented with AI 
models to estimate building temperatures based 
on external temperature and other environmental 
parameters. Most published studies have focused on 
model validation (Ngarambe et al., 2020). Additionally, 
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some studies have applied optimization algorithms, 
such as genetic and multi-objective algorithms, 
alongside sensitivity analysis to evaluate passive 
strategies, including building orientation, insulation, 
glazing, and materials, and their effects on TC.

Standards and Policies
Globally, standards for TC have evolved to 

incorporate both static and adaptive models, aiming 
to create interior spaces that enhance human 
health and productivity. The most widely recognized 
standard is ASHRAE Standard 55, developed by the 
American Society of Heating, Refrigerating, and Air-
Conditioning Engineers. This standard integrates 
both the Predicted Mean Vote (PMV) and Adaptive 
Comfort Model and has undergone multiple 
revisions, allowing adjustments of TC parameters 
according to climate and occupant management 
(ASHRAE, 2013). Similarly, the ISO 7730 standard 
of the International Organization for Standardization 
provides guidelines for calculating TC based on the 
PMV and PPD indices (ISO, 2005).

The European Standard EN 16798-1, which 
replaced EN 15251, emphasizes the adaptive 
approach, allowing for greater temperature variations 
based on outdoor conditions and occupant behavior, 
particularly in naturally ventilated buildings. This 
standard reflects a growing recognition of the need 
for flexible comfort criteria to accommodate the 
wide climatic variations across Europe (European 
Committee for Standardization, 2019).

Due to India’s diverse climate zones and 
increasing emphasis on sustainable building 
practices, TC standards have received growing 
attention. The National Building Code of India 
(NBC) incorporates the adaptive thermal comfort 
model. The Energy Conservation Building Code 
(ECBC) promotes energy-efficient building design 
that accounts for regional climate variations in 
commercial buildings (BEE, 2017; Bureau of Indian 
Standards, 2016). In addition to the ECBC, the 
ECBC-R (Residential), also known as Eco Niwas 
Samhita (ENS), addresses efficient building design 
for residential buildings in India. Research from 
Indian academic institutions, such as the Center for 
Advanced Research in Building Science and Energy 
(CARBSE) at CEPT University, has supported the 
inclusion of the adaptive model in national standards 
by validating its suitability for Indian climates (Manu 
et al., 2016; Rawal et al., 2022).

Indian policies such as the Affordable Housing 
Policy (Pradhan Mantri Awas Yojana) aim to provide 
housing for all while ensuring comfort for low-income 
populations. State-level policies, including the Tamil 
Nadu Affordable Urban Housing and Habitat Policy 
and the Punjab Affordable Housing Policy, encourage 
energy-efficient and eco-friendly building practices. 
Adaptation and sustainability are increasingly 
prioritized to meet both national and international 

requirements for TC. While international standards 
such as ISO 7730 and ASHRAE 55 provide broad 
frameworks, Indian standards adopt a more tailored 
approach, recognizing the country’s unique climatic 
and cultural contexts.

Results and Discussion 
According to de Dear et al. (2013), TC in buildings 

is essential for ensuring occupant well-being. Early 
researchers focused on the human factors of TC 
and demonstrated how environmental parameters 
influence human comfort. These pioneering 
studies laid the foundation for subsequent key 
contributions in the field. For example, the two-
node models help identify and observe core 
body responses to environmental conditions and 
changes. Additionally, researchers developed tools 
such as the psychrometric chart, which remains a 
fundamental resource for understanding air-related 
environmental factors, as it comprehensively 
represents the interactions between temperature, 
humidity, and other atmospheric parameters. 
Following this, indices such as the Wet Bulb Globe 
Temperature (WBGT), Equatorial Comfort Index 
(ECI), Cumulative Discomfort Index (CDI), and 
Tropical Summer Index (TSI) were introduced, 
further linking TC to environmental parameters. 
Research on the architectural aspects of TC began 
in the 1960s with contributions from Givoni and 
other influential architects, including works such 
as “Man, Climate and Architecture”, “The Passive 
Solar Energy Book”, etc. To this day, research on 
architectural strategies for TC continues to evolve, 
driven by varying climatic conditions, climate change 
scenarios, urban agglomeration, urban heat islands, 
and other environmental challenges. However, very 
few studies have examined the cost implications 
of passive design strategies on TC. Adaptive TC 
and other TC models have been widely tested and 
adopted globally to measure TC levels. Standards 
such as ASHRAE 55 are internationally recognized, 
while EN 15251 is primarily applied in European 
contexts. Over time, researchers worldwide have 
also developed adaptive comfort models tailored to 
their local climates. Recent studies increasingly rely 
on simulation and computational tools to investigate 
TC. Tools such as EnergyPlus and DesignBuilder are 
commonly used for energy simulations, optimization, 
and TC modeling. These tools enable researchers 
to generate optimized results and prioritize desired 
parameters for TC. Recent research has explored 
passive strategies, optimization techniques, and 
energy simulation approaches. However, simulation 
tools have limitations: they primarily model 
building systems and environmental factors, while 
thermophysical, physiological, psychological, and 
human core responses are often excluded, except 
for clothing insulation. Emerging research areas 
include the effects of urban heat islands, personal 
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comfort systems, real-time mapping using AI and 
IoT, computational fluid dynamics (CFD), and 
sleep quality. Despite these advances, significant 
gaps remain, particularly in defining specific 
design requirements for different building spaces. 
Addressing these gaps is essential for optimizing 
energy use, enhancing environmental conditioning, 
and developing design guidelines that improve TC 
while reducing energy consumption across diverse 
building types.

On the other hand, existing comfort bands and 
standards often fail to account for regional climatic 
diversity. For instance, India, with its five distinct 
climatic zones, lacks an all-encompassing TC 
band. Consequently, architects, designers, and 
construction professionals face challenges in creating 
thermally comfortable environments tailored to local 
climates. Addressing these knowledge gaps is 
essential for improving energy efficiency, enhancing 
occupant satisfaction, and optimizing environmental 
conditioning in buildings. Given the rapidly evolving 
challenges posed by global warming, there is an 
urgent need for comprehensive design standards 
and adaptive models that integrate localized climatic 
variations and account for changing occupant 
behavior patterns. Furthermore, a significant gap 
exists in understanding TC at the project scale, as 
most existing studies focus on the unit level. Bridging 
this gap represents a critical and promising direction 
for future research.

Conclusion
This paper examines the historical trajectory 

of TC research, highlighting key milestones, 
innovations, and directions for future exploration. TC 
has evolved from the invention of air conditioning 
to the integration of passive design strategies in 
buildings. De Dear’s adaptive thermal comfort 
model, now internationally recognized, has been 
incorporated into major standards such as ASHRAE 
55 and the National Building Code of India. Over 
time, researchers have consistently identified six key 
parameters. In addition, complementary measures 
such as the Wet Bulb Globe Temperature (WBGT), 
the Cumulative Discomfort Index (CDI), and the 
Tropical Summer Index (TSI) have further advanced 
our understanding of indoor comfort. These indices 
provide a more nuanced basis for maintaining 

optimal indoor conditions across different settings. 
The integration of cutting-edge technologies into 
TC studies presents significant opportunities for 
enhancing building design and improving occupant 
well-being. At the same time, there is a growing need 
to examine the long-term impacts of TC on both 
health and productivity. Some of the key takeaways 
of this study are as follows:

•	 Evolution of TC research: Progressing from 
early physiological investigations to advanced 
adaptive models, reflecting a growing understanding 
of human–environment interactions.

•	 Passive strategies: Implementation of design 
measures such as insulation, building envelope 
improvements, phase-changing materials (PCM), 
orientation, window-to-wall ratios, and cool roofs 
can significantly enhance occupant satisfaction and 
well-being.

•	 Policy context in India: While policies 
encourage eco-friendly materials and native 
landscaping, explicit integration of TC performance 
into regulations remains limited.

•	 Technological advancements: AI, ML, AR, 
and IoT are transforming simulation and modeling 
tools, opening new opportunities for evaluating TC 
in dynamic and complex contexts.

•	 Design guidelines: There is a pressing 
need to develop context-specific guidelines that 
simultaneously improve TC and reduce electricity 
consumption in buildings.

•	 Research gaps: More integrated approaches 
combining optimization, simulation modeling, 
climate change considerations, and region-specific 
comfort models are required. Moreover, most studies 
focus on individual houses, whereas project-scale 
investigations remain underexplored but could yield 
significant societal benefits.

In conclusion, the critical contribution of this 
paper lies in summarizing the key areas of TC 
research that can be adopted in practice, while also 
providing insights into the chronological evolution of 
TC studies.
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Аннотация
Введение. Изменение климата, аномальная жара, выбросы парниковых газов и глобальное потепление образуют 
бесконечный цикл, разрушающий окружающую среду и приводящий к дискомфорту человека и других живых 
существ. С 1946 года проводятся исследования в области теплового комфорта в зданиях, охватывающие как 
пассивные, так и активные стратегии. Настоящая статья направлена на изучение эволюции исследований в 
области теплового комфорта и принципов, на которых они основаны. Методы. Для анализа прогресса в области 
теплового комфорта использовался метод нарративного обзора литературы. В исследование были включены 
122 статьи, рассматривающие концепции, модели, архитектурные подходы, стандарты и нормативные документы, 
связанные с тепловым комфортом. Результаты и обсуждение. Исследования в области теплового комфорта 
прошли путь от изобретения кондиционирования воздуха до внедрения пассивных стратегий в строительстве. 
В ходе этих исследований были выделены шесть ключевых параметров, способствующих более глубокому 
пониманию теплового комфорта в помещениях. Кроме того, использование инновационных технологий в 
исследованиях теплового комфорта позволяет улучшать самочувствие пользователей зданий. В связи с этим 
представляется необходимым междисциплинарный подход к изучению теплового комфорта. Рекомендации. 
В статье систематизируются основные этапы развития исследований в области теплового комфорта, включая 
инновации в моделировании и прогнозировании, а также сопутствующие проблемы. Данная работа может помочь 
будущим исследователям, разработчикам и другим специалистам строительной отрасли выявить имеющиеся 
пробелы и связать достижения прошлого с перспективными направлениями.

Ключевые слова: тепловой комфорт, хронология исследований в области теплового комфорта, модели теплового 
комфорта, адаптивная модель теплового комфорта.
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