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Abstract 

Human thermal comfort has been studied by various researchers for decades. Recently, it got more attention due to 
climate change and global warming. However, the assessment of human thermal comfort is a complex process especially 
in closed environments like vehicular cabins. Several environmental, personal, and design factors affect human thermal 
comfort in vehicles that make the assessment process even more difficult and complex. In this regard, the present study 
compares the existing models and methods of human thermal comfort assessment while considering passengers 
compartment in vehicles. This study classifies assessment methods into two groups i.e., model-based assessment and 
practical assessment. The literature review revealed that most of the model-based assessment methods are outdated and 
do not consider all of the influential parameters. On the other hand, new practical assessment techniques like infrared 
thermography and computational fluid dynamic (CFD) are more efficient and precise. The integration of 
thermoregulatory models with the CFD models would be more adequate in estimating human thermal comfort. However, 
it was found that both the model-based and practical assessments do not consider cabin design parameters while 
estimating actual human thermal comfort inside vehicles. Future research should consider the design and material 
properties of the vehicle cabin for a more precise and adequate thermal comfort assessment. 
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1. Introduction 

Human thermal comfort is defined by the American Society of Heating, Refrigerating, and Air-conditioning Engineers 
(ASHRAE) as the state of mind that expresses satisfaction relative to the thermal environmental conditions [1]. Human 
thermal comfort depends on the psychological, physiological, and behavioral attributes of a person [2]. Therefore, it is 
a complex term and may vary from person to person as well as with environmental conditions. Several environmental 
and personal factors affect human thermal comfort. However, overcoming the effects of these factors, the human body 
tries to maintain body core temperature at 37°C [3]. In this regard, several heat transfer phenomena occur in the body to 
regulate the body temperature. The human thermal regulations and heat balance phenomenon is shown in Fig. 1. The 
heat gain to the body occurs due to metabolism, longwave solar radiations, short wave radiations, convection, and 
conduction with the ground surface while heat loss occurs due to evaporation of sweat, convection with the surrounding 
environment, and reflection of the longwave radiations [4]. Moreover, blood vessels also play an important role in 
maintaining body temperature. For example, in cold environments, blood vessels constrict to cause shivering and 
generate heat while blood vessels dilate in the hot environment. In addition to these factors, several other factors like 
cabin design, the position of the vehicle, and solar inclination angle also affect human thermal comfort in vehicular 
cabins. Due to these factors, human thermal comfort assessment becomes a more complex phenomenon. This study 
aimed to review and compare the existing thermal comfort assessment models and methods. Besides, factors affecting 
the thermal comfort assessment are also deliberated. Finally, conclusions are made based on the limitations of the 
thermal comfort models and methods. 
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Fig. 1. Schematics of human thermal regulations and heat balance to maintain the core body temperature at 37°C, reproduced from [3]. 

2. Thermal comfort assessment in vehicles 

Human thermal comfort assessment is a complex and difficult process due to the involvement of the above-discussed 
environmental, personal, and design factors. It becomes more difficult in the case of vehicles where a glazed cabin deals 
with swift environmental changes. The environmental factors are the spatiotemporal factors that change rapidly due to 
the movement of the vehicle, position of the sun, and inclination angle [5]. Moreover, the human response in terms of 
physiological, psychological, and behavioral attributes also affects the assessment or prediction of thermal comfort [6]. 
However, several models and methods have been reported in the literature to assess human thermal comfort in different 
climatic conditions. These assessment methods can be categorized into two main groups i.e., model-based assessment 
and practical assessment which are briefly discussed in the upcoming sections. 

2.1. Model-based assessment 

Several investigations and experiments have been conducted on the human thermal comfort assessment in the last five 
decades. Most of these experiments were conducted in the laboratories under a controlled environment to develop 
models and empirical equations for prediction purposes. Historically, the earliest study on the thermal comfort concept 
was conducted by Blagden [7] in which he used thermometers to access the influence of higher temperatures on human 
thermal sensation. Later, a dry and wet bulb temperature thermometer known as kata-thermometer was developed by 
Sir Leonard Erskine Hill and his team in 1916 [8]. However, the combined effect of temperature and relative humidity 
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on thermal comfort was first studied by Houghton and Yaglou in 1923 [9]. They introduced the concept of “effective 
temperature” and developed an effective temperature index to quantify the degree of comfort at a specific temperature. 
In 1932, Vernon and Warner [10] revised the concept of effective temperature by considering the radiation effect. 
Furthermore, Dufton [11] introduced the concept of “equivalent temperature which was later revised by Gagge [12] in 
1971. In addition to environmental factors, Gagge considered the effect of personal factors like clothing insulation and 
activity level on human thermal comfort. In parallel, P. O. Fanger [13] introduced the concepts of Predicted Mean Vote 
(PMV) and Predicted Percentage Dissatisfied (PDD) to access human thermal comfort based on personal and 
environmental parameters. These studies provided empirical models based on lab-scale experimental data. The 
developed models can be categorized as heat balance models, thermo-physiological models, and psychological models 
based on the type and basis of the conducted experiment. 

Heat balance models consider human thermal heat balance with the surrounding environment. The human body tries to 
keep a balance with the thermal environment through several processes of heat gain and loss like sweating and shivering 
as shown in Fig. 1 [51]. Keeping in view, P. O. Fanger [9] conducted the earliest studies on human thermal comfort 
assessment based on heat and mass transfer from the human body to create a heat balance with the surrounding 
environment. His experiments were conducted in the laboratory on human subjects using standardized clothing and 
other activities. The basic hypothesis of his study was that the human body has a heat balance with heat production, 
consumption, and transfer. After studying the heat balance process, the results of his studies were the concepts of 
Predicted Percentage Dissatisfied (PPD) and Predicted Mean Vote (PMV) indices. These are the indicators representing 
human thermal comfort under a specific environmental condition. The values of PMV ranges from -3 to +3 and indicate 
the extent of thermal comfort to which an individual or group of people is in thermal comfort. On the other hand, PPD 
indicates the percentage of people dissatisfied at the corresponding PMV value. P.O. Fanger [9] has developed the 
empirical equations (Eq. 1 and Eq. 2) for the calculation of these indicators based on personal and thermal environmental 
conditions. 

𝑃𝑀𝑉 = 0.03𝑒 . + 0.028){(𝑁 − 𝑋) − 3.05[5.73 − 0.007(𝑁 − 𝑋) − 𝑃  ] − 0.42[(𝑁 − 𝑋) − 58.15] −
0.0173𝑁(5.87 − 𝑃 ) − 0.0014𝑁(34 − 𝑇 ) − 396. 10 𝐹 [(𝐹 + 273) − (𝑇 + 273) ] − 𝐹 𝐻 (𝑇 − 𝑇 )} (1) 

𝑃𝑃𝐷 =  100 − 95 𝑒𝑥𝑝 [−(0.03353𝑃𝑀𝑉 +  0.2179𝑃𝑀𝑉 )]

                                                        

(2) 

where N refers to the metabolic heat rate (W/m2), X indicates the personal activity level (W/m2), Pa is the vapor pressure 
(Pa), Ta refers to the ambient air temperature (°C), Fc is the clothing factor, Tm refers to the mean radiant temperature 
(°C), Hc indicated the heat transfer through convection (Wm2/°C), and Tc refers to the temperature at clothing level (°C). 

Fanger and Gagge models of human thermal comfort assessment were developed under steady-state laboratory 
conditions while in actual conditions human body undergoes transient and non-uniform environmental conditions 
especially in the case of vehicle cabins [14]. In order to address these limitations of previously discussed models, other 
models like the Berkeley model, ThermoSEM, and Tanabe were developed that can measure and simulate 
thermophysical responses at different parts of the human body [15]. The thermophysical responses include skin and core 
body temperature under varying, non-uniform, and transient environmental conditions. The thermo-physiological 
models are based on the human thermal regulations phenomenon in which the human body maintains its core 
temperature at about 37°C [3]. The thermo-physiological models consider two subsystems (i.e., passive system and 
active system) to calculate body skin and core temperatures as shown in Fig. 2. The details of these subsystems and 
modeling procedures can be found in the cited literature [3], [4].  Besides the thermal subsystems, the thermo-
physiological models further divide the human body into several segments. Based on such divisions, the thermo-
physiological models are categorized as single-node, two-node, and multi-node models [16]. In single-node models, the 
human body is considered as a single unit, and the thermoregulatory system is not considered in thermal simulations. 
These models are the empirical equations derived from experimental data. Givoni [17] developed one of the earliest 
single-node models for thermal comfort assessment while considering metabolic rates at different activity levels. 
Contrary to single-node models, two-node models consider the human body into two segments i.e., skin and core. The 
temperature of both segments is calculated using empirical equations. Gagge [12] developed a simple two-node model 
in 1971 that was improved latterly improved in 1986. This model can predict skin and core temperatures under steady-
state and transient conditions at moderate activity levels [18]. However, the model was not efficient at higher metabolic 
activities. To overcome the limitations of Gagge’s two-node model, several studies reported the improved two-node 
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models that could predict human thermal comfort under extensive environmental and personal activity conditions [15], 
[18]–[20].  

 
Fig. 2. Representing the working principle of thermo-physical modeling and description of active and passive systems, reproduced from [3], 

[4]. 

The assessment methodology of the above-discussed heat balance and thermo-physiological models were questioned by 
various researchers [21]–[23]. The main reservation stated by de Dear [21] was the non-natural laboratory conditions 
used for experimentations. Due to these unnatural conditions, the actual thermal comfort in real conditions may deviate 
from the predicted comfort. Furthermore, the thermo-physiological and heat balance models do not consider social, 
cultural, and behavioral attributes in estimating thermal comfort [22]. Due to these limitations, psychological models 
were developed by various researchers that considered actual thermal conditions to record the thermal responses of 
occupants. The psychological modeling approach deals with human physiological responses with respect to 
environmental conditions that are further related to the thermal sensation vote [24]. The main working of these models 
is based on comfort indices to predict human thermal comfort based on human skin and core body temperatures. 
Moreover, these models integrate the environmental factors in calculating the thermal sensation response of human 
subjects. Kaynakli et al [25] reported a mathematical approach for mass and heat transfer between the human body and 
the surrounding environment. The experiments in their study were conducted under steady-state conditions and the 
proposed model was applicable under steady-state uniform conditions. However, latent and sensible heat loads, 
wittedness, skin temperature, PMV, and PPD were calculated using computer simulations. 

2.2. Practical assessment 

Practical assessment of human thermal comfort involves the integration of the above-discussed models in real conditions 
and the methods used to evaluate thermal comfort in real or virtual environmental conditions. The details of these 
practical methods are discussed in the upcoming section of this manuscript. The most reliable and accurate method of 
assessing human thermal comfort in real environmental conditions is to record human responses for different thermal 
environmental conditions. Several studies have been conducted before Fanger’s studies to evaluate human subjective 
responses under different environmental conditions [85,86]. Afterward, P.O. Fanger [87] conducted an experimental 
study on human subjective responses to develop the most popular Fanger’s models as discussed in the previous sections. 
However, he did not consider one of the above-discussed factors in his studies. The main limitation of his model was 
the laboratories conditions in which he conducted all his experiments [9]. Moreover, the steady-state conditions during 
his experimentation also limit the use of Fanger’s model in actual transient and non-uniform conditions. In this regard, 
McNall et al [88] and Nevins et al [89] conducted experiments while considering all the above-discussed environmental 
and personal factors. Their studies were more comprehensive and detailed than Fanger’s studies. They have also 
considered the transient and non-uniform states of environmental conditions. Gagge et al [90] evaluated the human 
thermal sensation and comfort for unclothed resting conditions under steady-state and transient environments. They 
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have recorded the thermal sensation responses of different human subjects under a range of ambient temperatures i.e., 
12-48°C. The human subjects were exposed to neutral conditions for 1 h followed by colder to warmer conditions for 2 
h. The results of their study revealed that human thermal neutrality was adopted at an ambient temperature ranging from 
28-30°C. The human body feels uncomfort at the lower (<28°C) and the higher (>30°C) ambient temperatures as shown 
in Fig. 3. However, this study did not consider the effect of ambient air relative humidity and skin wetness. 

 
Fig. 3. Variations in human body comfort (empty circles), pleasantness (empty square), and temperature (filled circle) with respect to 

ambient air temperature [26]. 

The human response assessment method of thermal comfort has a ceratin drawback like the unavailability of passengers 
for a long time during experimentation under extreme environmental conditions. To overcome this issue, thermal 
manikins are used as a human subject to record physiological responses like skin and core temperatures. These manikins 
are cost-effective, sophisticated, easy to use, high-tech, one-segment, and multi-purpose models [27]. Furthermore, the 
thermal manikins can be used to couple the psychological and the physiological models simultaneously. There are 
mainly two application areas of thermal manikins i.e., the first one deals with the heat transfer characteristics of clothing 
while the second one deals with impact assessment of the thermal environment [28]. Psikute et al [29] presented a 
detailed review on the use of thermal manikins for thermal comfort and energy efficiency modeling. Their study briefly 
described the studies on the coupling of thermo-physiological models with thermal manikins to assess human thermal 
comfort under various uniform, steady-state, non-uniform, and transient conditions. The basic principle of integration 
of thermo-physiological with thermal manikins is shown in Fig. 4. The figure (Fig. 4a) shows the coupling mechanism 
for the Neuman approach in which skin heat flux is calculated from the thermal manikin as a result of skin temperature 
and sweat rate provided by the thermo-physiological model. On the other hand, Fig. 4b demonstrates the working 
principle of the Dirichlet approach in which skin heat flux and sweat rate calculated from the thermo-physiological 
model are provided to the thermal manikin to generate skin temperature variations within the human body. 
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Fig. 4. Basic principle of integration of thermo-physiological models with thermal manikins using (a) Neuman approach for boundary 
conditions of type 2 and (b) Dirichlet approach for boundary conditions of type 1 [29]. 

Korsgaard and Madsen [30] developed the first sensor to measure human thermal comfort using PMV and PPD indices. 
This instrument was equipped with a relative humidity sensor, temperature sensor, and air velocity sensor. The combined 
effect of these parameters was used to evaluate subjective human thermal comfort. After several progress and 
developments, modern sensors and devices have been developed that are more precise and consider real environmental 
conditions. Mansi et al [31] reported a detailed review on modern devices used for thermal comfort assessment. They 
have classified the measurement techniques based on different physiological responses of the human body like skin 
temperature, electrocardiograph (ECG), electroencephalography (EEG), and galvanic skin response. These 
physiological parameters can be measured using sensors and then correlated with the human thermal sensation and 
comfort. The modern development in these sensors is the invention of smart wearable devices. These devices are 
compact, easy to wear, and contain several sensors. Fang et al [32] conducted a thermal comfort assessment study using 
wearable sensors for the Cyber-physical human-centric system. The personal and environmental parameters were 
measured using different sensors like the digital sensor (SHT75) was used for temperature measurements, anemometer 
was used for air velocity measurement and the human heart rate was measured using an Apple smartwatch. The 
schematic diagram of their proposed Cyber-physical human-centric system is shown in Fig. 5. The results show that 
there exists a strong correlation between environmental parameters measured through digital sensors and the 
physiological response i.e., heart rate. Furthermore, wearable sensors and smart monitoring devices can provide better 
thermal comfort. The above-discussed practical assessment approaches like human subject response and thermal 
manikins require extensive experimentation to find a conclusion on thermal comfort requirements. This leads to higher 
experimental costs, resources utilization, and time consumption. To overcome these issues, computational fluid 
dynamics (CFD) approaches using software simulations are introduced in thermal comfort analyses. Recently, Joshi et 
al [33] developed a CFD-based 3D thermoregulatory model to access human thermal sensation. The basic principle of 
the skin-clothing-environment system used for CFD modeling is shown in Fig. 6. The model developed in their study 
was further validated under various environmental (i.e., RH: 27-86% and T: -10-45°C) and personal (i.e., personal 
activity: 0.8-3.5 mets and clothing insulation: 0.1-2.95 clo) parameters. The developed model was found to be good in 
prediction accuracy with the average root mean square deviation (RMSD) of 0.21°C and 0.56°C for core and skin 
temperatures, respectively. Their study concluded that the developed CFD-based model can be used for thermal comfort 
and sensation modeling in various environmental conditions including indoor, laboratory, and outdoor conditions. 
However, this study has certain limitations including neglection of sorption heat, sweat factor, and aging factor. Tanabe 
et al [34] conducted an analytical study to couple thermal manikin and CFD modeling approaches for human thermal 
comfort assessment. They have used 16-segments thermal manikin consisting of 4 layers (i.e., skin, core, muscle, and 
fat) to develop a 65-node thermoregulation model. Clothing insulation and heat transfer coefficients (i.e., convective 
and radiant) were derived from the experiments on a thermal manikin while the thermoregulation model was developed 
by CFD-based simulation modeling. This study concluded that the integrated model was better in thermal comfort 
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predictions than standalone CFD or thermal manikin approaches. Moreover, infrared thermography can also be used for 
thermal comfort assessment. 
 

 
Fig. 5. Schematic diagram of the Cyber-physical human-centric system for human thermal comfort assessment in smart houses [32]. 

 

 
Fig. 6. Schematic diagram of the skin-clothing-environment system used for thermal comfort assessment in CFD modeling [33]. 

3. Limitations of the studied models 

The above-discussed human thermal comfort assessment models and methods have certain limitations. Many of these 
studies are limited to certain environmental conditions and consider only a few influential parameters. For instant, the 
most popular Fanger model was developed under steady-state laboratory conditions and did not consider real transient 
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conditions. Furthermore, most of the studies are based on international standards that are found to be outdated by several 
researchers [35], [36]. These thermal comfort assessment models do not consider the aging factor which is an important 
factor in the thermal sensation and physiological response of a person. For example, children and old people would be 
more sensitive towards thermal environmental conditions compared to teenagers and young people. While considering 
the vehicular cabin, thermal comfort assessment becomes more difficult and complex due to the transient and non-
uniform environmental conditions. As stated earlier, most of the comfort assessment models do not consider swift 
changes in the thermal environments as in the case of vehicles. Moreover, these models do not consider the cabin design, 
geometry, shape, and materials used. Due to these limitations, calculation of air-conditioning requirements and size of 
air conditioners for vehicles become more difficult. Future, studies should focus on these problems to overcome the 
above-mentioned limitations. 

4. Conclusions 

This study reviewed and compared the thermal comfort assessment models and methods. The existing assessment 
methods can be categorized as model-based assessment and practical assessment. Based on the literature survey, it was 
found the model-based assessment methods have certain limitations. On the other hand, practical assessment methods 
are more reliable and accurate due to the consideration of real thermo-environmental conditions. Particularly, modern 
assessment techniques like infrared thermography and computational fluid dynamics (CFD) are easy, time-saving, 
convenient, and accurate compared to other methods. However, the integration of thermo-physiological models with 
CFD and infrared thermography would be more suitable for actual transient and non-uniform environmental conditions. 
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