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HIGHLIGHTS 11 

 12 

 Studied human thermal sensation in passenger car under actual outdoor driving 
conditions. 

 Evaluated the applicability of existing thermal sensation models to cars under driving 
conditions. 

 Analyzed the effect of sudden changes in solar radiation on human thermal sensation. 
 Developed a new model to predict thermal sensation in a car under driving conditions.  
 13 

ABSTRACT 14 

Thermal sensation in cars is different from that in buildings. Transient, asymmetric solar 15 
radiation and transient, non-uniform air temperature are the main causes of the difference. 16 
This investigation conducted human subject tests with 24 subjects, 62 trials under three 17 
outdoor driving conditions. These three driving conditions refers to 1) highly transient 18 
environments during the cool-down phases in summer, 2) highly transient environments 19 
during the warm-up in winter, and 3) sudden changes in solar radiation in shoulder season. 20 
Then the data were used to evaluate the performance of four thermal sensation models: the 21 
predicted mean vote  model, the dynamic thermal sensation  model, a model from the 22 
University of California, Berkeley, and a transient outdoor thermal sensation model. The 23 
results of the evaluation indicated that none of the models could accurately predict thermal 24 
sensation in a car. The sudden change in solar radiation experienced by the driver was 25 
identified as an important factor in this discrepancy. Therefore, this study proposed a new 26 
thermal sensation model that incorporates the change in the driver’s thermal load caused by a 27 
sudden change in solar radiation as a predictor. This investigation verified the validity of the 28 
new model in a transient and non-uniform vehicular thermal environment. 29 
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1. Introduction 33 

An increasing number of people in China are using passenger cars for commuting. It is 34 
essential to quickly attain an acceptable comfort level inside cars during short commutes so 35 
that drivers will be more focused and alert [1]. A comfortable thermal environment can also 36 
alleviate fatigue, reduce irritability, and improve driving safety [2]. Over the past ten years, 37 
the number of studies on thermal comfort in vehicles has progressively increased. The main 38 
focus of these studies has been the creation of an environment that is thermally comfortable 39 
for passengers. Many studies have used thermal sensation models, such as the predicted mean 40 
vote (PMV) model [3],[4], a model developed by the University of California, Berkeley 41 
(UCB) [5],[6],[7], and the dynamic thermal sensation model (DTS) [8],[9],[10]. 42 

Although the PMV model was originally developed for buildings, it has frequently been 43 
applied in vehicles. Zhang [11] found that PMV can be accurately used to predict thermal 44 
comfort levels in parked cars. However, unlike the relatively uniform thermal environment in 45 
parked cars, the thermal environment in moving cars is non-uniform because of rapid change 46 
in solar radiation and non-uniform air temperature. As a result, some researchers have 47 
modified the PMV model for vehicular environments. For instance, Ingersoll et al. [12] used 48 
an area-weighted PMV by considering PMV for head, torso, and feet. Matsunaga et al. [13] 49 
employed an average equivalent temperature by weighting the surface area of the head (0.1), 50 
abdomen (0.7), and feet (0.2) when calculating PMV in a car. The UCB and DTS models, 51 
which are more advanced than PMV, consider local and dynamic influences. Several 52 
researchers have employed the UCB model ([6], [14], [15]) and the DTS model [16]. 53 
Although these models appear to be popular, they have been applied in simulated thermal 54 
environments in laboratories, which could differ considerably from actual driving 55 
environments. 56 

Since actual driving environments are more complex than one that is simulated in a 57 
laboratory, it is not clear whether the models described above can predict actual thermal 58 
sensation with high accuracy. In addition, the models do not directly consider the effect of 59 
solar radiation, which may play a very important role in thermal comfort in driving 60 
environments [17], [18], [19]. For example, Rugh and Farrington [20] claimed that typically 61 
50% to 75% of the thermal energy entering the car cabin was due to transmitted and absorbed 62 
solar energy from the glazing. Windshield alone accounted for more than 40% of heat 63 
transmitted into the cabin [21]. Therefore, the incident solar radiation transmitted through the 64 
glass of the car was the main cause of high cabin temperature, and may cause a change in 65 
thermal sensation. Hodder and Parsons [22] found that the thermal sensation vote increased 66 
by one unit, when simulated solar radiation (instead of real solar radiation) increased by 200 67 
W/m2. Ozeki et al. [23] discovered that the use of solar control glass can reduce the thermal 68 
sensation vote by one to two units compared to ordinary glass under outdoor parking 69 
conditions. However, solar radiation absorbed by drivers and passengers under driving 70 
conditions can change dramatically when the vehicle is exposed to sun or shadow or when it 71 
changes direction. To date, the effect of solar radiation change on thermal sensation has not 72 
been thoroughly studied.  73 
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Many studies have used standard EN ISO 14505 [24], [25], [26]. The evaluation indexes 74 
used in standard ISO14505 are predicted mean vote (PMV) [24] and equivalent temperature 75 
[25]. But the effect of sudden change of solar radiation could not be considered in PMV 76 
model or equivalent temperature [27]. 77 

To evaluate the applicability of existing thermal sensation models to cars under driving 78 
conditions, this study collected data by means of human subject tests. The data was also used 79 
to develop and validate a model that considers the influence of solar radiation on thermal 80 
sensation.  81 

 82 
2. Research Method 83 

2.1 Heat exchange between a human body and its surroundings in a vehicle 84 

The heat exchange between a human body and its surroundings in a car is more complex 85 
than that inside a building. Therefore, it was necessary to analyze the heat exchange inside a 86 
vehicle. The use of automotive air conditioners and the impact of dynamic weather 87 
conditions make the thermal environment inside a car non-uniform and transient [28], [29]. 88 
The air temperature and velocity surrounding the human body have large variations, and the 89 
body may receive transient, asymmetric solar radiation [30]. Therefore, the heat exchange for 90 
each segment of the body should be considered separately. The thermal load of segment i of a 91 
human body (TL (i)) in a vehicle can be expressed as follows [31]:  92 

   ( ) ( ) ( ) + ( ) ( ) ( ) ( ) ( ) ( )sk res resTL i M i W i RS i RL i C i E i C i E i      
                                  (1) 

93 

where M is the metabolic rate (W/m2) that was set to 1.3 met (or 80 W/m2) under driving 94 
conditions; W the rate of mechanical work (W/m2), which is 0 W/m2 under driving 95 
conditions; RS the rate of shortwave radiation exchange (W/m2); RL the rate of longwave 96 
radiation exchange (W/m2); C the rate of convective heat exchange (W/m2); Esk the rate of 97 
evaporative heat loss from the skin (W/m2); and Cres and Eres the rates of convective and 98 
evaporative heat loss, respectively, from respiration (W/m2). By area-based weighting, the 99 
thermal load for the body as a whole is calculated as: 100 

( ) ( ) /TL TL i A i ADu                                                                                                         (2) 
101 

where A (i) is the area of the ith segment, and ADu the Dubois area of a standard person, 102 
which is 1.86 m2 [32]. During driving, one part of the thermal load changes gradually (TLg) 103 
and the other suddenly (TLs) because of frequent changes in solar radiation (RS). Therefore, 104 
to facilitate analysis, the human body thermal load in the car is further divided into two parts, 105 
as follows: 106 

g sTL TL TL                                                                                                                          (3) 
107 

   g sk res resTL M W RL C E C E      
                                                                           (4) 

108 

sTL RS                                                                                                                                  (5) 
109 
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Of the heat transfer terms in Eq. (1), the shortwave and longwave radiation are the most 110 
complicated. The rate of short-wave radiative heat gain RS is the summation of the direct 111 
solar radiative heat gain (RSdir), the first reflection of direct solar radiation heat gain (RSref ), 112 
and the diffuse solar radiative heat gain (RSdif): 113 

( ) ( ) ( )+ ( )dir ref difRS i RS i RS i RS i 
                                                                                         (6) 

114 

The direct shortwave radiation, RSdir (i), is calculated as:  115 

,( ) ( ) ( )dir p dir dirRS i i f i G  
                                                                                                                  (7) 

116 

where α is the short-wave absorptivity at the human body surface, Gdir the direct solar 117 
radiation intensity that falls on the glass surface (W/m2), and fp,dir the projection area factor 118 
for direct shortwave radiation, which is expressed as [33]: 119 

, ( )= ( )p dir k k
k

f i FD i 
                                                                                                            

(8) 
120 

where τk is the transmissivity of car glass k, and FDk (i) the directional view factor 121 
representing the fraction of the direct solar flux entering through window k and received by 122 
segment i.  123 

The first reflection of direct shortwave radiation, RSref (i), is calculated as: 124 

,( ) ( ) ( )ref p ref dirRS i i f i G  
                                                                                                                  (9) 

125 

where
 
fp,ref is the projection area factor for first reflection of direct shortwave radiation. This 126 

factor is expressed as [33]: 127 

, ,( )= ( )p ref k j k j
k j

f i FR i   
                                                                                                            

(10) 
128 

where ρj is the reflection coefficient for shortwave radiation of surface j, and the distribution 129 
factor FRk,j (i) represents the fraction of the direct flux emitted by window k and reflected by 130 
j onto i when the surface j is assumed perfectly reflecting. 131 

The diffuse part of the shortwave radiation, RSdif (i) (W/m2), is calculated as [33]: 132 

,( ) ( ) ( )dif p dif difRS i i f i G  
                                                                                                                (11) 

133 

where Gdif is the diffuse solar radiation intensity that falls on the glass surface (W/m2), and 134 
fp,dif the projected area factor for diffuse solar radiation. This factor is expressed as [33]: 135 

, ( )= ( )p dif k k
k

f i F i 
                                                                                                                              

(12) 
136 

where Fki is the percentage of the diffuse solar flux going from window k to a segment i, 137 
which is determined according to the classic hypothesis of isotropic diffuse radiation [33]. 138 
The fp,dir, fp,ref and fp,dif depend on body posture and angles between the human body and the 139 
sun. For a given posture, the projected area factor is a function of azimuth (θ) and altitude (β) 140 
angles and the shading effects caused by the vehicle envelope, which are calculated by the 141 
TAItherm program [34]. 142 
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The radiant model should be used to describe local longwave radiant heat transfer (RL(i)) 143 
on different segments of the body in a highly transient, non-uniform thermal condition such 144 
as a vehicle. These RL(i) can then be incorporated into a thermal comfort model to predict 145 
thermal sensation [35]. The longwave radiant heat transfer between human body segments 146 
and surrounding surfaces is calculated according to the Stefan-Boltzmann law as follows 147 
[31]: 148 

4 4
( ) ( )

1

( ) ( ) ( ) ( ) ( ) ( )
m

sf sr cl sf i sr j sf sr
j

RL i i j f i T i T j    


       
                                             (13) 

149 

where εsf (i) is the emissivity of body segment i, σ the Stefan-Boltzmann constant (5.67×10-8 150 
(W/m2/K4)), εsr (j) the emissivity of the vehicle surface j around the body, fcl (i) the clothing 151 
area factor of segment i, and ψsf(i)-sr(j) the angle factor between body segment i and 152 
surrounding surface j, which is calculated by a finite element method by Tanabe [36], [37] 153 
and Thellier [38]. The Tsf (i) is the surface temperature of body segment i, (K), which is either 154 
the clothing surface temperature if the segment is clothed, or the skin temperature if the 155 
segment is unclothed. The Tsr (j) is the temperature of the surface around the human body 156 
(vehicle interior surface) j, (K).  157 

The convective heat exchange, C; the evaporative heat loss at the skin, Esk; and the 158 
convective and evaporative heat transfer from respiration, Cres and Eres, respectively, are 159 
calculated as specified by the American Society of Heating, Refrigerating, and Air-160 
Conditioning Engineers (ASHRAE) [31]. 161 

 162 

2.2 Human subject tests 163 

To collect data for assessing the existing models and developing a new model for vehicles 164 
under actual driving conditions, we conducted human subject tests in a Nissan Tiida 165 
passenger car (2014 model). The color of the car exterior was red and the interior decor and 166 
upholstery was light grey. The size of this model was rather typical in China. The tests were 167 
performed in summer, winter, and the shoulder season, from July 17, 2017, to May 22, 2019, 168 
in Tianjin, China. All experiment was performed at the same time of each day from 10:00 169 
a.m. to 3:00 p.m. This study recruited 24 healthy subjects to evaluate thermal comfort in a 170 
car. Three types of trials were performed: 1) highly transient environments during the cool-171 
down phases in summer, 2) highly transient environments during the warm-up in winter, and 172 
3) sudden changes in solar radiation in shoulder season. Each subject participated in at least 173 
two tests. A total of 24 tests were conducted in summer. In 16 of the 24 tests, only one 174 
subject sat in the driver’s seat, and in the rest tests, two subjects sat in the driver’s seat and in 175 
the front passenger seat, respectively. A total of 15 tests were conducted in winter and 176 
shoulder season when only one subject sat in the driver’s seat. Table 1 presents physiological 177 
and clothing information about the participants in different seasons. The number of subjects 178 
in each season exceeded eight, as required by EN ISO 14505 1-3 [24], [25], [26]  for 179 
evaluating thermal comfort in a vehicle.   180 

  181 
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Table 1. Subject information in each season 182 

Season 
Number of 

subjects 
Number 
of trails 

Height 
(cm) 

Weight 
(kg) 

Age Clothing(clo) 

Summer 
16 (8 male, 8 

female) 
32 171±4.6 65±4.7 34±10 0.5 

Winter 
15 (9 male, 6 

female) 
15 172±3.8 65±5.2 34±9 1.5 

Shoulder 
season 

15 (7 male, 8 
female) 

15 169±5.6 65±3.3 39±5.6 0.67 

 183 
The subjects were local residents acclimated to the local climate, and had more than five 184 

years of driving experience. To increase the accuracy of the test results, it was ensured that 185 
the subjects had enough sleep at night before the test. In addition, they were not allowed to 186 
take any food or drug that may affect the cognitive function.  187 

Figure 1 depicts the procedure for the subject tests. Before the subjects entered the vehicle, 188 
they rested in a preparation room with ambient temperature close to the neutral level (26oC 189 
for summer and shoulder season, and 20oC for winter) and remained in the room for 30 190 
minutes to achieve a neutral thermal state. During their stay in the room, all the subjects gave 191 
consent prior to their participation in the experiment and were briefed on both the withdrawal 192 
criteria and the experimental procedure.  193 

 194 

 195 

Fig. 1. Experimental protocol: a) summer/winter, b) shoulder season. 196 

 197 
When one or two subject(s) entered the car, they seated in the front seat(s) of the car. The 198 

air-conditioning system was turned on immediately to cool/heat the interior space using the 199 
recirculation mode. The air supply mode was set to “panel vent” in summer and shoulder 200 
season and “panel vent + foot vent” in winter. The fan speed was set at the medium level with 201 
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an airflow rate of 0.072 m3/s together with the target cabin air temperature. During the test 202 
phase in the vehicle, the subjects provided their thermal sensation vote (TSV) according to 203 
the ASHRAE seven-point scale (−3 = cold, −2 = cool, −1 = slightly cool, 0 = neutral, 1 = 204 
slightly warm, 2 = warm, and 3 = hot). As McIntyre [39] found that, in general people cannot 205 
deal with more than about seven levels of sensation without confusion. The voting frequency 206 
and driving route for the shoulder season was different from that for summer/winter. In 207 
summer and winter, the tests focused on the human thermal response under a gradually 208 
changing thermal environment. The initial thermal environment in the vehicle deviated 209 
greatly from neutral, and operation of the air conditioner caused a change in air temperature. 210 
The subjects voted their thermal sensation every minute during the first ten minutes. Because 211 
of the frequent voting, for safety reasons, the subjects sat in the car and did not perform any 212 
driving activity. After the first ten minutes, the subjects started to drive on a north-south road 213 
with a length of about 10 km, go back and forth, and then provided their TSV every five 214 
minutes. Since a long time was needed for the cabin thermal environment to reach a steady 215 
state in summer and winter, the subjects spent two hours in the vehicle. For the experiment 216 
during the shoulder season, the air temperature in the vehicle was close to neutral, and the use 217 
of the air conditioner did not cause a large change in the interior air temperature. The tested 218 
vehicle was driven on a road with alternating sun and shade, and the main objective of the 219 
test in the shoulder season was to investigate the subjective thermal response to sudden 220 
changes in solar radiation. Therefore, the subjects were asked to provide their votes whenever 221 
they felt changes in thermal sensation. A total of 1721 valid votes were collected, with 908, 222 
495, and 318 votes in summer, winter, and the shoulder season, respectively.  223 

 224 
Table 2. Interior air temperatures around the subjects (#1–#9) and interior surface temperatures (#10–225 
#19) 226 

1# 2# 3# 4# 5# 6# 7# 8# 9# 

Driver's 
face  

Driver's 
lower 
arm 

Driver's 
lower 
leg/feet 

Passenger
's lower 
leg/feet 

Driver's 
head 

Passenger
's head 

Driver's 
upper 
arm 

Driver's 
upper 
leg  

Passenger
's upper 
arm 

 227 

10# 11# 12# 13# 14# 15# 16# 17# 18# 19# 

Wind 
shield 

Dash 
board 

Driver 
side 
window 

Cei- 
ling 

Driver 
seat 
cushion 

Driver 
seat 
back 

Passenger 
seat  
cushion 

Passenger 
seat  
back 

Passenger 
side 
window 

Floor 

 228 
During the subject tests, several parameters of the thermal environment—air temperature, 229 

surface temperature, and relative humidity (RH) at the position of the subject's head—inside 230 
the vehicle cabin were continuously recorded. The monitoring of air temperature and interior 231 
surface temperature was achieved with the use of 19 thermocouples, as shown in Figure 2(a); 232 
the measurement locations are listed in Table 2. In addition, air velocity (Va) of different 233 
segments of the human body were measured under parking condition. Sensors were installed 234 
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on the top of the car to collect outside air temperature, relative humidity, and horizontal solar 235 
irradiance data for the outside thermal environment as shown in Table 3. 236 

 237 

a)   b)  238 

Fig. 2. Positions of thermocouple measurements in the experiment: a) interior air temperatures around 239 
the subjects (#1–#9) and interior surface temperatures (#10–#19), and b) skin temperatures of 240 
subjects. 241 

 242 
To study the impact of cabin thermal environment on a human body, we used 10 243 

thermocouples to measure the skin temperature on different parts of the subjects’ bodies, as 244 
shown in Figure 2(b). The mean skin temperature was calculated by weighting the skin 245 
temperature on the ten measured body parts according to the surface areas of the parts. The 246 
thermocouples were connected to a portable data logger. Table 3 provides the specifications 247 
of the instruments used in the subject tests. 248 

 249 
Table 3.  Technical specifications of the sensors used to measure inside and outside environmental 250 
parameters and skin temperatures. 251 

Parameter* Sensor type Range Accuracy 
Measurement 
frequency 

G, outside S-LIB-M003 0 to 1280 W/m2 ±10 W/m2 or ±5% 10 sec. 

Ta, outside S-THB-M002 -40 to 75oC ±0.2 K at 20oC 10 sec. 

RH, outside S-THB-M002 0 to 100% ±3% 10 sec. 

Tsk TT-K-30-SLE 0 to 350oC ±1.1oC or ±0.4% 1 sec. 

Ta, inside TT-K-30-SLE 0 to 350oC ±1.1oC or ±0.4% 1 sec. 

RH, inside HOBO U12 5 to 95% ±2.5% from 10 to 90% 10 sec. 

Va, inside AirDistSys 5000 0.05 to 5 m/s ±0.02 m/s ±1％ 1 sec. 

Tsur, inside TT-K-30-SLE 0 to 350oC ±1.1oC or ±0.4% 1 sec. 

* G = total radiation, Ta = air temperature, RH = relative humidity, Tsk = skin temperature, Va = air 252 
velocity, Tsur = surface temperature.  253 

 254 
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2.3 Evaluated thermal sensation models 255 

The data collected from the subject tests was used to assess the performance of current 256 
thermal sensation models under actual driving conditions. In our literature survey, we 257 
identified three models that could be used to evaluate thermal comfort in vehicles: the 258 
predicted mean vote (PMV) model by Fanger [3], the dynamic thermal sensation (DTS) 259 
model by Fiala [8], [9], and the University of California, Berkeley (UCB) comfort model by 260 
Zhang [5], [6], [7]. Since these models had been not developed using data obtained in a 261 
vehicular environment, it was essential to assess their performance in cars. Because vehicles 262 
are directly exposed to the outdoor climate, we also selected an outdoor thermal comfort 263 
model (Lai’s model) [40], [41], [42] for evaluation.  264 

The PMV model was based on the human energy budget under steady-state thermal 265 
conditions. It predicts the mean thermal sensation vote of a group of people using 266 
environmental and personal parameters as input. The DTS model was developed by Fiala [8], 267 
[9], by regressing a large amount of pre-existing human subject test data. It is a transient 268 
thermal sensation model used for spatially uniform conditions. The UCB model was 269 
originally intended for studying the thermal comfort in a non-uniform environment. It was 270 
based on the regression of a large amount of data from experiments in which local 271 
cooling/heating was applied to different segments of subjects’ bodies. The UCB model first 272 
predicts the thermal sensation for a local segment, and then the whole-body thermal sensation 273 
is obtained by integrating the local sensations. Meanwhile, Lai’s model was based on the 274 
regression of a large amount of experimental data obtained in different outdoor thermal 275 
environments. Table 4 lists the air temperature range under which the data was obtained for 276 
each model, and the model’s input parameters. 277 

 278 
Table 4. General information about the thermal sensation models. 279 

Model 
Air temperature 

range (ºC) 
Input parameters* References 

PMV 19–28 TL, Met 
Fanger [3], Chap. 4, Eqs. (25), 
(40) and (41) 

DTS 10–48 ∆Tsk,m, ∆Tcr, dTsk,m/dt Fiala et al. [9], Eqs. (1)–(10) 

UCB 20–32 ∆Tsk,m, ∆Tsk,i, dTsk,i/dt, dTcr/dt 
Zhang et al. [5], Eq. (5) 

Zhang et al. [7], Section 1.3.1 

Lai's 0–35 ∆Tsk,m, TL, dTsk,m/dt Lai et al. [42], Eqs. (3) and (4) 

*TL - thermal load,  Met - Metabolic rate, Tsk,m - mean skin temperature, Tcr - core temperature, Tsk,i - 280 
skin temperature for the ith segment, dTcr/dt,  dTsk,i/dt and dTsk,m/dt - rates of change of core 281 
temperature, mean skin temperature and skin temperature for the ith segment, respectively. Parameters 282 
marked by a delta (∆) are error signals, i.e., the difference between the value of the parameter under 283 
the actual conditions and the value under thermo-neutral conditions. 284 

  285 
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Mean skin temperature (Tsk,m) is an area-weighted value, i.e. 286 

sk,m /sk skT T dA ADu                                                            
 (14)

 287 

where Tsk is the local skin temperature and dAsk the corresponding local surface area on a 288 
body element of the human.

 
289 

The performance of the models was assessed by means of three parameters: Pearson’s 290 
correlation coefficient (R), the percentage of correct prediction, and the root-mean-square 291 
error (RMSE). The percentage of correct prediction in this study is defined as the percentage 292 
of predictions with error of less than or equal to one unit of the voting scale. The root-mean-293 
square error (RMSE) was calculated according to the following equation: 294 

 2

actual predictionx x
RMSE

n


 

                                                                                          (15) 
295 

where xactual is the experimental measured value, xprediction is the predicted value, and n is the 296 
number of observations. 297 

 298 
3. Results 299 

This section first provides descriptive results for the thermal environment and skin 300 
temperature in the car under driving conditions. Next, the performance evaluation results for 301 
the four selected thermal sensation models are presented. Finally, we discuss the 302 
development and validation of the thermal sensation model in the car under driving 303 
conditions. 304 

 305 

3.1 Descriptive results from the subject tests 306 

To demonstrate the overall trends in thermal environment and thermal comfort in a 307 
vehicle, this sub-section discusses the air and surface temperatures, relative humidity in the 308 
car and the mean skin temperature and thermal perception of the subjects in all tested cases in 309 
each season.  310 

As shown in Figure 3(a), the initial air temperature in the car cabin in summer greatly 311 
deviated from the neutral level, with a median value of 39.8 ºC. After the car’s air conditioner 312 
was turned on, the air temperature changed rapidly to the neutral level. The surface 313 
temperature also exhibited a dramatic change in summer, as shown in Figure 3(b). However, 314 
because of the thermal inertia of the car, the surface temperature varied less than the air 315 
temperature. The average surface temperature changed from 41.5 ºC to 32.3 ºC. The relative 316 
humidity varied from 34.1 to 32.8% as shown in Figure 3(c). A fluctuation of relative 317 
humidity was found during the first 10 minutes, mainly caused by the startup of the air 318 
conditioning system. Then the relative humidity was stable at about 30%. The thermal 319 
environment around the subjects in the car greatly influenced their mean skin temperature, 320 
which changed from 35.1 ºC to 33.3 ºC in summer, as shown in Figure 3(d). According to 321 
Figure 3(e), the median TSV decreased from 2 (warm) at the beginning of exposure to 0 322 
(neutral) quickly during the first 15 minutes, and kept the neutral state to the end. 323 
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 324 

a) b)  325 

c)  d)  326 

e)   327 

Fig. 3. Box charts of summer experimental results: (a) average air temperature around the subjects; 328 
(b) surface temperature around the subjects; (c) relative humidity; (d) mean skin temperature of the 329 
subjects; (e) TSV. The horizontal line represents the median value, the upper and lower bounds of the 330 
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boxes represent the 25th and 75th percentiles, respectively, and the lower and upper bounds indicate the 331 
minimum and maximum, respectively. 332 

 333 
Figure 4 displays the experimental results under heating conditions in winter, which were 334 

exactly the opposite of the results in summer. The average air temperature varied from 6.9 ºC 335 
to 28.6 ºC (Figure 4(a)), while the average surface temperature changed from 3.3 ºC to 21.3 336 
ºC (Figure 4(b)). The relative humidity varied from 27.2 to 21.1% for winter as shown in 337 
Figure 4(c). As shown in Figure 4(d), the mean skin temperature changed from 30.2ºC to 338 
34.6 ºC. The change in mean skin temperature in winter (4.2 ºC) was much larger than that in 339 
summer (1.8 ºC). There were two main reasons for this difference. First, the air temperature 340 
and surrounding surface temperature changed over a smaller range in summer than in winter. 341 
Second, under warm conditions, the evaporative heat transfer caused by sweating prevents 342 
the skin temperature from becoming too high [43], while under cold conditions, the skin 343 
temperature can vary greatly [44]. As shown in Figure 4(e), the median TSV rose from -1 344 
(slightly cool) to 1.5 (between slightly warm and warm). The warm thermal sensation at the 345 
end of exposure was due to the high air temperature (28.3 oC), lower relative humidity (21%) 346 
and the thick clothing (1.5 clo) worn by the subjects.  347 

 348 

a) b)  349 
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c) d)   350 

e)  351 

Fig. 4. Box charts of winter experimental results: (a) average air temperature around the subjects; (b) 352 
surface temperature around the subjects; (c) relative humidity; (d) mean skin temperature of the 353 
subjects; (e) TSV. The horizontal line represents the median value, the upper and lower bounds of the 354 
boxes represent the 25th and 75th percentiles, respectively, and the lower and upper bounds indicate the 355 
minimum and maximum, respectively. 356 

 357 
The above analysis demonstrates that the thermal environment was highly transient during 358 

the warm-up and cool-down phases in winter and summer. While in the shoulder season, the 359 
median air temperature in the car at the beginning of the test was 26.0 ºC, and its change was 360 
within 1 K (Figure 5(a)). The change in average surface temperature was less than 0.5 K 361 
(Figure 5(b)), and The relative humidity was stable at 30% during the shoulder season as 362 
shown in Figure 5(c). The mean skin temperature remained almost unchanged (Figure 5(d)), 363 
during the entire one-hour exposure. Moreover, it can be seen in Figure 5(e) that during the 364 
shoulder season, TSV was mainly concentrated between 0 (neutral) and 2 (warm), primarily 365 
because the subjects continually experienced sudden changes in solar radiation. The effects of 366 
solar radiation on thermal sensation are described in detail below. 367 

 368 
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a) b)  369 

c) d)  370 

e)  371 

Fig. 5. Box charts of shoulder-season experimental results (a) average air temperature around the 372 
subjects, (b) surface temperature around the subjects, (c) relative humidity; (d) mean skin temperature 373 
of the subjects; (e) TSV. The horizontal line represents the median value, the upper and lower bounds 374 
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of the boxes represent the 25th and 75th percentiles, respectively, and the lower and upper bounds 375 
indicate the minimum and maximum, respectively. 376 

 377 
Next, Figure 6 shows the impact of solar radiation variations on thermal sensation by 378 

presenting the distributions of air and surface temperatures around a typical driver in a test of 379 
shoulder season, and his/her skin temperatures, thermal loads, and thermal sensation vote. 380 
The temporal variation in air temperature shown in Figure 6(a) was generally within ±1 K, 381 
but the vertical air temperature difference between head and lower leg could exceed 3 K. As 382 
shown in Figure 6(b), the surface temperature of most parts of the car fluctuated within ±1 K. 383 
Two exceptions were the windshield and dashboard, which experienced a fluctuation within 384 
3ºC in surface temperature, primarily because of solar radiation changes when the car was 385 
driven alternately along sunny and shaded streets. Figure 6(c) illustrates the changes in skin 386 
temperature on the head, face, upper and lower arms, and hands, and the mean skin 387 
temperature. Generally, the variations in skin temperatures were small, while the exposed 388 
parts (head, face, hand) exhibited higher variation than parts covered by clothing (upper and 389 
lower arms, upper and lower legs).  390 

Meanwhile, Figure 6(d) shows the gradual and sudden thermal loads, TLg and TLs, 391 
calculated by Eqs. (4) and (5), respectively. The TLg was consistently around 15 W/m2, while 392 
TLs showed large variations, between 10 and 50 W/m2, as the vehicle was driven along 393 
shaded and sunny segments of the road. Figure 6(d) depicts the thermal sensation vote (TSV). 394 
While the thermal sensation was between 0.5 and 2, it can be seen that the TSV fluctuation 395 
did not follow the trend of air temperature, surface temperature, or skin temperature. It 396 
jumped with the sudden changes of solar radiation. Fluctuating solar radiation in a car was 397 
frequently encountered in daily driving, and it had a large impact on thermal comfort. Thus, 398 
at a higher thermal load, a warmer sensation was perceived. 399 

 400 

a)  401 
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b)  402 

c)  403 

d)  404 

Fig. 6. A tested case in the shoulder season: (a) air temperature, Ta (i), (b) surrounding surface 405 
temperature, Tsur (i), (c) skin temperature, Tsk,i, (d) thermal load, TL, and thermal sensation vote, TSV. 406 

 407 
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3.2 Evaluation of thermal sensation models  408 

After this investigation collected the data from the human subject tests, it was used to 409 
evaluate the PMV, DTS and UCB models and Lai’s model. Figure 7 compares the TSV 410 
predicted by the four models with the surveyed TSV for different seasons.  411 

a)  b)  412 

c)  d)  413 

Fig. 7. Comparison of the predicted TSV by (a) PMV, (b) DTS, (c) UCB, and (d) Lai’s model with the 414 
with the actual TSV obtained from the tests, where “TSV+1” and “TSV−1” are the lines at which 415 
predictions are one unit higher or lower, respectively, than the actual value. 416 

 417 
Given the difference in the number of participants in three different seasons, statistical 418 

analyses were not only conducted for the entire data set, but also respectively for summer, 419 
winter and the shoulder season. Table 5 presents the RMSE and the percentage of prediction 420 
within an error of one unit for the four models. The RMSE caused by PMV model were 1.65 421 
for summer, 1.27 for winter and 1.49 for shoulder season, respectively. The difference 422 
between the predicted value by PMV model and the actual thermal sensation was the largest 423 
among the four models. The RMSE of the remaining three models was less than 1 unit in the 424 
shoulder season, except the PMV model. This is mainly because, the interior of the car was a 425 
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near-neutral environment, and thermal sensation votes were mainly concentrated between 0-426 
2. 427 

The prediction within an error of one unit for PMV model were 64.80% for summer, 428 
57.40% for winter and 38.40% for shoulder season, respectively. The PMV model had the 429 
lowest accuracy among the four models, mainly because it was developed for steady-state 430 
conditions at the neutral level. Fanger stated that the PMV model should be used with care 431 
for indexes below −2 and above +2 and that significant errors can appear in hot 432 
environments. 433 

 434 

Table 5. Model validation results. 435 

Evaluation 
index 

Season PMV DTS UCB Lai 

RSME 

Summer (n=908) 1.65  1.25  1.19  1.20  

Winter (n=495) 1.27  1.26  1.34  0.82  

Shoulder season (n=318) 1.49  0.99  0.82  0.45  

Correct 
percentage (%) 

Summer (n=908) 64.80  76.40  77.20  76.30  

Winter (n=495) 57.40  55.40  47.70  77.40  

Shoulder season (n=318) 38.40  68.20  78.30  95.00  

 436 
Table 6 shows Pearson’s coefficient of correlation between thermal sensation vote and four 437 

thermal evaluation models. The correlation between the predicted and actual values was the 438 
worst for shoulder season. As mentioned earlier, during the transition season, sudden solar 439 
radiation was a good explanatory variable for TSV for shoulder season. 440 

 441 

Table 6. Pearson’s coefficient of correlation between thermal sensation vote and four thermal 442 

evaluation models 443 

  PMV DTS UCB Lai 

Summer (n=908) 0.677** 0.742** 0.658** 0.759** 

Winter (n=495) 0.744** 0.783** 0.66** 0.836** 

Shoulder season (n=318) 0.614** 0.245** 0.376** 0.644** 
**p<0.01. 444 

 445 
This investigation also studied the data from shoulder case in time series. Figure 8 shows 446 

the TSV obtained for a shoulder-season case as discussed in Section 3.1. The DTS and UCB 447 
models failed to predict the temporal TSV change due to sudden changes in solar radiation 448 
because the two models use skin and core temperatures as input, and these parameters 449 
changed little with the solar radiation change. The PMV model and Lai’s model could 450 
reproduce the sudden variation in TSV; however, the changes in TSV were overestimated by 451 
the PMV model and underestimated by Lai’s model.  452 

Among the four evaluated models, Lai’s model was the most accurate because its predictor 453 
variable TL (thermal load) considers heat gain due to solar radiation. Nevertheless, the 454 
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evaluation determined that none of the models was accurate, especially with sudden changes 455 
in solar radiation. A new model for predicting thermal sensation in cars should be developed 456 
to account for these sudden changes.  457 

 458 

 459 

Fig. 8. Comparison between the actual thermal sensation and the predictions by the PMV, DTS and 460 
UCB models and Lai’s model, with sudden changes in solar radiation. 461 

 462 

3.3 Developing a thermal sensation model for a passenger car under driving conditions 463 

Our new model is composed of two parts. After analyzing the relationship between thermal 464 
sensation and related parameters, the parameters that had the greatest association with 465 
thermal sensation were used to be the best predictor. The development of this part used data 466 
for parameters that do not reflect sudden changes in solar radiation. The second part of the 467 
model, meanwhile, considers the impact of sudden changes in solar radiation on thermal 468 
sensation, and was developed using thermal sensation votes. 469 

 470 
3.3.1 Modeling the influence of gradually changing parameters 471 

The first part of the model examines the influence of gradually changing parameters on 472 
thermal sensation. The first step of developing thermal sensation model was to select 473 
predictors. Gradual thermal load TLg and skin temperature were reasonable candidates 474 
because TLg indicates the general direction and magnitude of human heat transfer, and skin 475 
temperature is a good indicator of human thermal state due to the large number of 476 
thermoreceptors in the skin [45], [46], [47]. To find the best predictor, this study further 477 
examined the strengths of correlation between thermal sensation and thermal load and skin 478 
temperature at each segment and for the body as a whole. The parameters that had the 479 
greatest association with thermal sensation were then considered. 480 

Table 7 presents the Pearson correlation coefficients between TSV and TLg for different 481 
body segments. The TLg for the face had the strongest correlation. Hagino et al. [52] observed 482 
that the overall thermal sensation is dominated by body parts that are directly exposed to 483 
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airflow and solar radiation. In addition, the face is an important organ for the whole body in 484 
dissipating heat. Hence, the face is highly sensitive to the thermal environment. Its gradual 485 
thermal load, TLg (face), was therefore selected as a predictor.  486 

 487 
Table 7. Pearson correlation coefficients between thermal sensation and TLg at different body 488 
segments and for the body as a whole. (n=1721) 489 

TLg  Face 
Upper 
arm 

Lower 
arm 

Head 
Whole 
body 

Hand 
Lower 

leg 

Pearson correlation 
coefficient 

0.74**  0.70**  0.67**  0.66**  0.58**  0.58**  0.57**  

a. n=1721 (n=908 for summer, n=495 for winter and n=318 for shoulder season) 490 
b. ** p<0.01. 491 

 492 
Table 8 displays the Pearson correlation coefficients between TSV and skin temperature, 493 

including the mean skin temperature Tsk,m and the skin temperature at different body 494 
segments. The mean skin temperature had the strongest correlation among all the skin 495 
temperatures because it integrated the thermoreceptor signals from all over the body. As a 496 
result, this investigation selected Tsk,m as another predictor variable in the model. 497 

 498 
Table 8. Pearson correlation coefficients between thermal sensation and local and mean skin 499 
temperatures. (n=1721) 500 

Skin temperature  
Mean 
skin 

Lower 
arm 

Face Head 
Upper 
arm 

Upper 
leg 

Lower 
leg 

Pearson correlation 
coefficient 

0.62**  0.57**  0.57**  0.53**  0.53**  0.48**  0.42**  

a. n=1721 (n=908 for summer, n=495 for winter and n=318 for shoulder season) 501 
b. ** p<0.01. 502 

 503 
Thus, based on the above analysis, this study selected TLg (face) and Tsk,m to determine the 504 

thermal sensation when no sudden changes in solar radiation occur. Then, this study used the 505 
data set (n=732 for summer, n=394 for winter) to obtain the following relationship through 506 
multiple linear regressions: 507 

Summer data (n=732):  508 

,0.008 ( ) 0.333 11.370g sk mTSV TL face T    
  (R2 = 0.78)                                             (16-1) 

509 

Winter data (n=394):  510 

,0.01 ( ) 0.284 9.358g sk mTSV TL face T    
  (R2 = 0.81)                                                 (16-2) 

511 

Summer + winter data (n=1126):  512 

,0.01 ( ) 0.216 7.352g sk mTSV TL face T    
  (R2 = 0.78)                                                 (16-3) 

513 
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  After analyzing the coefficients of multiple linear regression for the summer and winter 514 
data sets, it was found that the two data sets can be synthesized. A single model that can 515 
predict the thermal sensation in summer and winter conditions can be developed. 516 

Using SPSS 24.0 [48] to analyze the experimental data, there was an approximately linear 517 
correlation (R2 = 0.78) between the actual and predicted values by Eq. (16-3). Tables 9 and 518 
10 show the hypothesis testing of the relation. There was no collinearity between the 519 
explanatory variables Tsk,m and TLg (face). 520 

 521 
Table 9. Anova for multiple linear regression equation (16-3).a 522 
Model   Sum of squares df Mean square F Sig. 

1 Regression 1659.272 2 829.636 2019.709 .000b 
 Residual 461.295 1124 0.411   
  Total 2120.567 1126       

a Dependent Variable: TSV. 523 
b Predictors: (Constant), Tsk,m, TLg (face). 524 
 525 
Table 10. Coefficients for multiple linear regression equation (16-3).a 526 

Model 
Unstandardized 
coefficients 

Standardized 
coefficients 

t Sig. Collinear statistics 

    B Std. error Beta     Tolerance VIF 

1 (Constant) -7.352 0.508   -14.483 0.000      
 TLg (face) 0.01 0 0.707 39.873 0.000  0.615 1.625 
  Tsk,m 0.216 0.015 0.25 14.092 0.000  0.615 1.625 

a Dependent Variable: TSV. 527 
 528 
3.3.2 Modeling the influence of sudden changes in solar radiation  529 

Sudden changes in solar radiation resulted in changes in thermal sensation vote. Figure 9 530 
summarizes the changes in thermal sensation vote (∆TSV) corresponding to the changes in 531 
solar radiation thermal load (∆TLs) for the face, exposed surfaces other than the face, and 532 
non-exposed segments for all tested subjects in the shoulder season (n=318). The results 533 
exhibited reasonably good Pearson correlations of R = 0.96 (p<0.01), 0.81 (p<0.01), and 0.85 534 
(p<0.01) for the face, other exposed surfaces, and surfaces of non-exposed segments, 535 
respectively. The high R for the face indicated that the ∆TLs (face) could be used to evaluate 536 
∆TSV. 537 

 538 
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a)  b)  539 

c)  540 

Fig. 9. Relationship between changes in solar radiation thermal load (∆TLs) and thermal sensation 541 
vote (∆TSV) for all the subjects tested in the shoulder season for: (a) ∆TLs (face); (b) ∆TLs (other 542 
exposed surfaces); and (c) ∆TLs (non-exposed surfaces). 543 

 544 
Figure 10 shows similar relationships between ΔTLs (face) and ΔTSV in summer, winter 545 

and the shoulder season. The green circles represent the relationship between ∆TSV and ∆TLs 546 
(face) from summer. The change range of ∆TLs (face) varied from (-176.9)-163.6 W/m2 and 547 
the ∆TSV varied from (-2) to 2. The black diamonds represent data from winter. The change 548 
range of the ∆TLs (face) varied from (-192.6)-178 W/m2 and the ∆TSV varied from (-1) to 1. 549 
The red squares represent data from shoulder season. The change range of the ∆TLs (face) 550 
varied from (-179)-181 W/m2 and ∆TSV varied from (-1.5) to 1.5. The range of sudden 551 
changes in solar radiation was about the same, ranging from -180-180 W/m2. But the changes 552 
of ∆TSV were different for different seasons. 553 
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Linear regression for ∆TSV for different seasons is: 554 

0.0122 ( ) 0.0024summer sTSV TL face   
                         (R2=0.91)                            (17-1) 

555 

int 0.0064 ( )-0.0333w er sTSV TL face  
                            (R2=0.87)                            (17-2) 

556 

0.0091 ( )-0.014shoulder sTSV TL face  
                            (R2=0.93)                            (17-3) 

557 

 558 
The slopes in linear regression equation (17-1, 17-2 and 17-3) differed between seasons. In 559 

summer, the driver’s thermal perception was the most sensitive to changes in solar radiation, 560 
while the least sensitive in winter. This may due to differences in thermal expectation in 561 
different seasons. In the cold winter months, people desire solar radiation [50], [51] whereas 562 
in the summer, they tend to avoid strong sun [51]. 563 

 564 

 565 

Fig. 10. Relationship between solar radiation thermal load (∆TLs) and thermal sensation votes 566 
(∆TSV) in different seasons.  567 

 568 
Next, Figure 11 reveals a strong correlation between the solar radiation thermal load 569 

needed to change TSV by one unit and the outdoor air temperature. The fitted linear equation 570 
provides the basis for estimating changes in TSV with respect to the outdoor air temperature: 571 

( )

3.0714 166.8
s

out

TL face
TSV

T


 

  
                                                                                               (18) 572 

where Tout is the outdoor air temperature, oC. Eq. (18) shows that an increase in outdoor air 573 
temperature leads to higher sensitivity on the part of TSV to changes in solar radiation. For 574 
example, when the Tout is 0 ºC in winter, a ΔTLs (face) of 170 W/m2 is required to bring a 575 
one-unit change in TSV. When the outdoor temperature is 30 ºC, a ΔTLs (face) of only 80 576 
W/m2 is sufficient to change TSV by one unit.  577 
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 578 

 579 

Fig. 11. Association between solar radiation thermal load needed to change TSV by one unit under 580 
different outdoor air temperatures, Tout. 581 

 582 
When Eqs. (16-3) and (18) are combined, the thermal sensation model for cars under 583 

driving conditions becomes: 584 

,

( )
0.01 ( ) 0.216 7.352

3.0714 166.8
s

g sk m
out

TL face
TSV TL face T

T


     

                                            (19) 
585 

The first three terms on the right side of Eq. (19) represent the influence of gradually 586 
changing parameters, while the last term represents the influence of sudden changes in solar 587 
radiation. In addition, the influence of these sudden changes varies with outdoor air 588 
temperature.  589 

Figure 12(a) compares the actual TSV and the TSV predicted by Eq. (16-3). The colored 590 
dots represent the votes under the influence of changing solar radiation during summer 591 
conditions and the colored squares during winter conditions. The predictions for TSV under 592 
changing solar radiation were not accurate. It can be seen that a large change in solar 593 
radiation gave rise to a large error. Meanwhile, Figure 12(b) compares the actual TSV with 594 
that predicted by Eq. (19). Almost all the colored dots and squares were within ±1 unit 595 
difference between the actual and predicted TSV.  596 

 597 
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a)  b)  598 

Fig. 12. Comparison between the actual TSV and the TSV predicted by: (a) Eq. (16-3) and (b) Eq. 599 
(19). 600 

 601 
Table 11 shows the new model validation. The RMSE caused by the actual thermal 602 

sensation and the predicted value by equation (19) was 0.56, 0.66 and 0.30 for summer, 603 
winter and shoulder season, respectively. Compared to the new model, the four other models 604 
did not perform well for the summer and winter conditions, with a RMSE value larger than 1 605 
thermal sensation unit (except Lai’s model for winter data). When coming to the other two 606 
evaluation indices, the new model was 87.1% correct, Pearson R was 0.89 for all data 607 
(n=1721). Both of them showed more accurate than the other four models. 608 

 609 
Table 11. Model validation results 610 

  RMSE Correct percentage (%) 
Pearson 

R 
p-value 

Summer (n=908) 0.56  85.50  0.88  0.000  

Winter (n=495) 0.66  82.00  0.89  0.000  

Shoulder season (n=318) 0.30  100.00  0.86  0.000  

All Data (n=1721) 0.56  87.10  0.89  0.000  

 611 

4. Discussion 612 

4.1 Effect of air velocity  613 

For safety reasons, air velocity was only measured during the parking condition. Table 12 614 
shows the measured air velocities. Due to the small space inside of the vehicle, the effect of 615 
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human presence cannot be ignored. The body blockage effects, induced self-convection, 616 
breathing airflow, and heat exchange with other bodies and even body parts can cause 617 
significant change in flow field patterns. There were 8 tests with two subjects seated in the 618 
front seats in summer. The passenger was an additional heat source that could also change the 619 
flow field. The change in airflow could lead to an error in TLg (face). The weather parameters 620 
also changed drastically that would also had an impact on airflow inside the vehicle. This 621 
investigation could not give quantitative estimate of the error. 622 
 623 
Table 12. Local air velocities on different body segments (m/s). 624 

  Face Head Thorax 
Upper 
arm 

Lower 
arm 

Hand 
Upper 

leg/Abdomen 
Lower 

leg 
Feet 

Winter 0.17  0.16  0.11  0.12  0.07  0.31  0.11  0.52  0.52  

Summer/ 
Shoulder season 

0.46  0.33  0.73  0.31  0.26  1.56  0.22  0.10  0.10  

 625 

4.2 RS and RL of different segments  626 

As mentioned in section 2.1, the shortwave and longwave radiation was very complicated. 627 
Figure 13(a) shows that the shortwave radiant heat load obtained by different body segments 628 
varied greatly. RS (face) varied significantly from 5 to 173 W/m2 during the exposure. RS 629 
(lower leg) varied only from 0 to 15 W/m2. This was mainly because that the lower leg was 630 
blocked by surrounding structures and other body segments. Since the temperature of the 631 
interior wall of the vehicle does not change much (see Figure 6(b)), the longwave radiant heat 632 
load of each segment did not change much during the experiment (see Figure 13(b)). The 633 
change of the longwave radiant heat load on the face and head were the largest among all 634 
segments. The RL (face) and RL (head) varied with the surface temperature of center console 635 
and windshield due to the angle factor between face/head and surrounding surface center 636 
console/windshield. That was why we chose TLg (face) and ∆TLs (face) because they were 637 
most influential. 638 

 639 

a)  640 
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b)  641 
Fig. 13. A tested case in the shoulder season: (a) Short-wave solar heat load, RS (i), (b) Long-wave 642 
heat load, RL (i) and thermal sensation vote, TSV. 643 

 644 
4.3 Limitations and future challenges 645 

The subject sample size was limited in this study, and the subjects did not encompass a 646 
wide variety of ages, weights, or other factors. Indraganti [49] found that thermal sensitivity 647 
changed with age, gender and economic group. Therefore, additional studies are needed to 648 
further validate the model developed here. 649 

The core temperature of the human body is an important physiological parameter that 650 
influences thermal sensation. In practice, body core temperature is commonly monitored 651 
through rectal, esophageal, or tympanic measurements. Our experiment used the temperature 652 
measured by an ear thermometer to represent the core temperature of the body. However, 653 
perhaps because of the short duration of the experiment, the ear temperature changed only 654 
slightly during the tests. Therefore, we did not use the core temperature as a parameter for 655 
model development. 656 

 657 
5. Conclusions 658 

This investigation of thermal sensation conducted tests in cars under driving conditions 659 
with 32  participants in summer, 15 participants in winter, and 15 participants in the shoulder 660 
season. The study led to the following conclusions: 661 

 The collected data was used to evaluate four commonly used thermal sensation 662 
models: the PMV model, the DTS model, the UCB model, and Lai’s model. The 663 
evaluation results show none of the models was very accurate for driving conditions 664 
inside a car, because they did not consider the impact of changing solar radiation on 665 
thermal sensation.   666 

 A sudden change in solar radiation in a car can greatly influence the thermal sensation 667 
of drivers. Drivers were more sensitive to changes in solar radiation under higher 668 
outdoor air temperature.  669 
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 This investigation developed a new model to predict thermal sensation in cars that 670 
uses gradual change in thermal load on the face, sudden change in solar radiation on 671 
the face, mean skin temperature and outdoor air temperature as predictors.  672 

 The new model can predict thermal sensation in a car under driving conditions with 673 
an accuracy of 87.1% and with a RMSE less than 1 unit for all three outdoor driving 674 
conditions. The conditions were highly transient during the warm-up and cool-down 675 
phases in winter and summer, and sudden changes in solar radiation. 676 
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