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Abstract 

Urban microclimatic conditions affect human body energy balance and individuals’ thermal perception. Therefore, it is necessary 
to find an appropriate index to evaluation of outdoor space. Predicted Mean Vote (PMV) always use for evaluation of outdoor 
thermal environments. However, PMV model was developed based on the indoor chamber experimental data. Therefore, there is 
a need to compare in detail based on the outdoor survey data. A field survey has been conducted in Guangzhou this summer. The 
results show that there is a strong linear relationship between the PMV and operative temperature. However, the relationship 
between the TSV and operative temperature is not clear. At the lower operative temperature range of, 28 -36 °C, TSV increases 
with rising of operative temperature. When operative temperature is higher than 36 °C, TSV concentrates on the range of 2.5 – 
4.0. In addition, the difference between PMV and TSV is not significant at the range of 28 – 34 °C. At the higher operative 
temperature, the prediction of PMV is not corrective. Based on the statistics, the adaptive thermal comfort model is developed, 
which is validated by the survey data with a small error.  
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the 10th International Symposium on Heating, Ventilation and Air 
Conditioning. 
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1. INTRODUCTION 

In industrialized countries, on average, people spend more than 90% of their time indoors (Hoppe 2002; Leech et 
al. 2003), which leaded the energy consumption of creating indoor thermal environment dramatically increase. At 
present, more and more people are encouraged to spend more time outdoor space. However, people will be directly 
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exposed to their immediate environment integrated the interaction of air temperature, wind speed, humidity and 
radiation fluxes on the human thermos-physiological state in terms of equivalent temperature, which will greatly 
influence the human thermal comfort. In order to create a comfortable and healthy microclimate conditions, urban 
planning, as one of the challenges needs to consider the several aspects, including physical, environmental, 
economical and social aspects (Hakim et al.1998; Hass-Klau 1993). Optimized design of outdoor environments can 
not only improved city live ability but also save heating and air conditioning energy inside buildings by spending 
more time outdoors. Therefore, it is necessary to determine the appreciated outdoor thermal comfort models to 
evaluated outdoor space. 

In recent years, variation thermos-physiological models have been developed to improve the prediction of 
thermal response of human body (Kati et al. 2016).One of the most applied thermal index is the PMV  based on the 
heat balance of the human body, which can be used to predict the general thermal sensation and degree of 
discomfort of people exposed to moderate thermal environments, and it should be used only for values of PMV 
between -2 and +2 and when the main parameters are within the specified range, such as air temperature between 
10 °C and 30 °C (ISO 7730 2005). It was expressed on the 7-point ASHRAE thermal sensation scale and widely 
accepted and used (Schellen et al. 2013) indoor thermal environment. PMV has also been commonly adopted in 
outdoor thermal comfort (Cheng et al. 2012; Berkovic et al. 2012; Johansson et al. 2014) However, PMV model was 
developed based on the indoor chamber experimental data. Therefore, there was a need to compare in detail whether 
those indices can be applied to evaluate the outdoor thermal environments in southern china. 

The aim of this study was to demonstrate the difference between PMV and MTSV. First, a field survey was 
conducted in Guangzhou this summer. The several important outdoor thermal parameters were recorder with human 
thermal comfort questionnaire. Secondly, based on the field survey data, PMV was calculated. Thirdly, the 
difference between PMV and MTSV were analysed, and the model of PMV was suggested to modify for outdoor 
space. 

 
Nomenclature 

Ta              Air temperature, °C 
RH         Relative humidity, % 
Tg                 Globe temperature, °C 
Va                 Air velocity, m/s 
Top Operative temperature, °C  
A Coefficient 
εg            Globe emissivity 
Tmrt        Mean radiant temperature, °C 
PMV       Predicted mean vote  
MTSV    Mean thermal sensation vote  

 

2. METHODS  

2.1. Location of study 

This investigation was carried out at Guangzhou University in Guangzhou, which is located in southern China at 
longitudes between 112.8 oE and 114.2 oE and latitudes between 22.3 °N and 24.1°N. Based on the statistical data 
from 2010 to 2015 (http://tianqi.2345.com/wea_history/59287.htm), Tmrt was 28.4 °C in July. RH was around 83% in 
summer and 70% in winter (Zhang et al. 2013). Climatically Guangzhou was a typical subtropical city with 
uniformly high temperatures, high humidity and abundant summer rainfall.  

To study human subjective responses for evaluating the influence of microclimatic conditions, sites were chosen 
to cover a wide variety of environmental conditions in terms of local climate, topographic characteristics and urban 
morphology. Within these sites, locations with different microclimatic conditions (i.e., shaded, unshaded, meadow, 
concrete-paved areas, etc.) were identified and used. Thus, the areas included squares, teaching building blocks and 
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a large open ground floor, as shown in Figure 1. This investigation included two parts: measurement of outdoor 
thermal environment parameters and thermal comfort questionnaire collection. 

 

 

Fig. 1. Sites of survey 

2.2. Protocol of field data 

A series of field surveys and measurements were carried out from July to September. The field survey and 
measurement lasted 9 hours from 8:30 to 18:30 every day. Three thermal parameters, including Ta, RH, and Tg were 
continuously measured and automatically recorded every minute. Va was continuously measured and recorded every 
five minutes. While the microclimate parameters were being collected, the subjects near the measurement sites were 
randomly invited to answer the questionnaire. The total number of valid questionnaires is 323. 

 Table 1 Instruments for micrometeorological measurements. 

Name  Parameters Measurement range Accuracy  

ZDR-20 
Ta  -40 - 100 °C ± 0.5 °C;  

RH  0 - 100 % ± 3 % 

JTR10 Tg  5 - 120 °C ± 0.2 °C 

Kanomax Model KA22 Va  0 - 4.99 m/s ± 2 % 

The operative temperature (Top), which takes the impact of air temperature, mean radiation temperature and air 
velocity on thermal comfort into consideration, is calculated by the following equation (ASHRAE 55 2013; ISO 
7730 2005): 

Top = ATa + (1 - A) Tmrt                                                                        (1) 
In the equation (1), the coefficient (A) only depends on Va. 

   Tmrt, which considers both short-wave and long-wave radiation and represents the weighted average temperature 
of an imaginary enclosure that gives the same radiation as the complex urban environment, has a strong influence on 
human thermal comfort (Yahia et al. 2013). Tmrt was calculated according to ISO 7726 (1998) for forced 
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convection from the measured Tg, Va, Ta and globe emissivity (εg, assumed to be 0.95) and diameter (D, 
approximately 110 mm): 

���� � ���� � 273�� � �������������������������
� � ��� − ������� − 273                                     (2) 

2.3. Survey questionnaire 

In this study, subjects were asked to complete questionnaires while physical measurements were conducted. All 
subjects were volunteers. The questionnaire comprised three sections. The first section dealt with demographic 
information such as age, gender, height and weights. The second section recorded respondents’ thermal adaptation, 
including their thermal experience, activity type, and clothing. The third section questioned respondents regarding 
their current thermal comfort status. The scope of the questionnaire was according to the thermal environment 
stipulated in ASHRAE Standard 55 (2013) and ISO 7730 (2005). A few studies used a 9-point thermal sensation 
scale to evaluate the indoor thermal environment (-4: very cold, -3: cold, -2: cool, -1: slightly cool, 0: neutrality, 1: 
slightly warm, 2: warm, 3: hot and 4: very hot) (Zhang 2003). In light of the possibility of encountering the hot and 
humid conditions in the survey, the 9-point scale was adopted in the questionnaire for the current study. 

3. RESULTS AND DISCUSSION 
3.1. PMV and thermal sensation 
    The predicted mean vote (PMV) as one of the most famous thermal comfort indices was originally developed to 
predict indoor thermal sensation. Sometimes, it was also applied to outdoor thermal environments. In Figure 11, the 
relationships of the PMV and mean thermal sensation vote (MTSV) with the Top are shown. There was a strong 
linear relationship between the PMV and Top, which had been found in many previous investigations (ASHRAE 55 
2013). As shown in Table 2, when the PMV was applied to the indoor thermal environments, it needed to meet 
certain conditions: The PMV range was between -2 and +2; and Ta should not exceed 30 °C. In Fig.2, it was noted 
that when Top was lower than 34 °C, the PMV predicted quite well. However, the discrepancy between PMV and 
MTSV would increase with the rising of Top, which was significant at high Ta in outdoor thermal environments. In 
addition, the relationship between the MTSV and Top was unclear. When Top was lower than 34 °C, the MTSV also 
increased with the rising of Top. However, when Top exceeded 34 °C, the PMV overestimated the thermal sensation. 
    The MTSV fell at around 3.0 under higher Top. Most subjects felt hot or very hot when the operative exceeded 
34 °C.  Therefore, if the PMV was used to evaluate the outdoor thermal environment, it probably needs to be 
modified. 
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Fig. 2. Difference between the PMV and MTSV against operative temperature 

Fig3. shows the regression relationship between the PMV and MTSV. When the MTSV is lower than 2.5, the 
MTSV increased as the PMV rose. However, when PMV exceeded 2.5, the MTSV concentrated in the range 
between 2.5 and 3.5. The MTSV might be predicted by PMV. The R2 was 0.741, which indicated the correlation 
was significant.  

 

 

Fig. 3.  Regression relationship between the MTSV and PMV 

4. CONCLUSION 
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development.  
    In order to validate the different outdoor thermal indices, a subjective approach-based thermal sensation vote 
questionnaire survey with field measurements was carried out. Via analysis of microclimate parameters, it was 
found that there is a strong linear relationship between the PMV and operative temperature. However, the 
relationship between the TSV and operative temperature is not clear. At the lower operative temperature range of, 
28 -36 °C, TSV increases with rising of operative temperature. When operative temperature is higher than 36 °C, 
TSV concentrates on the range of 2.5 – 4.0. In addition, the difference between PMV and TSV is not significant at 
the range of 28 – 34 °C. At the higher operative temperature, the prediction of PMV is not corrective. Based on the 
statistics, the adaptive thermal comfort model is developed, which is validated by the survey data with a small error. 
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