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ABSTRACT: For the adequate thermal design of buildings, the local climate analysis is needed in order to define 

design strategies according to these conditions. It is also necessary to know the specific comfort conditions of the 

people habituated to the local climate. In some extreme climates, thermal comfort conditions are not necessarily the 

same as the reported by the international standards and in the classic references. For this reason, the specific comfort 

conditions for climates and people must be determined.  

In this work we have developed a mathematical model to calculate the thermal votes for people adapted to a specific 

climate. This model is based on measured thermal responses of people habituated to live in hot dry climate. The field 

survey has been carried out in Hermosillo city, in Northwest Mexico, inside houses in developments for people with 

low-incomes. The calculated thermal votes of the two relevant seasons have been compared with the field survey 

thermal responses with good statistical agreement.  

This model can be useful to predict the thermal sensations of people acclimated to similar thermal conditions and 

situations, taking into account the temperature and relative humidity.  

Keywords: thermal votes, hot dry climate.  

 
 

INTRODUCTION 

The need for fast and inexpensive construction of 

dwellings for underprivileged people in Mexico causes 

that in any climate, housing developments are designed 

and constructed without regional adaptation, using 

almost the same model for the whole country. In extreme 

climates like that of Northwest Mexico, indoor thermal 

conditions are not acceptable during most of the year, 

and excessive energy for air conditioning is needed, 

leading to high acclimatization costs. Also, a high 

number of people cannot afford the cost of air-

conditioning systems and must try different alternatives 

to adapt to high temperature environments. 

 

For the adequate thermal design of buildings, the 

local climate analysis is needed in order to define design 

strategies according to these conditions. It is also 

necessary to know the specific comfort conditions of the 

people accustomed to the local climate. In extreme 

climates, thermal comfort conditions are not necessarily 

the same as the reported by the international standards 

and in the classic references. The comfort zone can be 

different for a large variety of climates along the globe. 

In warm climate the neutral temperature can be higher, 

and in climates with wide temperature oscillations, such 

as hot dry, the comfort range can be wider. For this 

reason, the specific comfort conditions for climates and 

people must be determined. It is important to know the 

actual thermal conditions, and not to use (without 

adjustment) comfort standards obtained for other 

climates and situations [1, 2]. 

 

In the context of a project supported by Mexican 

federal funds, several studies on thermal comfort 

conditions in low-cost dwellings were carried out 

simultaneously in seven cities corresponding to warm 

dry and warm humid climates throughout the Mexican 

territory [3]. In this work, we have used as data indoor 

measurements in houses for people with low-incomes, 

located in the city of Hermosillo (in Northwest Mexico) 

[4, 5].  

 

In this city, the climate is hot dry; despite this 

condition, a very high number of houses are not designed 

or constructed to suit the extreme local climate. 

Inhabitants’ thermal sensation was evaluated in their own 

habitat, where they are able to take steps to seek their 

thermal comfort. 

 

With these field surveys results, we have developed a 

mathematical model to calculate the thermal votes for 

people adapted to a specific climate. The calculated 

thermal votes of two relevant seasons have been 

compared with the field survey thermal responses.  
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THE LOCAL CONDITIONS AND THE METHOD 

FOR DATA COLLECTION 

The local climate is a typically desert climate with high 

solar radiation levels. Summers are very hot, with daily 

minimum temperatures of 15 to 21°C and maximum 

temperatures of 40 to 45°C, and relative humidity 

between 15 and 50%. Winters are mild, with minimum 

temperatures from 0 to 7°C and maximum temperatures 

between 25 and 30°C. 

 

Many local people are adapted to air conditioning 

systems working during almost half of the year. People 

with lower incomes generally have no access to these 

devices and cannot afford their operation costs. This 

segment of society often lives in small houses within 

large developments, constructed in many cases without 

insulation. 

 

This work is based on field surveys in several low-

cost housing developments in the city of Hermosillo, 

Mexico. Occupants of the surveyed houses were workers 

with very low income, the majority habituated to the 

local climate. They were generally families made up of 

young couples with one or two children. Houses were 

constructed in 33.5 to 39 m
2
, distributed in two main 

spaces—one bedroom and one multi-purpose room—and 

one bathroom. The houses were made of concrete block 

walls, joist slabs and polystyrene vaults, without 

insulation. 

 

 

 
Figure 1: Tract housing development (Google earth).  

 

 

The field surveys have been applied to collect 

thermal sensation of people adapted to local conditions. 

Field surveys are useful to analyse occupants’ thermal 

sensations in their own environment, obtaining data at 

the site where they live or work. The adaptive approach 

of thermal comfort [6] relates the thermal characteristics 

of the environment and the heat transfer gained and lost 

by a human body with the subjectivity of human 

behaviour. 

 

The advantage of this type of comfort studies is that 

the results include the physiological and psychological 

responses of inhabitants as a whole, including the actions 

they take to achieve thermal comfort. Acclimatization 

effects are also included in the people responses. 

 

Results of field surveys also allow the prediction of 

occupants’ thermal sensation and neutral temperature, 

which vary with the climate and many other factors.  

Adaptive models have shown, compared with 

quantitative models, that standardizations regarding 

climate and thermal comfort conditions are not the best 

way to determine people preferences, because they are 

highly dependent on environment and human context. 

Because of this, it is necessary to determine specific 

comfort conditions according to the climate and 

population. 

 

 

 
Figure 2: Low-cost houses.  

 

 

The field studied consisted of sampling physical 

characteristics of the houses, social and physical 

characteristic of the occupants, and reported thermal 

sensation from the occupants (votes). A questionnaire 

specifically designed for this purpose has been 

developed. During survey application, indoor thermal 

variables were measured. Clothing and activity level 

were reported in each case. 

 

The reported thermal sensations were based on a 

seven-point scale (ASHRAE scale from -3 to +3), 

representing occupant comfort votes. At the same time, 

the following thermal variables have been measured 

indoors: air temperature, globe temperature, relative 

humidity and wind speed. Considering local climate 

characteristics, the surveys were carried out during the 

two most relevant climatic periods: winter and summer. 

Winter can be considered as temperate and summer, hot 
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dry. The survey questionnaire and its application 

methodology were designed according to ISO 7730 and 

ISO 10551 standards [2, 7]. The indoor thermal variables 

have been measured with a device consisting in a data 

logger and several sensors (QUESTempº 36). The 

measurement device complied with ISO 7726 standards 

[8]. The external climate data have been obtained from 

the meteorological station of the Laboratory of Energy 

and Environment in Architecture (University of Sonora), 

located in the same city. 

 

 

MATHEMATICAL MODEL FOR THERMAL 

VOTES 

The adaptive approach considers that comfort votes 

expressed by occupants include the overall effect of all 

environmental variables which influence comfort and 

thermal sensations, such as temperature, humidity, wind, 

radiant temperature, attire, physical activity, 

acclimatization, comfort expectation, among others. 

According to this approach, the neutral temperature (Tn) 

and comfort range are representative of the thermal 

conditions preferred by most of the people under similar 

circumstances. The values obtained by data of field 

surveys would therefore be representative of the comfort 

temperatures due to effects of all variables. However, it 

can be very useful to express comfort conditions not only 

as a function of temperature T but also of relative 

humidity HR. Taking into account both variables as 

independent, the actual comfort sensation can be 

analysed more accurately, for example, differentiating 

places with the same temperature but great differences in 

humidity. Distinct design strategies for each case can be 

obtained easier, and it can be more useful for architects 

for formulating different bioclimatic strategies.  

 

In this article we describe a method for estimating the 

comfort zone as a function of temperature and relative 

humidity for a specific climate. We have used winter and 

summer survey data, which are the most representative 

seasons in this climate. We start with the temperature T 

as an independent variable for estimating the vote, and 

then we analyse the influence of relative humidity HR by 

specific ranges. The data pairs (T, HR) are divided by 

humidity ranges in order to cover a similar amount of HR 

data. A linear regression is applied to the temperature 

votes V (T, HR=constant), where HR is the mean value 

of each range. The slope (m) and intercept at the origin 

(b) of regression are function of humidity. Using these 

criteria for interval selection, more defined functions of 

m(HR) and b(HR) can be obtained than with other 

intervals. The functions m(HR) and b(HR) were obtained 

by regression, with mean humidity values of each 

interval. The calculate comfort votes can then be 

expressed as (1): 

 

V (T, HR = constant) = m(HR) T + b(HR)    (1) 

 

In order to find the functions m(HR) and b(HR) for 

equation 1, a least-squares fit was applied. The following 

functions for m and b were obtained:  

 

m(HR) = a0 + a1 HR +a2 HR
2
 and for b(HR) = c0 + c1 

HR + c2 HR
2
             

 (2) 

 

Thermal sensations or thermal votes can be calculated 

as a function of T and HR as independent variables, 

based on surveys and hygrothermal measurements as 

data. This function is able to predict thermal sensations 

for populations in similar conditions and similar climates 

to those originally surveyed.  

 

In the following section we show an example of how 

can be obtained the model for prediction of people’s 

response in a particular case, under winter and summer 

thermal conditions. Also, we show how accurate the 

model can be, compared to the measured responses 

obtained by the survey.  

 

In a previous study [9] we have applied this method 

for summer data, but here we extend the analysis to two 

extreme seasons: summer and winter, as we can see, the 

fit will be good. 

 

 

RESULTS AND COMPARISON 

Using the data of our case study, we have applied the 

described equation for the winter and summer conditions.  

The quality of the adjustments of m and b functions can 

be seen in the following graphs (Figure 3 and 4): 

 

  
a)         b) 
Figure 3. a) Function m(HR) and b) function b(HR), obtained 

by regression (winter).  

 

 

 
a)         b) 
Figure 4. a) Function m(HR) and b) function b(HR), obtained 

by regression (summer). 
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The complete thermal vote equation for winter would 

be obtained by including (2) in (1), considering the 

obtained coefficients (a0, a1, a2, c0, c1 and c2), thus 

obtaining (3): 

 

V (T, HR) = (0.7403 – 0.0335 HR + 0.0004 HR
2
) T – 

23.93 + 1.217 HR – 0.0154 HR
2
       

 (3) 

 

The complete thermal vote equation for summer, 

according to the same procedure, is (4): 

 

V (T, HR) = (- 1.1467 + 0.085 HR - 0.0012 HR
2
) T + 

31.571 - 2.4453 HR + 0.0353 HR
2
      (4) 

 

These last equations (3 and 4) are examples of how a 

model for prediction of people’s response thermal 

conditions can be obtained. The following graphs 

(Figures 4 and 5) show how accurate the model can be, 

for winter and summer conditions, comparing the model 

results with the measured responses obtained by the 

survey.  

 

 

 
Figure 4. Surveyed comfort votes (grey squares) and calculated 

comfort votes (black triangles) in winter.  

 

 

 
Figure 5. Surveyed comfort votes (grey squares) and calculated 

comfort votes (black triangles) in summer.  

The model is able to predict the different levels of 

thermal votes. For specific purposes, is more useful to 

extract those votes corresponding to comfort conditions, 

which are plotted in Figures 4 an 5. 

 

The model is able to fit accumulated and also 

scattered groups of values from the surveys, represented 

in both seasons. 

 

To test the reliability of the model’s adjustment, we 

have used the χ2 test [10]. To do this, we have calculated 

the votes’ distributions of the seven sensation levels 

(from -3 to +3) and we have compared the distribution of 

the predicted votes to those calculated. In this manner we 

can evaluate the possibility that the differences between 

the surveyed votes and those predicted by the proposed 

formulas (equation 3 and 4) could be due to random.  

 

We found that the surveyed and calculated votes are 

statistically equivalent with 98% reliability in winter and 

more than 95% in summer. Therefore, we consider that 

the multivariate adjustment we have developed is able to 

estimate thermal sensation levels for specific thermal 

conditions determined by temperature and relative 

humidity. 

 

 

CONCLUSIONS 

People acclimatization to the extreme thermal conditions 

and expectations are different of that of more benign and 

stable environments or air-conditioned spaces. In 

underdeveloped countries, with economic restrictions 

which limit the use of air conditioning devices, the 

comfort zone proposed for developed countries do not 

necessary fit to the actual conditions. As said before, in 

warm and desert climates the thermal preferences of 

local people can change to wide and higher comfort 

temperature ranges. It is necessary to determine the 

thermal preferences for each climate and population. 

Also, most of the warm and desert countries in the globe 

are underdeveloped. The adaptive approach provides an 

adequate methodology to determine these preferences. 

 

It is very useful that the comfort zone can be 

expressed as a function of temperature and relative 

humidity, because it helps architects to directly relate 

comfort conditions with passive thermal strategies that 

can be applied to buildings to improve indoor thermal 

conditions. 

 

In this work, we have proposed a method to analyse 

the habitability in low-cost houses, from the thermal 

conditions points of view, according to the comfort 

conditions obtained by field surveys. An equation has 

been proposed to predict thermal sensations (votes) of 

people acclimated to the local climate or to similar 

conditions and expectations, which is a function of 
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temperature en relative humidity as independent 

variables. The model has a good statistical agreement 

with the surveyed data. 

 

The knowledge of the specific comfort conditions 

helps to design buildings with more habitable indoor 

conditions and to improve the quality of life of the 

people. For acclimated building, the selection of the 

adequate and preferred comfort temperature to control 

the indoor conditions improve the thermal comfort of the 

inhabitants and also helps the save energy. 
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