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Abstract 10 

Dwellings with no heating, ventilation and air conditioning (HVAC) systems are commonly found in many 11 

countries. The long-term thermal performance of these buildings can be assessed based on hourly data of occupant 12 

thermal discomfort integrated over the required timespan (e.g. total degree hours of discomfort per year). This 13 

approach can be easily applied when simulation is adopted in the assessment, but field studies using this approach 14 

are rare as they would require complex, costly and long measurement/survey campaigns. This paper addresses the 15 

challenges on conducting field studies on long-term thermal performance of dwellings with no HVAC system by 16 

introducing a novel performance indicator: the Seasonal Thermal Sensation Vote (S-TSV). S-TSV adopts the 17 

standard 7-point thermal sensation scale and is based on the perceived overall thermal sensation recalled by the user 18 

of the building for specific seasons and times of day. The new performance indicator is not intended to replace 19 

existing ones, but to complement them in the understanding of the complex thermal performance processes taking 20 

place in buildings with no HVAC. S-TSV was applied in a field study targeting a small sample of dwellings in 21 

Brazil. Results demonstrate the capabilities of S-TSV to describe trends in buildings performance in this sample. S-22 

TSV also assisted on the identification of relationships between such performance and some independent variables 23 

addressed in this field study (e.g. windows operation, footwear and income), considering a threshold of p-values < 24 

0.05 on the chi-square statistic test. 25 

Keywords: energy performance; long-term performance; performance indicator; naturally ventilated buildings; 26 

thermal comfort. 27 

28 
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1 Introduction 1 

Thermal performance of dwellings is an important consideration for current energy efficiency policies [1–12]. 2 

Energy policy for the built environment is usually focused on reducing the energy used for space conditioning, 3 

ventilation, lighting and hot water by setting minimum requirements for the performance of equipment and building 4 

components [1,13–15]. Regarding space conditioning, this approach has been reasonably successful in buildings 5 

with heating, ventilation and air conditioning (HVAC) systems, which are commonly found in developed countries, 6 

particularly in heating dominated climates [1,16,17]. However, a large proportion of world’s population lives in 7 

developing countries located in tropical regions, where the use of HVAC in buildings is not yet widespread due to 8 

economic, technical and/or cultural constraints [18–29]. Consequently, these countries have not faced the need for 9 

energy policy focused on space conditioning. There is evidence that this scenario is changing with increasing 10 

penetration of HVAC in these markets [30,31]. The increase in HVAC adoption poses a significant challenge for 11 

the energy security and greenhouse emission targets of developing countries [32–34]. Some of these countries are, 12 

therefore, implementing energy policies focused on buildings without HVAC, in an attempt to improve the thermal 13 

comfort in these buildings and consequentially reduce the adoption of HVAC systems [35,36]. This paper addresses 14 

the need for metrics to support field studies on the thermal performance of buildings without HVAC, assisting the 15 

development and implementation of energy policy for these buildings. By definition, these policies are not directly 16 

related to energy usage, but rather related to thermal comfort levels in buildings (as no energy is used for space 17 

conditioning). The expression “thermal comfort policy” is not common in the literature, hence the terms building 18 

performance and energy policy are adopted throughout this paper to refer to issues related to both the energy 19 

consumption in buildings with HVAC and to the levels of comfort achieved in buildings without HVAC.  20 

In buildings with HVAC, energy performance can be directly related to the annual predicted or measured energy 21 

consumption (e.g. [37]). This approach, however, is not applicable for dwellings without HVAC. In these cases, 22 

performance metrics have been proposed to describe the energy performance based on the level of thermal comfort 23 

provided by the dwelling. Thermal comfort assessment of buildings without HVAC is often conducted using 24 

dynamic energy simulation in order to obtain hourly values of temperature and other relevant variables for each 25 

room [38]. The long-term (annual) performance is then calculated using a frequency-based approach [38], e.g. by 26 

the sum of hours of thermal discomfort according to a given thermal comfort model [39–42], preferably using an 27 

adaptive thermal comfort model that is suitable for buildings with no HVAC. Such frequency-based approach using 28 

simulation results has several advantages, as it: (a) provides well-defined metrics for long-term building 29 

performance, (b) can be used to calculate performance at specific times and locations within the building, and (c) 30 

supports detailed hourly analysis of building performance. A detailed review and comparison of frequency-based 31 

long-term performance approaches is provided in Ref. [43,44], where it is clear that all existing methods, even the 32 

simplest ones, require high-frequency data collection over large periods of time. While the simulation of long-term 33 

performance using a frequency-based approach is reasonably straightforward, field studies measuring performance 34 

in a similar fashion are cumbersome. Frequency-based assessments would require complex measurements, 35 

collecting high temporal resolution data (e.g. hourly) of several variables (air temperature, mean radiant 36 

temperature, air speed, relative humidity) in several rooms (or points within a room) throughout the entire year (e.g. 37 

[45]) combined with detailed surveys on occupants behaviour and thermal sensation. In face of these complex 38 

requirements, field data on long-term frequency-based performance is rarely available for building without HVAC. 39 

The importance of empirical assessment of energy performance of existing buildings is acknowledged in the 40 

literature [46] and the state-of-the-art approach (i.e. frequency-based over long timespans) hinders field studies on 41 
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the performance of buildings without HVAC system. There is a need for new approaches to support such field 1 

studies, contributing to the understanding of long-term energy performance of these buildings. 2 

The investigation of long-term performance energy performance of buildings with no HVAC has many 3 

similarities with research conducted in the field of Post-Occupancy Evaluation (POE). POE have been used to 4 

evaluate a wide range of buildings, from so-called green buildings [47,48] to housing [49–51], education [52–54] 5 

and public buildings [55,56]. POE has also being included in frameworks aiming at reducing the building 6 

performance gap [57,58] and new POE techniques have been developed to tackle a number of issues in the indoor 7 

environment [59–65]. However, such developments have not tackled the need for robust metrics for energy 8 

performance in buildings with no HVAC. These can be exemplified by two important POE references, the BUS 9 

survey and the Energy Follow-Up Survey (EFUS) survey. The BUS survey, for example, asks subjects to rate the 10 

“temperature in winter” and “temperature in summer” in a scale from “uncomfortable” to “comfortable”. This 11 

approach reduces the thermal experience to a single variable, forcing the subject to evaluate the performance of the 12 

building/space in terms of temperatures when comfort is the result of multiple factors (e.g. mean radiant temperature, 13 

humidity, air velocity and direction, turbulence level, radiant asymmetry, air temperature vertical stratification, floor 14 

temperature [41]). Besides, the BUS survey is proprietary and the methodology and questionnaire are not publicly 15 

available [66]). An analysis of the Energy Follow-Up Survey (EFUS) 2011 [67] shows how semantics play a 16 

significant role in data collection and can hinder the use of some POE results in other contexts. In EFUS, subjects 17 

were asked to if they were normally able to keep comfortably warm in their living room. EFUS adopts the word 18 

“warm” rather than “neutral” as the reference for comfort, which hinders the comparison of EFUS results with other 19 

similar studies in the area of thermal comfort. Such uniformity in methodology is essential to this field of study, as 20 

demonstrated by the powerful results obtained by RP-844 where the comparison of multiple previous studies created 21 

ground to the modification of several standards [40,41].  22 

In this paper, we explore an alternative approach for performance assessment focused on the overall perception 23 

by occupants regarding the thermal comfort experienced in the building, instead of relying on detailed high-24 

frequency measurements. This route has been explored, to a certain extent, on the ASHRAE RP-844 database [68], 25 

acknowledging previous studies where occupants’ behaviour was assessed using questions such as: “How often do 26 

you exercise the option of opening windows (never, rarely, sometimes, often or always)?”. This approach is 27 

fundamentally different from data collection for frequency-based analysis. Data collection based on the overall 28 

perception of occupants facilitates performance assessments regarding large timespans as it is based on questions 29 

that can target any element of interest in space and time. Questions using the overall perception approach pose an 30 

alternative to frequency-based data collection (as exemplified in some cases in the ASHRAE RP-844 database). 31 

Questions based on the overall perception approach have been used in a limited number of previous studies assessing 32 

thermal comfort in particular buildings [69–71]. These studies, however, made no attempt to define an indicator 33 

suited for this approach. As such, these studies achieved a degree of impact regarding the results presented, but no 34 

impact regarding the methodological approach used for data collection. The current lack of a framework for surveys 35 

based on overall perception constrains their usage, as researchers may be unable to judge the reliability of the results. 36 

The research reported in this paper provides such a framework and demonstrates that this approach can offer a valid 37 

contribution to the understanding of the performance of buildings with no HVAC. 38 

This paper proposes and tests a novel performance indicator of the long-term energy performance of buildings 39 

with no HVAC, tailored for assessments based on the overall perception approach. This performance indicator is 40 

described in Section 2. Sections 3 and 4 are dedicated to a field study, designed to test the capabilities of this 41 
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indicator by investigating the thermal performance of a sample of dwellings with no HVAC in Brazil. Section 5 1 

discusses the implications of S-TSV to futures studies in this research field. Section 6 summarizes the main findings 2 

of this paper. 3 

2 Seasonal Thermal Sensation Vote 4 

The metric proposed in this paper combines the proven strength of the 7-point scale for Thermal Sensation Vote 5 

(TSV) [39] with the need for a clear metric to represent the thermal performance of dwellings with no HVAC over 6 

long timespans. This new metric, the Seasonal Thermal Sensation Vote (S-TSV), is defined as the perceived overall 7 

thermal sensation in a building, as recalled by a user considering a particular long-term timeframe (e.g. season). The 8 

key advantage of S-TSV is the ability to query users about their recollection of sensations from previous seasons 9 

rather than only addressing the current thermal comfort state of the subject at the time of the survey. By this 10 

approach, it is possible to collect data about various periods of the year in a single, brief interview. There is no doubt 11 

this approach has lower resolution when compared to high-frequency data collected using measurements or 12 

interviews. Therefore, S-TSV is suitable for cases where trade-offs in resolution are acceptable and frequency-based 13 

thermal comfort assessments are not feasible due to time, cost or logistic constraints. One should keep in mind that 14 

recollected sensations have an inherent uncertainty, as people’s memory is affected by a number of factors [72–74] 15 

(please see a brief discussion about this issue in Section 5). 16 

In spite of using a thermal comfort scale, S-TSV should not be mistaken by a thermal comfort indicator. There 17 

is a large body of knowledge on experimental studies to assess thermal comfort that show some degree of 18 

resemblance with the collection of S-TSV, ranging from classic experiments and surveys carried out in the last 19 

century [75–81] to recent research activity considering both: a) a variety of building types/environments (e.g., [82–20 

95] and b) controlled environments in the laboratory [75,78,87]. Such extensive research on thermal comfort aims 21 

at correlating environmental variables and thermal sensation votes. S-TSV, on the other hand, is designed to 22 

characterize the building itself, with no attempt to address the interaction of environmental variables and human 23 

thermal response. S-TSV is therefore not a thermal comfort indicator, but a building performance indicator.  24 

S-TSV can, in principle, be used to assess perceived building performance for different timescales and seasons. 25 

However, for simplicity S-TSV may be applied only for summer and winter periods. Summer and winter represent 26 

extreme situations that may drive measures to mitigate potential thermal comfort issues (e.g. acquisition of HVAC 27 

and upgrades on building envelope). Such measures are central elements of energy policies for buildings, hence S-28 

TSV is collected in this research only for summer and winter seasons. Mid-season can also be addressed by future 29 

studies using S-TSV, as changes in building operation and higher thermal adaptation may occurs in these seasons.  30 

An additional level of detail may be added to S-TSV by separating data collection for day and night periods. 31 

Thermal performance may vary dramatically over the course of the day due to the interaction between thermal mass 32 

of buildings and the diurnal thermal amplitude of the climate. The separation of S-TSV for day and night times 33 

gives the interviewee a more effective means to express their perception of the building performance under different 34 

conditions. In total, four values of S-TSV are used in this paper to describe the long-term (annual) energy 35 

performance of buildings with no HVAC:  36 

 S-TSV for summer days, 37 

 S-TSV for summer nights, 38 

 S-TSV for winter days, 39 

 S-TSV for winter nights. 40 
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Questions used to collect S-TSV data follow the pattern in this example: “Using this scale (the 7-point scale was 1 

shown to the interviewee), how would you classify the thermal sensation in your dwelling, as a whole, during 2 

daytime in summer?”.  3 

Using four straightforward questions on S-TSV, it is possible to obtain an overall understanding of a building 4 

ability to provide thermal comfort (from the user point of view). This offers means for a high-level characterization 5 

of the energy performance of the dwelling (or of the building stock, in cases where data on S-STV is collected for 6 

an adequate sample of buildings). As stated before, this new performance indicator is not meant to replace existing 7 

ones, but to complement current approaches in the understanding of energy performance of buildings with no 8 

HVAC. In the following sections, the capabilities of S-TSV are demonstrated in a field study. 9 

3 Methodology of the field study 10 

3.1 Location and climate 11 

The field study was conducted in Brazil, a country where a large amount of dwellings have no HVAC system [96–12 

99]. The area addressed in this study is the upper middle-class neighbourhood (Barão Geraldo) in the city of 13 

Campinas (in the southeast region of Brazil). The neighbourhood addressed in the field study, depicted in Figure 1, 14 

is strictly residential, with single-family detached dwellings in large plots (around 10m x 25m), many of them 15 

featuring private swimming pools and a considerable amount of vegetation. Campinas is one of the wealthiest 16 

metropolitan areas in the country, with 2.2 million inhabitants. This city is located in the also wealthy state of São 17 

Paulo, therefore energy performance results are expected to reflect the best practice in construction in the country.  18 

 

Figure 1. Aerial image of the area covered in the field study, a upper middle-class neighbourhood (Barão 

Geraldo) in the city of Campinas, Brazil [100]. 

In order to put in to context the results of this field study, a brief summary of climatic conditions in Campinas 19 

is provided below. The city of Campinas has a hot dry climate (Köppen- Geiger classification: humid subtropical 20 

climate – Cfa), exemplified by the outdoor air temperature variation during the month of January depicted in Figure 21 

2 (summer in the Southern Hemisphere). Temperatures often reach 30°C during summer days, but the climate is not 22 

extreme. This can be observed by comparing outdoor temperatures against the adaptive thermal comfort range 23 

prescribed by EN 15251 [41] category III, marked in grey in Figure 2. Buildings that provide conditions similar to 24 

the outdoor climate will easily deliver thermal comfort during summer for the majority of the time. Proper passive 25 

design is facilitated in this region by the dry summer climate which is responsible for considerable temperature 26 
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drops in the evening, with a minimum often below 20°C and daily amplitudes above 10°C. This pattern indicates 1 

potential for night ventilation for passive cooling further improving thermal comfort during daytime.  2 

 

Figure 2. Sample of outdoor air temperature in summer days in 

Campinas, Brazil (data from [101]). Area in grey shows comfort 

zone Category III on EN 15251. 

Regarding the winter season, Figure 3 shows two sets of outdoor air temperature measurements where the 3 

minimum temperature reaches low levels (5°C) indicating a potential for indoor thermal discomfort. However, daily 4 

amplitudes in Figure 3 indicate the availability of sun and warm air during the daytime for passive heating, which 5 

combined with building thermal mass can potentially modulate temperature swings improving thermal comfort in 6 

dwellings in this region. Adequate thermal insulation levels and infiltration control could facilitate adequate thermal 7 

comfort during winter. 8 

 

Figure 3. Sample of outdoor air temperature in winter days in Campinas, Brazil:  

(A) period with annual minimum temperature and (B) temperature during the winter solstice (data from [101]). 

3.2 Sample and S-TSV data collection 9 

A total of 42 dwellings were investigated in the survey, being all located in the same neighbourhood, sharing a 10 

similar floor area, plot size, construction techniques, socio-economic constraints and climatic conditions. 11 

Interviewees were well-distributed in gender (47% male and 53% female), with ages ranging from 18 to 65 years 12 

old. Interviews were conducted in the spring of 2014, always during daytime, and in the living room at each 13 

dwelling. The survey comprised closed questions, asked verbally by the interviewer (who took note of answers and 14 
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also of the interviewees’ reactions and comments during the interview). The interview was divided into three parts: 1 

(a) an initial question regarding the thermal sensation vote at the moment of the interview, followed by (b) questions 2 

on S-TSV for the four defined periods (winter/summer, day/night), and (c) a final round of questions on socio, 3 

economic, and behavioural independent variables which are described in Section 3.3. The initial question addressing 4 

the thermal sensation vote at the moment of the interview was used as means to introduce the 7-points thermal 5 

sensation scale. A small pilot study prior to the main survey indicated that the understanding of the 7-point scale 6 

was improved by asking for the TSV at the time of the interview. The scale was introduced to interviewees at the 7 

beginning of the interview. Only the description of each vote was presented (i.e. “hot”, “warm”, etc.) leaving out 8 

the corresponding numerical value (i.e. “+3”, “+2”, etc.), as the values were identified as a distraction by 9 

interviewees in the pilot study. Interviewers were instructed to note down any remarks by interviewees regarding 10 

the understanding of the questions. Interviewees did not report problems on understanding or answering the 11 

proposed questions. The next section describes additional questions addressing socio-economical and behavioural 12 

variables. 13 

3.3 Independent variables 14 

Independent variables have an important role in energy performance assessments, as they assist in the identification 15 

of potential trends and biases related to socio-economic, physiological, psychological and behavioural aspects. 16 

Results of four independent variables are presented in this paper: windows operation, footwear, income and overall 17 

satisfaction with the dwelling. The data collection and results discussion for each of these variables alone is of 18 

sufficient interest to constitute a set of independent studies, requiring an account of the current literature for each 19 

topic. This section briefly addresses previous studies for each identified variable, allowing the added value of the 20 

new data to be assessed against the existing knowledge base. Independent variables were collected in this study as 21 

means to demonstrate the effectiveness of the S-TSV approach in identifying elements that play a role in thermal 22 

comfort and building performance. As such, results for each independent variable must be seen as exploratory 23 

findings using a new methodology. The data collection process for these variables is discussed in the following 24 

paragraphs. 25 

Window operation is an active research topic, with studies ranging from the identification of driving factors to 26 

the development of stochastic models to predict user behaviour [102,103]. Studies reported in the literature often 27 

rely on detailed accounts of window operation over considerably long timespans, using diaries filled by users and/or 28 

sensors to monitor window state and other variables [104–110]. As already discussed regarding thermal comfort 29 

studies, this sort of field work for window operation monitoring is rather complex and impractical to be applied in 30 

a large sample of buildings. Therefore, the same approach adopted on the collection of S-TSV was applied to 31 

questions on building operation and user behaviour. Interviewees were invited to recall, at the time of the interview, 32 

the overall pattern regarding the topic addressed in the question (e.g. window opening schedule) rather than 33 

requesting users to record in detail their activities over time. This approach facilitates data collection on window 34 

operation and maintain the same level of resolution for all variables in this study. For each season (summer and 35 

winter), users were asked if windows of the house, in general, would be likely to stay opened or closed in 4 periods 36 

of the day: morning, afternoon, evening and night. Separating data on window operation to cover time slots during 37 

the day facilitates the understanding of ventilative cooling usage in a city with high thermal amplitude like 38 

Campinas, potentially casting further light on the building performance results obtained using S-TSV. Readers 39 
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should keep in mind that recollection of actions (e.g. window opening schedule) and actual behaviour may differ (a 1 

relevant topic for future investigation). 2 

The second feature investigated as an independent variable is the use of footwear at home and its potential role 3 

in thermal sensation. The clothing worn at home has a higher level of flexibility than experienced in other types of 4 

buildings. In some hot countries, it is common practice to be barefoot at home, referred to in the literature as one 5 

type of endemic adaptation [111]. This is particularly valid for dwellings using so-called “cold flooring”, i.e. floor 6 

finishing with high thermal diffusivity such as stones, ceramic tiles and concrete (as opposed to wooden floors and 7 

carpets) [112]. Being barefoot may improve thermal comfort in warm climates by increasing heat conduction losses 8 

to the floor (a classic problem in heat transfer textbooks, e.g. Ref. [113] - page 273 and Ref. [114] - page 315). The 9 

existing literature shows the important role of footwear in foot comfort [115,116] and the impact of heat losses from 10 

feet in the overall thermal response of the human body [117,118]. However, current practice in thermal comfort 11 

models for the build environment does not consider the thermal response of different body parts, and is therefore 12 

insensitive to variations in footwear. In the PMV model, for example, insulation values for shoes and socks are quite 13 

low (around 0.05 clo), having a correspondingly minor impact on the results. The adaptive model in EN 15251 does 14 

not differentiate users by footwear [41]. ISO/TS 13732-2 provides recommended floor temperatures for a variety of 15 

situations (considering  footwear), but does not address the effect of footwear and floor temperatures on the overall 16 

thermal sensation calculated using PMV or the adaptive models [119]. Most laboratory experiments about thermal 17 

comfort do not address footwear variations, with subjects in standard footwear or with feet not in contact with the 18 

floor [84,117,120,121], in order to minimise the impact of this variable in the analysis. High-resolution experiments 19 

and models of heat transfer focused only on the feet also tend to assume standard footwear or feet not being in 20 

contact with the floor [122,123]. A steady-state regime is a common assumption in experimental laboratory studies 21 

of heat transfer focused only on the feet [124], although a growing interest in transient experiments and models for 22 

the whole body has been reported in the literature [87,123,125]. Whole-body transient high-resolution thermal 23 

comfort models can potentially be applied to investigate the impact of footwear on the overall thermal comfort 24 

response, such as the Berkeley Comfort Model [126,127], the model by Fiala [128–131] and variations of the Fiala 25 

model e.g. ThermoSEM [132–134]. However, these models are complex, computationally intensive, not available 26 

as open-source software, and consequently they are rarely used in practice for built environment studies. Thermal 27 

comfort models are the basis for frequency-based assessment of long-term performance of buildings with no HVAC, 28 

therefore any limitations of these models have a direct impact on the assessment. In light of the identified role of 29 

footwear in thermal comfort, an additional control question was added in the present study to investigate a possible 30 

relationship between this adaptive measure and S-TSV responses. As for the other independent variables, 31 

interviewees were asked if, in each season (summer/winter), they would likely be: always barefoot, frequently in 32 

footwear or always in footwear at home. 33 

The third independent variable investigated in this research was the income of interviewees. The survey was 34 

conducted in a wealthy neighbourhood, therefore the variation in income will not cover the whole range found in 35 

the country. Nevertheless, this variable can indicate if, even in a wealthy area, income plays a significant role in the 36 

energy performance of dwellings with no HVAC system. The relation between building energy performance and 37 

income is well documented for heating dominated countries, where fuel poverty is a major issue [135–141]. 38 

However, research on this relation has not been extensively reported in the literature regarding dwellings with no 39 

HVAC in cooling dominated countries. 40 
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The fourth and last independent variable investigated in this research is the overall satisfaction with the dwelling 1 

and its relation with S-TSV. There is a considerable body of research on residential satisfaction related to other 2 

elements, such as urban/building features and design process (e.g. user participation in the design process) [142–3 

151]. In the present study, this variable can indicate how increasing levels of thermal discomfort affect the overall 4 

satisfaction with the dwelling. Such data can potentially cast light on the amount of thermal discomfort tolerated by 5 

users before their overall satisfaction with the dwelling is compromised. Knowledge of thermal discomfort 6 

thresholds could, in principle, be used in the future to define acceptable levels of thermal discomfort in dwellings 7 

with no HVAC for a given population and climate. 8 

The relationship between these independent variables and the performance of dwellings with no HVAC has not 9 

been reported in the literature, as such studies would be cumbersome using the current practice for thermal comfort 10 

surveys. In order to assure the validity of results regarding these independent variables, the statistical significance 11 

was assessed whenever applicable using the chi-square statistic test, based on a p-value threshold of 0.05. This test 12 

is used, for example, in the pharmaceutical industry to assess the efficacy of a new treatment, by analysing if results 13 

of the group taking the new drug are significantly different from the results of the control group taking a placebo. 14 

Here, the chi-square test provides a means to compare the S-TSV results of two groups (e.g. people in footwear 15 

versus people in barefoot). The test assesses if variations in results are statistically significant (p-value < 0.05, i.e. 16 

differences in footwear are associated with different S-TSV results) or not (p-value >0.05, i.e. differences in 17 

footwear plays no noticeable role in S-TSV responses). The next section describes results found in this survey, 18 

focusing first on the S-TSV results for the whole sample of buildings, followed by a discussion of the results with 19 

specific reference to the independent variables. 20 

4 Results of the field study 21 

4.1 Overall energy performance of buildings in the sample  22 

In this section, S-TSV results for the whole sample were analysed to characterise the energy performance for this 23 

group of dwellings. This analysis addresses a small sample of dwellings, but the same approach could be adopted 24 

to describe the performance of a large group of buildings or the entire building stock of a country. 25 

Figure 4 shows relative frequency results of S-TSV for day and night time during summer and winter. Results 26 

are coloured using a scheme that facilitates the differentiation of votes usually associated with acceptable conditions 27 

(neutral in green, slightly warm in light yellow and slightly cold in light blue) from votes related to significant 28 

discomfort by heat (warm and hot in orange and red, respectively) and by cold (cool and cold votes, in dark blue 29 

and purple). 30 
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Figure 4. Seasonal thermal sensation votes (S-TSV) for a sample of dwellings in Campinas, Brazil. 

Results in Figure 4a show high levels of discomfort by heat during summer days, with approximately 2 out of 3 1 

dwellings reported as warm or hot. There is also considerable discomfort during summer nights (Figure 4b, 2 

approximately 1 out of 3 dwellings). Possible reasons for such performance are addressed in Section 4.2, considering 3 

data for the independent variables collected in this survey. However, prior to considering the reasons for this 4 

performance, it is clear that a large proportion of these buildings do not provide a good thermal environment in 5 

summer. Results of this nature are in line with the growth in recent years in sales of air-conditioning equipment as 6 

a result of a decade of economic prosperity and increasing living standards in Brazil [152] (now interrupted by a 7 

financial and political crises).  8 

Results in Figure 4c and 4d also indicate that uncomfortable conditions are widespread during the winter, where 9 

1 out of 3 dwellings during daytime, and approximately half of the dwellings during night time are considered cool 10 

or cold. These are surprising results considering the typically mild winters in this region. Potential reasons behind 11 

this poor performance in the winter period are addressed in Section 4.3. One could predict that such poor 12 

performance would be found in informal settlements typical of developing economies. However, the dwellings in 13 

this sample are located in a wealthy neighbourhood and the presented results possibly indicate alarming levels of 14 
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discomfort in Brazilian dwellings, reaching even those in upper social levels. Section 4.4 includes further discussion 1 

on the role of income in the results in Figure 4. 2 

For both seasons and times of day analysed, between 15 and 20% of the dwellings have responses that suggest 3 

thermal neutrality, which indicates that a proportion of existing building features and user behaviours are capable 4 

of providing good performance for the climate of this region. Identifying cases with good performance is essential 5 

in order to improve the overall performance of the building stock. Lessons from such cases may be replicated in 6 

other buildings, as all dwellings share the similar key features. 7 

In a few cases, the performance found in this survey is opposite to the one expected (i.e. slightly cool in the 8 

summer or slightly warm in the winter). These cases must be further investigated in future studies to identify 9 

construction and operation features of these buildings, but also to assess the possibility of an unusual thermal 10 

response from these particular users due to personal habits or psychological/physiological particularities. The role 11 

of personal habits in thermal response is briefly discussed in Section 4.2 based on the results of an appropriate 12 

independent variable (footwear preferences).  13 

Results in Figure 4 were obtained based on a small sample and must be reassessed in future studies using larger 14 

samples of the building stock. However, these results show the usefulness of S-TSV as a performance indicator for 15 

groups of dwellings with no HVAC. A classic performance assessment using thermal comfort measurements would 16 

require a large apparatus even for this small sample of dwellings: (a) instrumentation to cover each room per house, 17 

(b) long measurement campaigns using detailed measurement protocols, (c) measures to minimize the disturbances 18 

in household routine (particularly when globe thermometers are placed centrally within rooms) and (d) detailed 19 

logbooks of building operation and thermal sensation votes. The value of such detailed measurement campaigns is 20 

obviously enormous, but the cost and complexity are often prohibitive. In contrast, the use of only four questions in 21 

the S-TSV approach was capable of providing an affordable and clear high-level assessment on the thermal 22 

performance of these dwellings. This information can be used to define priority cases for in-depth detailed thermal 23 

comfort experiments and it can also be directly used to support the development of policies to improve the thermal 24 

performance of dwellings with no HVAC. In the next three sections (4.2, 4.3 and 4.4), results from Figure 4 are 25 

further scrutinized in light of results of the identified independent variables. 26 

4.2 Analysis of energy performance during summer 27 

Results in Figure 4 indicate that most buildings in this sample may fail to a large extent in providing shelter from 28 

the environment, delivering a worse performance than one would experience outdoor during daytime in a shaded 29 

area (as shown in Figure 2). Proper design and operation could greatly improve building performance and some 30 

recommendations in this direction are provided in the following paragraphs. 31 

The considerable thermal amplitude and moderate temperatures during the night (Figure 2) make buildings with 32 

high thermal mass in Campinas ideal candidates for passive cooling using night ventilation, in conjunction with 33 

selective ventilation and solar control during the day as in [153,154]. However, evidence suggests that buildings are 34 

operated in the opposite way, as shown in Figure 5. This figure, which shows data for one of the control questions 35 

used in the survey, indicates the number of dwellings where windows are likely to be open in each period of the day 36 

during the summer.  37 

According to the data in Figure 5, windows are usually open during the day whereas the external conditions 38 

(high solar radiation and air temperatures) would suggest limiting solar gains and ventilation to the minimum 39 

required for acceptable indoor air quality. During the night, windows are closed in almost all buildings, and therefore 40 
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not making use of low outdoor air temperatures to cool down the building using natural ventilation. In spite of a 1 

considerable body of research in the field of window operation by building users, the behaviour shown in Figure 5 2 

in association with the thermal discomfort reported in Figure 4 has not being identified before to the knowledge of 3 

the authors. This operation pattern may be in part responsible for the poor performance during summer shown in 4 

Figure 4, particularly considering the relatively high thermal mass of constructions often found in this region. There 5 

is consensus among experts on the importance of natural ventilation in Brazilian dwellings, but the data in Figure 5 6 

may indicate that the level of awareness among householders is insufficient to improve building performance. 7 

Poorly timed ventilation may be more harmful than beneficial for building performance, contradicting the common 8 

belief that ventilation is always positive to building performance in this particular climate. Critical barriers to natural 9 

ventilation during the night, such as burglary, mosquitoes, noise, privacy, rain and also undesired sunlight after 10 

dawn may be possible reasons for such apparently counterintuitive behaviour [155]. Findings regarding window 11 

operation demonstrate how the combination of data on S-TSV (e.g. Figure 4) and operational data (e.g. Figure 5) 12 

can be used to investigate performance issues in a cost-effective manner. Other factors influencing the thermal 13 

performance of buildings can also be investigated in combination with S-TSV data, such as the user adaptive 14 

behaviour to improve thermal conditions illustrated in the next paragraph. 15 

 

 

Figure 5. Windows operation during summer, as recalled 

by users during the survey in a sample of dwellings in 

Campinas, Brazil. 

Results for usage of footwear at home indicate that approximately 60% of the interviewees in this study are 16 

always barefoot in their dwellings during summer days, while the other 40% always or frequently use footwear. 17 

Figure 6 shows data on S-TSV for summer days for these two groups of people (always barefoot; always/frequently 18 

in footwear). This figure shows an apparent trend of better thermal comfort among those always barefoot at home. 19 

The chi-square test demonstrates that these two groups have statistically significant differences in thermal responses 20 

(χ2 = 6.88; p-value = 0.03).  21 

Data in Figure 6 indicates that people who are barefoot at home in summer are twice as likely to be thermally 22 

satisfied (neutrality or slightly warm) than those in footwear. These results indicate that being barefoot (a relatively 23 

small and harmless change in behaviour) can potentially lead to a substantial improvement in occupant thermal 24 

comfort in warm climates. These results reinforce the identified importance of thermal adaptation on the 25 

achievement of adequate comfort levels reported in the literature [121,156–159], opening research fronts by 26 

reassessing known variables which may play a more relevant role in human thermal response than current models 27 

account for (as in Ref. [120]). This thermal adaptation measure requires some change in behaviour and social norms, 28 

however it is much less intrusive than other solutions reported in the literature (e.g. active cooling embedded in 29 
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clothing [84]). Future studies may re-evaluate the role of footwear in thermal comfort models in face of this new 1 

evidence investigating if the variation in perceived comfort remains significant in larger samples. 2 

 

Figure 6. Seasonal thermal sensation votes (S-TSV) in 

summer days as a function of footwear usually adopted by 

interviewees for a sample of dwellings in Campinas, Brazil. 

4.3 Analysis of energy performance during winter 3 

Thermal comfort data during the winter period (Figure 4) shows surprisingly poor performance considering this 4 

region has a very moderate winter. The potential for passive heating is apparently compromised in the dwellings 5 

addressed in this survey by sub-optimal windows operation (among other possible factors), as indicated by results 6 

in Figure 7. This figure shows data collected in this survey regarding window operation during the winter, similar 7 

to that presented in Section 4.2 for the summer period. Results show that most householders do not take advantage 8 

of maximum air temperatures in the afternoon to open windows and make use of passive heating. Most people open 9 

their windows in the morning, when the outdoor air temperature is still too low to promote passive heating. This 10 

window operation pattern seems to be driven by indoor air quality requirements, as fresh air in the beginning of the 11 

morning is used to dilute pollutants accumulated during the night when windows are closed. The lack of automation 12 

on window openings may also reduce the potential for window opening during times when occupants are at work 13 

and the house is often left unoccupied. Such counterintuitive ventilation pattern in tandem with the low insulation 14 

levels typical in this part of the country (U-values around 2 W/m2.K for roofs, 3.6 W/m2.K for walls and single 15 

glazing [160]) may be responsible for the poor energy performance during the winter period shown in Figure 4. 16 

Data on building performance and window operation provided in this research highlights the complex scenario faced 17 

by many developing countries in the provision of a healthy and energy efficient domestic environment for its 18 

citizens. S-TSV can assist them in the identification of cost-effective opportunities for performance improvement. 19 

 20 
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Figure 7. Windows operation during winter, as recalled by users 

during the survey in a sample of dwellings in Campinas, Brazil. 

4.4 Relation between energy performance and income 1 

Figure 8 shows thermal comfort data for daytime during summer, with interviewees divided into two groups based 2 

on income. Results indicate that higher income interviewees are twice as likely to live in a dwelling that provides 3 

thermal comfort (60% in slightly warm, neutral or slightly cold state) than interviewees with a relatively lower 4 

income (30% of interviewees in slightly warm, neutral or slightly cold state). This trend is not surprising as: (1) 5 

high income owners have the freedom, means and motivation to improve their dwellings to mitigate thermal comfort 6 

issues; (2) high income tenants may not have the freedom to modify their dwellings but they have the means to rent 7 

the most comfortable ones in a given region; and (3) interviewees in lower income ranges are subjected to poorer 8 

quality dwellings with lower thermal comfort potential, either as owners or as tenants. However, considering the 9 

high average income in this region, it is surprising to identify clear differences in performance between dwellings 10 

based solely on income. The chi-square test indicates that differences in performance found between the two income 11 

groups are statistically significant (χ2 = 6.06; p-value=0.048). This result is in line with previous research in other 12 

countries indicating the relation between higher property value (i.e. higher income) and better energy performance 13 

[161]. As with other independent variables, such results must be further investigated in future studies and S-TSV 14 

has again demonstrated its usefulness on uncovering patterns in the performance of dwellings with no HVAC. 15 

 

Figure 8. Seasonal thermal sensation votes (S-TSV) for daytime in summer considering 

two groups with different income levels for a sample of dwellings in Campinas, Brazil. 

4.5 Relation between energy performance and overall satisfaction with the dwelling 16 
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This section briefly discusses the relationship between users’ expectations and their experience of the thermal 1 

performance in the built environment in Brazil. This expectation can be estimated based on the recently introduced 2 

performance-based regulation for Brazilian dwellings with no HVAC [162]. By this standard, new dwellings must 3 

provide indoor air temperature during winter at least 3°C above the minimum external temperature during winter 4 

[162]. Considering data on Figure 3, a dwelling in Campinas/Brazil with an indoor temperature as low as 8°C meets 5 

the new regulation, demonstrating a very low expectation of thermal performance for buildings in this developing 6 

country. Such low level of expectation may cast light on the social acceptance of the poor energy performance 7 

results shown in Figure 4. This social acceptance is supported by data collected in this survey addressing the overall 8 

satisfaction of interviewees regarding their dwellings (Figure 9). The vast majority of interviewees were satisfied 9 

or very satisfied with their dwellings; only 1 in 20 was slightly dissatisfied and no one reported to be very 10 

dissatisfied. Data in Figure 9 may indicate that thermal comfort is not a central requirement for a dwelling to be 11 

considered satisfactory (in the sample addressed in this study) and/or it may indicate that thermal discomfort is a 12 

common fact in this region and interviewees feel nothing can be done about it (other than installing HVAC systems). 13 

The size of the sample adopted in the present study hinders the analysis of correlations between level of satisfaction 14 

and S-TSV, as there is not enough data in each satisfaction level to support adequate statistic tests. The contrast 15 

between poor thermal performance and high overall satisfaction about the dwelling requires further investigation 16 

and S-TSV may be used in the future to support this kind of research. 17 

 18 

 

Figure 9. Overall level of satisfaction with the dwelling, as 

reported by study interviewees in Campinas, Brazil. 

5 Discussion 19 

One of the potential benefits of S-TSV is the ability to quickly survey the performance of multiple buildings; an 20 

essential step for the development of policies targeting buildings with no HVAC [10]. S-TSV can be easily applied 21 

to assess the performance of large portions of the existing building stock before and after any legislation is enforced, 22 

providing a means to monitor performance pre and post policy implementation. This sort of monitoring supports 23 

the acceptance of new legislation, as those with poor empirical support are easily criticized by the scientific 24 

community [6] and also by various stakeholders defending their particular interests regarding the built environment. 25 

The population, in particular, may adopt a sceptical attitude towards regulations with no empirical grounding, as 26 

exemplified by an unsolicited statement offered by one of the interviewees during the present survey (and recorded 27 

by the interviewer). The interviewee described his frustration with the introduction of building energy labels for 28 

dwellings in Brazil, as “there are so many important problems and the government wastes time and resources with 29 

these useless things”. Empirical data, as presented in this paper, can be an important tool to raise awareness on the 30 

magnitude of problems faced by developing countries regarding the indoor quality of its built environment, 31 
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highlighting implications for health, productivity and well-being, and consequently engaging multiple stakeholders 1 

in the policy making process.  2 

S-TSV is a clear metric, providing information that is likely to be understood by most stakeholders in the policy-3 

making process. The value of simplicity should not be underestimated, as people often face difficulties translating 4 

frequency-based results (e.g. 700 degree-hours of discomfort over the year) into meaningful information (e.g. is it 5 

a good or a bad performance? Is it acceptable?). 6 

S-TSV can be a valuable tool for investigating relationships between thermal comfort and other variables 7 

relevant to energy and thermal performance. Future studies may address the relationship between S-TSV and other 8 

factors, such as: 9 

 Dwelling operation (as illustrated in this paper by the relationship between S-TSV and stated typical 10 

behaviour for windows operation), 11 

 Personal habits (as illustrated here by data comparing typical footwear worn indoors and S-TSV), 12 

 Socio-economic variables (as illustrated here by data comparing income and S-TSV response), 13 

 HVAC purchase intentions or/and actual purchase. 14 

Variations in S-TSV among occupants of the same dwelling may cast light on variations in thermal comfort 15 

within the same environment and assist the identification of personal factors responsible for such variation. Thermal 16 

response varies significantly between subjects even in well controlled experiments, so the same level of variation 17 

can be also expected regarding the S-TSV of different subjects living in the same dwelling. Variation of S-TSV 18 

among subjects in the same dwelling becomes a central topic for future studies using this metric, possibly leading 19 

to the calculation of a mean S-TSV.  20 

Previous studies have demonstrated the high uncertainty in energy performance due to operation in buildings 21 

with HVAC [163–166]. The same applies for S-TSV, where variations in results for identical dwellings (e.g. social 22 

housing or flats), may be driven by user behaviour and control. Variations in S-TSV among identical dwellings may 23 

cast light on the role of operation in the thermal performance of buildings with no HVAC. Methodological aspects 24 

regarding S-TSV data collection and analysis can also be further investigated, such as the variability on answers 25 

depending on the season in which the survey is conducted. Consistency between the responses of each interviewee 26 

could also be further scrutinized using suitable control questions and/or using surveys covering different timescales 27 

(days, weeks, or months rather than entire seasons). 28 

Energy performance of buildings with no HVAC seems to be strongly influenced by operation and user 29 

behaviour, in line with extensive results obtained for buildings with HVAC. It highlights the importance of 30 

campaigns to raise awareness on adequate energy conservation practices regarding energy performance of buildings 31 

with no HVAC. Proper habits regarding window operation and footwear may achieve significant results at minimum 32 

cost, particularly when compared to expensive retrofit measures driven by energy labelling programs. 33 

S-TSV shows potential to support socio-economic research into dwellings with no HVAC, including the 34 

implications of fuel poverty. While the lack of thermal comfort is well documented, understood and tackled in 35 

heating dominated developed countries, the lack of thermal comfort and its consequences in user’s lives is not well 36 

understood and documented in buildings with no HVAC ranging across several income ranges.  37 

In regard to the decision-making process for building upgrade, the collection of S-TSV can be combined with 38 

short-term surveys regarding TSV, particular targeting extreme weather periods, to provide broader empirical basis 39 

for this sort of study. To our knowledge, this decision-making process has not evaluated in light of the frequency 40 
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and intensity of thermal discomfort in buildings, which would benefit from measures in short-term combined with 1 

the approach proposed in this paper. 2 

Further studies working with larger samples could be useful to explore in depth the relationships identified in 3 

this small-scale field experiments. In Brazil, for example, a detailed census is conducted every 10 years, visiting 4 

tens of millions dwellings in the country. Four simple questions regarding S-TSV could provide a unique description 5 

of housing conditions across the country, supporting energy policy in a number of ways. Another possible 6 

development in this area is the use of mail or web-based surveys on S-TSV, which could reach larger samples at 7 

minimal cost. 8 

S-TSV can be also applied in other types of buildings with no HVAC, such as schools, offices, shops, and 9 

industrial buildings. This performance metric can potentially be applied to outdoor areas as well, complementing 10 

detailed thermal comfort analysis currently carried out by experiments and thermal sensation votes at one specific 11 

point in time. 12 

The use of building performance simulation to predict mean S-TSV would be extremely valuable. In principle, 13 

this could be achieved by empirical correlations between frequency-based simulation results (e.g. hours of 14 

discomfort) and field data on S-TSV based on an adequate sample of dwellings. This approach explores an analogy 15 

with thermal comfort models such as the PMV, where empirical correlations link heat balance results for the human 16 

body with thermal sensation votes from laboratory studies. The many challenges posed by this task shall be 17 

addressed by future studies. 18 

It is important to point out that other disciplines have addressed the many challenges of understanding human 19 

ability to build an overall evaluation based on past events, experiences and sensations [167–169]. A wide range of 20 

experiments demonstrate that our overall evaluation is seldom a mere summation or average of sensations over time, 21 

and many factors affect our present perception of past experiences [170]. The peak-end effect, for example, 22 

describes the bias in overall evaluation due to the most extreme or recent experiences [171]. The validity of the 23 

peak-end effect has been demonstrated in many studies (and it may also play a role in S-TSV), but it has also been 24 

demonstrated that this effect is not always a relevant predictor [172]. Criticism regarding the peak-end effect indicate 25 

that more complex processes are involved in the construction of opinion based on past sensations [173]. This may 26 

be particularly valid in the area covered by this paper, considering the complex range of past sensations covering 27 

large timespans. It is also worth noting that many controlled studies in this field address sensations experienced over 28 

a few minutes or a few days [170,172], rather than sensations experienced over the entire year as addressed in S-29 

TSV. It is also worth noticing that other psychological factors, such as the HALO effect [174–176], may play a role 30 

in the data collected regarding the S-TSV. The present paper provides a modest contribution in this area, by 31 

introducing the idea of systematic evaluation of long-term perception of thermal comfort and its use as a high-level 32 

indicator of building performance. Knowledge generated in this field can potentially contribute to the overall 33 

understanding of the relation between time series and overall long-term perception of subjects. Further studies are 34 

required to investigate the role of peak-end and similar processes identified in other disciplines in users’ S-TSV 35 

responses. The comparison between TSV data collected over time and the S-TSV could cast light on this matter, 36 

demonstrating how users weight their thermal sensations to provide a recollected vote. 37 

6 Conclusions 38 

This paper describes a novel performance indicator to assess energy performance of dwellings with no HVAC, the 39 

Seasonal Thermal Sensation Vote. This indicator was used in a small field study in order to test its capabilities and 40 
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deficiencies. The main conclusions of this paper are summarized below (considering the assumptions adopted in 1 

this work which is solely focused on buildings with no HVAC): 2 

- Seasonal Thermal Sensation Vote is a straightforward and cost-effective indicator of the energy 3 

performance of buildings over long timespans, which is more likely to be understood from the perspective 4 

of non-experts than other indicators. 5 

- Seasonal Thermal Sensation Vote for summer and winter, during daytime and night time provides a 6 

comprehensive understanding of energy performance variations over the year. 7 

- Seasonal Thermal Sensation Vote data in combination with control questions can be used to unveil complex 8 

relations between thermal comfort, building operation and socio-economic variables.  9 

This paper refrains from recollecting results of the field study in the conclusion section. Field study results in 10 

this paper are seen as means to demonstrate the capabilities of this novel performance indicator rather than core 11 

results of this research. Results using the Seasonal Thermal Sensation Vote in the field survey show promising 12 

investigation areas for the understanding of energy performance in dwellings with no HVAC, raising a number of 13 

questions to be further investigated by future studies. The contribution of this paper is methodological and the 14 

interesting results of the field study are just a brief demonstration of the capabilities of the proposed performance 15 

indicator. 16 

 17 
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