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Summary  

 

The UN indicates in its Sustainable Development Goals the right to good health and well-

being. Consistent with this goal, the World Health Organization (WHO) published a series of 

recommendations that promote healthy homes aiming to reduce the risks of poor health in its 

occupants. However, this is not the case for nine million Mexican families whose housing 

conditions are reported as poor or in need of improvement. There is a correlation between 

cold internal environments and respiratory and cardiovascular morbidities, being these two 

the leading causes of death in Mexico before the COVID19 pandemic. In addition, it is known 

that countries with mild winters have higher Excess Winter Deaths than countries with severe. 

This may be because the relatively benign climate reduces the seriousness of this problem, 

coupled with a lack of adequate building regulations, or they exist but are not enforced. 

In fact, poor regulations seem to be the factor that differentiates the mortality and morbidity 

rates seen in countries with mild and severe winters. Hence, this study begins with a 

comparative study of the different green building regulations in the largest Latin American 

countries. As expected, it was found that in the largest countries such as Mexico, Brazil and 

Argentina, there are regulations that seem adequate not only towards a building's thermal 

balance but also towards its sustainability. However, these are not enforced, unleashing the 

problem of houses with poor environments in the region.  

To study this issue, a thermal comfort study was undertaken in 26 houses in the central 

Mexican Plateau, one of the coldest areas in the country. The research included temperature 

and relative humidity sensors simultaneously monitoring 26 houses during 11 continuous 

months within the Meseta Central Mexicana (Central Mexican Plateau). At the same time, 

home visits were made, where I sought to capture the characteristics of their homes and the 

physical characteristics of our subjects, socioeconomic, health, thermal comfort, and adaptive 

habits to extreme temperatures, both hot and cold. The visits aimed to identify the relationship 
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between the subjects to their homes and how their internal environmental factors affected their 

perception of thermal comfort and their self-perception of physical health. 

The study found that the population in the plateau area is better adapted to warm 

temperatures. This was verified thanks to the readings provided by the sensors, which were 

matched against the thermal comfort surveys. The opposite was observed in winter, where 

the number of votes within the comfort range dramatically decreased, coupled with low 

percentages of hours within the comfort bands according to the adaptive method, suggesting 

a significant thermal discomfort in cold climates in the area. 

As a result, it was decided to analyse this cold discomfort in more depth through a proposed 

underheating model and simulations under different retrofitting scenarios, including ones 

under the Mexican standard NOM-ENER-020. It was found that under the NOM-020 

parameters, the simulated models provide a more significant number of hours within the 

adaptive comfort bands, as well as a drastic reduction in underheated hours. In addition, the 

self-perceived health status of our respondents was evaluated against the PPD index. It was 

found that the greater the thermal dissatisfaction, the worse the self-perceived physical and 

mental conditions. 

This thesis demonstrates that active enforcement of the existing regulations in Mexico, and 

potentially in the Latin American region, can improve people's quality of life, coupled with the 

quality of their physical and mental health. 
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Chapter 1 

 

1.1 Introduction 

 

In 2015, 150 thousand Mexicans died from cardiovascular and 56 thousand from respiratory 

diseases (MEXICO - Instituto Nacional de Estadistica, 2020). In addition, that year also 

reported forty million illness cases (23 million - Women, 17 million - Men), where 67% 

corresponded to respiratory, and 2% of hypertension, the only heart-related disease amongst 

the top 10 (INEGI, 2020a). Although there is insufficient evidence to correlate the country's 

extensive winter mortality and morbidity to poor internal environments, the literature 

establishes a well-connected relationship. Therefore, evidence that later leads to effective 

measures that ensure healthy internal environments is needed, particularly for vulnerable 

groups such as the elderly (Hajat et al., 2007) or lower income (Ormandy and Ezratty, 2012). 

Moreover, the expected temperature changes due to global warming (Kjellstrom and 

McMichael, 2013, Murphy et al., 2009), plus the estimated life span of residential buildings (75 

years) (Moreno, 2012), results in a growing need to ensure healthy internal environments in 

both new built and retrofitted houses in the Central Mexican Plateau. 

In 2019, 9.4 million homes (36.9M of people) in Mexico were classified as "in poor condition" 

by the census conducted that year (CIDOC, 2019). These homes are usually inhabited by 

socially vulnerable groups such as "low-income" (Tejeda Parra and Lara Enríquez, 2018). 

Efforts to alleviate this problem are in place. The Mexican Government implemented various 

strategies through regulations and with organisations such as INFONAVIT, which invests 

more than 60 billion Mexican pesos (£ 2 Billion) annually only in retrofitting homes. These 

efforts have been unsuccessful as the housing quality deficit decreased by 2% from 2016 to 

2018 (CIDOC, 2019).  
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There appears to be a relationship between the poor quality of Mexican homes with the high 

mortality and morbidity rates related to diseases caused by prolonged exposure to low 

temperatures, as this is seen in other countries perceived as warm (Daniel et al., 2019, 

Santamouris et al., 2014). Interestingly, it appears that countries with more severe winters are 

the ones presenting lower Excess Winter Deaths (EWD) and lower mortality and morbidity 

rates in general, as compared to those with 'warm' average yearly temperatures (Healy, 2003). 

Contextual economic, social, and natural issues play a significant role in this health disparity. 

For instance, in economic matters, countries with higher Gross Domestic Product (GDP) (like 

Norway) show lower EWDs than countries with lower GDP, such as Portugal or Greece. Other 

studies found that education investment is highly associated with EWDs (Muller, 2002). In 

terms of social aspects, a considerable amount of literature shows strong relationships 

between income levels (Wildman, 2001) and inequality (Wolfson et al., 1999) in health. 

However, the main reason for the low EWD rates in countries with severe winters seems to lie 

in the robustness of their building codes and regulations. A comparison between Ireland 

(average winter temperature 5 °C) and Norway (average winter temperature -14 °C) 

evidenced that inadequate housing standards with poor thermal efficiency may strongly 

indicate a higher EWD. During 1995, the standards in Ireland required very little insulation 

(roof-100mm, wall-40mm, floor-25mm) as compared to Norway (roof-200mm, wall-125mm, 

floor-150mm), where the winter excess was considerably lower (Ireland 15%, Norway 5%) 

(Clinch and Healy, 2000). Other studies coincide with this approach. Fowler concluded that 

regions with 'warm' average yearly temperatures tend to have dwellings with poor thermal 

efficiency hindering their ability to keep these houses at comfortable temperatures during 

winter (Fowler et al., 2015). Similarly, Wilkinson found an increase of 28.2% of winter deaths 

in houses 'not thermally efficient' (Wilkinson et al., 2001). 

Although Mexico may be seen as a hot-climate-dominated country, the Meseta Central 

(Central Mexican Plateau) and the Chihuahua desert in the north present temperatures that 

can reach near zero degrees Celsius in winter but drop below zero during cold fronts (INEGI, 
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2021). The effects of these temperature drops are reflected in the high EWD of the country of 

11%, similar to countries with more severe winters like Hungary (11.3%) or Germany (11%), 

and even higher than countries with much more severe winters, such as Finland (10%) or 

Poland (10.3%) (Fowler et al., 2015). 

Hence, there is a clear relationship between housing deficit (both qualitative housing deficit: 

homes needing refurbishment, and quantitative housing deficit: new built homes) and the high 

rate of morbidities and mortalities related to respiratory and cardiovascular diseases In the 

central Mexican plateau.  

Therefore, the hypothesis of this thesis was formulated as follows. The houses within the 

central Plateau are not capable of providing minimal thermal comfort to their inhabitants, 

resulting in damage to the health of their occupants. Moreover, the existing regulatory 

strategies are in place but not being adequately enforced to prevent these problems. 

 

1.2 Overall aim and research questions 

 

This thesis aims to create an extensive understanding of the internal temperatures that the 

houses in the Meseta Central Mexicana (Mexican Central Plateau) provide and whether its 

population is comfortable and healthy in them. In addition, this thesis seeks to understand how 

extreme hot and cold internal temperatures affect the population, the remedies they take to 

counteract their effects in times of thermal discomfort, and whether the efforts made by the 

Mexican Government are providing results as expected. This aim and hypothesis are derived 

through three research gaps found in the literature review. Consequently, these gaps 

developed into three research questions. 

1.   What is the state of the art of "green building" regulations in Mexico, and how does this 

benchmark against other Latin American countries? - This reports the review of all of the 



33 
 

"green building" regulations enacted and active up to 2020. The main objective was to achieve 

a greater understanding of the existing strategies in Mexico and Latin America, whose goal 

deals with providing healthy internal environments without increasing the building's carbon 

footprint. 

2. Are the residential buildings on the central Plateau capable of providing thermal comfort?  

This research question is answered from three approaches. First, it is examined whether the 

Mexican house typology (i.e., materials, openings, layouts) can provide temperatures above 

the minimum recommended by the WHO and below the recommended by the CIBSE TM59. 

In addition, the thermal sensation of a sample within the population of the Plateau is examined, 

with particular attention to the events outside the mentioned temperature ranges. 

This chapter reports data collected from 26 homes over 11 months (from March 2018 to 

February 2019), assuring the four seasons were covered. This study aimed to examine the 

temperatures of the houses in the Central Plateau. Further, this study looked into the accuracy 

of the Fanger PMV / PPD model to predict thermal comfort in the houses of the Mexican 

Central Plateau. 

3.  How do the low temperatures found in the houses of the Central Mexican Plateau affect 

both the physical and mental health of its occupants? Moreover, what possible solutions exist 

to remediate the problem? This reports qualitative information collected from 15 houses during 

monthly visits for eleven months. Calibrated dynamic simulations were undertaken to assess 

different retrofitting options, including the parameters established in the Mexican standard 

NOM-ENER-020 (NOM-020).  
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1.3 Thesis layout 

 

This thesis consists of seven chapters. This thesis integrates accepted, published, and under-

review papers. Hence, there are some overlaps between the content of the literature review 

and the introduction of chapters 3, 4, and 5. This overlap was made as the literature review 

allows the research topic to be investigated in more detail. On the other hand, it is necessary 

to contextualise the problem in each paper. 

Chapter 2. This chapter contains the revised literature relevant to this thesis. It examines the 

different types of policy evaluation to analyse green building rules. It also includes the topic of 

Thermal Comfort, including a SWOT analysis of the different types of field studies.  Finally, it 

briefly describes the pilot study undertaken prior to the primary fieldwork. 

Chapter 3 presents a summary of the methodology undertaken in this study. It begins by 

discussing the location of choice, as well as the recruitment methods. Then, it examines the 

data collection methods, both qualitative and quantitative. It examines the process of 

translation to Mexican Spanish of the ASHRAE’s 7-point thermal comfort scale to then, portray 

the surveys applied in this study. This chapter also presents the simulation methods 

undertaken, as well as the calibration of the simulated models. Finally, it presents the pilot 

study undertaken prior to the research.  

Chapter 4 presents the first journal article published as part of this research, "Green building 

regulations in Latin America". This chapter reviews the existing green building rules in 9 

countries of the region, covering 80% of the population. It divides each type of regulation 

according to the standard definition found in the literature. Although initially it was considered 

to evaluate only rules that dealt with the building fabric, the scope broadened towards 

regulations that included lighting (natural and artificial), ventilation, air conditioning, and 

energy evaluation systems for both appliances and the energy consumption of buildings. The 

main findings of this chapter were that the most effective Green Building Regulations were 
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built under the Economic Incentives (EI) scheme, contrary to the least successful that were 

launched under the Command and Control (CAC). This is relevant because the Standard that 

deals with thermal transmittance in Mexico (NOM-020) is launched under this CAC scheme, 

and it is not only unenforced but unknown to architects and developers.  

Chapter 5. This chapter presents the second journal article, " Thermal comfort in naturally 

ventilated dwellings in the Central Mexican Plateau". It discusses the internal temperatures 

found through the sensors placed in the houses of our subjects. Further, it examines the 

thermal sensation votes recorded during the site visits and examines their relationship with 

the Adaptive and PMV/PPD models. Finally, it finds that these models are unsuitable for 

houses within the Mexican Plateau. It was interesting to observe that people from this region 

were highly adapted to hot temperatures, as even in cases where homes overheated, thermal 

comfort votes (TSV) remained within comfort levels [-1 to +1], contrary to the observed in 

winter, where TSV´s showed a high thermal dissatisfaction during this season. Hence, the 

following chapter focused on both, studying the effects of these cold temperatures on the self-

perceived health of their occupants, and the potential effects of different types of building 

envelopes with dynamic simulations, including one with parameters established in the 

unenforced NOM-020.  

Chapter 6 presents the third article, " The importance of norms for well-being: Thermal 

Comfort and environmental dissatisfaction influence self-perceived health in homes from 

Toluca, Mexico ". It includes a more detailed analysis of the temperatures recorded in the cold 

season, matched against a qualitative analysis of the health surveys applied to our subjects 

during site visits. This article was done under a "diagnosis-solution " approach, examining the 

effect of the low temperatures found in our subjects' homes on their self-perceived health 

status. Dynamic simulations under the parameters established in the non-enforced Mexican 

Standard NOM-ENER-020 were undertaken to study the effectiveness of the standard in the 

houses of the Plateau. This chapter contributes to knowledge through two aspects. First, it 

creates a novel underheating model based on both the CIBSE TM59 guideline, and the 
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Heating Degree Index (HDI) to measure underheating, and its severity. Secondly, it proves 

through a regression model the effects of low temperatures on people. This model shows that 

the cold homes of Toluca are affecting the self-perceived physical and mental health of its 

population. 

Chapter 7 presents the conclusions of the thesis, summarising the main findings of this 

research, identifying key aspects, and examining the limitations of this work as well as 

recommendations for future work. 

Appendices contain the list of the revised regulations, the averages of the temperatures 

monitored by home, the verification of the statistical regression model, the process of 

transforming qualitative to scalar values for the health analysis, the results of the calibrations 

of the simulated models, and the questionnaires. 
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Chapter 2 - Literature Review 

 

The UN's declaration of Human Rights states that everyone has the right to a standard of 

housing capable of providing adequate internal environments (Assembly, 1948). However, 

some regions in the world, particularly developing countries, are far from reaching this goal 

(Bradley and Putnick, 2012). Particular attention should be given to vulnerable groups such 

as "low-income". The susceptibility of the homes of these groups in Latin America (Pérez-

Fargallo et al., 2018, Gomez-Azpeitia et al., 2014) results in a considerable increase in 

mortality and morbidity rates (Comaru and Westphal, 2004). This was even seen in the global 

north, where the heatwave of 2013 caused an excess of 15k deaths only in Paris (Dhainaut 

et al., 2003). The housing deficit for low-income groups in Latin America (INEGI, 2020b) 

usually results in the abrupt mass development of generic houses in areas far from urban 

centres generally affected by different social problems (Blanco and Contreras, 2003) whose 

priorities fall on security aspects over internal comfort and healthy environments. This situation 

contrasts with the declaration of human rights and the objectives of Mexico's national housing 

policy (Ramírez de la Cruz, 2014)      , which sets the goal of improving urban and rural housing 

(Gómez Oliver and Tacuba Santos, 2017). As young infants and homemakers spend 80% of 

their day at home (Farrow et al., 1997), their homes can represent a risk to their health. 

The correct strategy to reduce the qualitative housing deficit and ensure that new built homes 

provide thermal comfort seems to fall on the existence and enforcement of appropriate 

regulations. When reviewing the countries with mild winters had higher Excess Winter Deaths 

(EWD) than countries with severe winters, it was found that the common denominator towards 

a lower rate of EWD was stronger regulations and better enforcement. Hence, the first step 

was to analyse the condition of the green building regulations in Mexico and its Latin American 

counterparts, both in existence and enforcement.  
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This chapter discusses the best strategies to identify and evaluate green building in Latin 

America. In addition, the two thermal comfort models used in the international standards 

Predicted Mean Vote (PPD) / Predicted Percentage Dissatisfied (PPD) - ISO 7730 

(International Organization for Standardization), and the Adaptive Method - ASHRAE 55 

(American Society of Heating, Refrigerating and Air-Conditioning Engineers), are discussed 

for the context of residential buildings. It ends with a      Strengths Weaknesses Opportunities 

and Treats (SWOT) analysis of the three most accepted types of thermal comfort field studies, 

undertaken as a strategy to define the best option to carry out the fieldwork of the research 

related to this thesis. 

 

2.1 Evaluation of green building rules 

We defined a rule as a set of laws and courses of action that deal with a particular topic, which 

is promulgated by the government. This definition is based on Kilpatrick’s definition     

(Kilpatrick, 2000). It follows a top-     down approach, where the government judges and enacts 

the best strategies for an issue. Green building rules are different from other types (Lundqvist, 

2000). Stakeholders must be more actively involved throughout the policymaking, preferably 

at all the cycle stages shown in Figure 1.  

It is considered that a policy is not complete without a proper evaluation method (Crabbé and 

Leroy, 2012). The first step toward determining the best evaluation method is considering the 

"merit, worth, and value" (Scriven, 1991). Another aspect is that policies are not "beginning to 

end" entities but instead are iterative that follow a cycle.  



39 
 

 

Figure 1 - The different stages of a policy are represented as an iterative cycle and its relation to the correct 

evaluation method, depending on the desired outcomes of the evaluation itself. 

 

The most accepted terms to indicate the best moment to undertake the evaluation are ex-ante 

and ex-post (Crabbé and Leroy, 2012). Ex-ante evaluations must be done at the design stage. 

It gathers information and follows analyses to evaluate and define objectives, ensuring that 

these can be met after its implementation. Ex-post evaluations analyse policies after the 

implementation of the policy. It seeks causal consequences between the policy, potential 

effects, and unexpected side effects, as seen in Figure 2.  

Table 1 describes the different evaluation strategies derived from the literature review on 

policy evaluation. It aims to present the most appropriate methods for conducting green 

building policy assessments. Its arrangement aims to reduce ambiguities by describing 

whether the method is ex-ante or ex-post, the conditions under which it should be undertaken, 

its advantages and disadvantages, and a brief methodology. 
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Table 1 - Different policy evaluation methods: description, advantages & disadvantages, and methodology 

Method What is it, and when should it be used? Advantages (A) and 

Disadvantages (D) 

Methodology 

Need Analysis 

(Posavac, 2015) 

Ex ante  

It aims to get the policy aims. It assesses 

the relevance of the expected results.  

A - Focus on the reasons behind 

the policy  

1. Description of the problem  

  It aims to answer: Are the current policy 

needs set with the policy objectives? 

D - Its approach will lead to 

criticism  

2.  Determination of the scope of the 

problem 

   3.  Identification of the target group  

    4.  Description of the target group  

    5.  Description of the required policy 

Programme Theory 

Evaluation (PTE) 

(Rossi et al., 2003) 

Ex-ante and ex-post 

PTE includes the expectations of 

policymakers. A variant looks for causal 

relationships between the intervention and 

the effects. The variant Ex Post answers: 

A - Useful with limited resources. 1. Outlining of the program theory - Three 

approaches in this method: deductive, 

inductive and user-focused. 
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Are the policies effective? What are the 

expected side effects? 

 A - Can be combined with other 

methods 

 

 D - Only deals with qualitative 

evidence, 

2. Use of the program theory for policy 

evaluation. 

Case Study 

Evaluation (Patton, 

2005) 

Ex-ante and ex-post 

It explains through a Case Study 

Evaluation (CSE). How and why the policy 

resulted. It can either use one or more 

case studies. It can be undertaken at any 

point from design to implementation. It 

aims to answer: From a range of policies, 

which policy is the best, feasible and 

affordable?  Is it possible to identify causal 

relationships between the intervention and 

the effect? 

A - Assesses how the policy 

relates to the context 

1. Design case study  
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 A - Delivers in-depth research as 

case studies tie close to 

stakeholders. 

2.  Data collection  

 D - The low robustness of the 

results of case studies 

3. Analysis of Data collected  

     4. Report on findings 

Experiment and 

quasi-experiment 

(Shadish et al., 2002) 

Ex post 

This approach evaluates the policy 

through experiments. It usually involves 

two study groups (A & B). Its 

characteristics are a causal hypothesis, an 

experiment and control group, random 

composition, forcing, control over the 

experiment. It should be an ex post-study. 

It aims to answer: Is there any causal 

relationship or correlation between the 

intervention and the effect? 

A - Provides certainty about 

causal relationships between a 

policy and its effect. 

1. Causal hypotheses 
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 D - Discards the context as an 

explanatory variable. 

2. Experimental and control group 

 D - Randomising depends on the 

willingness of the participants. 

3. Random allocation 

 D – Does not consider side effects. 4. An intervention 

     5. Control. 
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The policy evaluation methods summarised in Table 1 are relevant to evaluating green 

policies.  

 

Figure 2 - Diagram the different policy evaluation methods that best fit environmental policies and their relation to 
when they should be undertaken. 

The need for analysis method tries to find a relation between the policy's objectives and the 

needs of the stakeholders, corroborating impacts, and unexpected side effects. This method 

can be helpful when the community is involved during the evaluative process, for example, 

participatory evaluations. On the other side, the PTE incorporates developing an explanatory 

model which will be used as a mechanism for evaluation. This method is recommended when 

the goals of the policy are clear. The main disadvantage is that it can result in biased results.   

Hence, the CBA is the most appropriate method to evaluate a green building policy (Cellini 

and Kee, 2010). This conclusion is that this method offers its ability to interrelate with the three 

legs of sustainability. Although cost-benefit analysis focuses on the economic area, the cost-

effectiveness analysis covers the socio-environmental areas. It can then determine if the 

added value compensates for the investment of resources in any project. While the unit of 

measurement in the CBA is money, the CEA considers the non-monetary benefits, such as 

environmental assets (air quality, internal thermal comfort levels), or social as those included 

within the concept of quality of life. This methodology is flexible since it can be applied ex-ante 

or ex-post. In addition, Young (Young, 2008)       concluded that successful energy efficiency 
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policies are followed by appropriate evaluation and enforcement mechanisms. Li (Li and Shui, 

2015)       highlights the importance of consistency between green policies and the existence 

of an adequate national framework for correct performance. Chandel (Chandel et al., 2016)       

concluded that national codes are inappropriate for a local context in a region with a large 

climate variation in policy enforcement. In the same line, Chao (Chao and Siu-Hung Yu, 2004)       

highlights the importance of effective regulatory evaluations in the success of regulation. Song 

(Song et al., 2008)      analysed a green building policy in South Korea, concluding that it was 

placed wrongly and could potentially increase energy consumption.  

To collect the different rules, we followed the methods proposed by Janda (Janda, 2009)       

and Iwaro (Iwaro and Mwasha, 2010)      , who followed traditional data gathering methods by 

contacting relevant people from different countries and surveying through the web. In this 

case, personal contacts in academic positions from the countries reviewed were asked for 

corroboration of the policies reviewed. 
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2.2 Thermal comfort models  

2.2.1 Thermal Comfort 

Thermal comfort standards provide the requirements to create internal spaces with 

satisfactory environmental conditions. This section reviews two of the most internationally 

accepted: ASHRAE 55 and ISO 7730 and the concepts that relate to it. The official definition 

of thermal comfort is “The condition of mind that expresses satisfaction with the thermal 

environment and is assessed by subjective evaluation" (ANSI/ASHRAE Standard 55). Nicol 

(2012) subdivided the concept of satisfaction into the characteristics that focus on the user's 

sensations being comfort, health and delight. With regards to comfort, it refers to an internal 

environment's physical conditions and characteristics, i.e., air velocity, internal temperature, 

relative humidity, etc. Health to whether the internal conditions of a building can cause adverse 

effects on the user's well-being, i.e., cold conditions cause respiratory diseases. A state of 

delight makes the body be in a state of thermal equilibrium (Brager and De Dear, 1998).  

 

2.2.1.1 Predicted Mean Vote (PMV) & Predicted Percentage of Dissatisfied (PPD) 

model (ISO 7730) 

 

PMV & PPD is a model developed by Fanger in which thermal comfort is defined through a 

series of heat balance equations and skin temperature. The standard PMV comfort survey 

asks building users to define their thermal sensation on a seven-point scale, as seen in Table 

2. The formulas proposed under this model calculate the Predicted Mean Vote (PMV) of 

building users and the Predicted Percentage Dissatisfied (PPD) at the following environmental 

variables: External Air Temperature 𝑡𝑎 , Radiant Temperature 𝑡𝑟, Air Velocity 𝑉𝑎 ,  Relative 

Humidity 𝑅ℎ, Atmospheric pressure 𝑃𝑎, and the two personal variables Clothing insulation 𝐶𝑙𝑜 

and Metabolic rate 𝑀𝑒𝑡. These parameters are described below. 
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Table 2 - Seven point ASHRAE scale of thermal Comfort (ASHRAE, 2013). 

How do you feel at this time? 

Cold Cool Slightly 

cool 

Neutral Slightly 

warm 

Warm Hot 

-3 -2 -1 0 1 2 3 

 

The PMV - PPD model was developed by Fanger in the 1960s, climate chambers for 

mechanically ventilated buildings, as the model does not consider the different thermal 

adaptation options available to building users. Given the high-temperature control within a 

mechanically ventilated space, the model assumes a fixed temperature at which most people 

in that space will be thermally comfortable. According to this model, any effort to adjust the 

environmental conditions significates thermal discomfort (Heschong, 1979). The model 

includes an index to predict the Thermal Sensation Vote (TSV) and the Predicted Percentage 

of Dissatisfied (PPD) of a group of people in a space, based on the seven-point scale shown 

in Table 2. The equation to determine these indices is based on the caloric balance of the 

human body (skin temperature, sweat secretion rate) that directly depends on its metabolic 

activity, the number of layers of clothing used at the time of evaluation, and external conditions, 

described as follows.  

2.2.2.1 Metabolic rate (𝑴𝒆𝒕) 

The Metabolic rate is the amount of heat released by a person per square metre (ASHRAE, 

2013). A Met equals the amount of heat emitted by a person in a sedentary state by a square 

metre of skin. For a resting person, 1 𝑀𝑒𝑡 = 58 𝑊𝑚−2. It varies according to the person's 

physical activity (0.7 met for sleeping, 2 met for walking, etc.).  

2.2.2.2 Clothing insulation (𝑪𝒍𝒐) 

Clothing insulation is the material's resistance from which the garment is made, plus the 

thermal resistance of the air between the clothing and the skin. Usually, the thicker the piece 
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of clothing, the greater the insulation. It is measured through the unit 𝐶𝑙𝑜, which is defined as 

the: "insulation provided for a sitting person to be comfortable at an external temperature of 

21 °C" (ASHRAE, 2013), and equals 0.155 𝑚2 𝐾

𝑊
. It corresponds to a pair of trousers, a long-

sleeved shirt, and a jacket.  

2.2.2.3 Air temperature ( 𝒕𝒂) 

Air temperature is the average temperature of the air that surrounds the user. It is measured 

with a dry bulb thermometer that is exposed to the air and protected from radiation, and it is 

usually measured in Celsius (°𝐶), Fahrenheit (°𝐹), or Kelvin (𝐾) degrees. 

2.2.2.3 Radiant Temperature (𝒕𝒓) 

The radiant temperature is the amount of heat transferred from a surface. It is determined by 

the material's absorption and emissivity properties, the temperatures of the surrounding 

surfaces, and the view factor (amount of surface exposed to the object). For instance, the 

radiant temperature sensed by a building user in a room with direct sunlight will vary from the 

radiant temperature of a user located in the same room but away from direct sunlight. 

2.2.2.4 Air Velocity (𝑽𝒂), Relative Humidity (𝒓𝒉), and water vapour pressure (𝑷𝒂) 

ASHRAE 55 (2013) defines air velocity as the "average airspeed surrounding a representative 

occupant, without regard to the direction". This concept, therefore, applies to mechanically 

and naturally ventilated systems and spaces. The relative humidity is the quantity of water in 

the air. It is the ratio of water vapour held by the air at a temperature. The water vapour 

pressure is expressed in pascals (𝑃𝑎). 

2.2.2.5 ISO 7730 

The PMV / PPD model was incorporated as an ISO international standard in 1984, becoming 

one of the most accepted globally. To comply with this standard, 80% of the building users 

must be satisfied, as seen in Table 3. This model uses the 7-point scale, where zero is 

considered, thermal neutrality described in section 2.2.1.1. 
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Table 3 - Building category specifications according to ISO 7730. 

Category PPD PMV to Lower Limit 

[°C] 

to Upper 

Limit [°C] 

Level of 

expectation  

Explanation 

A < 6% -0.2 < PMV < 0.2 0.33trm + 16.8 0.33trm + 

20.8 

High Spaces within this range should be designed for people with 

chronic diseases, very young children, and the elderly 

B <10% -0.5 < PMV < 0.5 0.33trm + 15.8 0.33trm + 

21.8 

Normal New buildings and renovations should meet these 

requirements. The ASHRAE 55 Standard provides this 

measure as its only requirement, hence not providing a 

separate classification 

C <15% -0.7 < PMV < 0.7 0.33trm + 14.8 0.33trm + 

22.8 

Acceptable It should be used for existing buildings. Applies to existing, 

except when is newly built social housing 
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2.2.1.2 Adaptive model 

The adaptive model is based on the idea that humans can adapt to different temperatures 

in distinct seasons throughout the year, therefore influencing internal thermal comfort. 

Humphreys and Nicol first introduced the concept of adaptive thermal comfort in the 1970s. 

This model considers contextual factors, like access to control of environmental conditions 

of a building, cultural and demographic context, etc. (De Dear et al., 1998). The approach 

agrees that occupants can adapt to different thermal environments. Thermal comfort studies 

across the globe show that thermal adaptation relates to colder temperatures in cold places 

and vice versa for warm countries (Ealiwa et al., 2001). 

The adaptive model applies to cases where the environment is occupant-controlled, 

naturally ventilated, or the outdoor climate affects indoor conditions. De Dear (1998) 

proposed a widely accepted approach to thermal adaptation. Due to its broadness, three 

categories of thermal adaptation were identified: Behavioural adjustment, physiological and 

psychological. 

2.2.3.1 Behavioural adjustment  

This refers to all the actions the building user takes, either consciously or unconsciously, to 

modify the environmental conditions when these are perceived as uncomfortable. These can 

be personal, technological, or cultural adjustments. For instance, typical responses to a cold 

climate would be: Wearing an extra layer of clothing (personal), turning a heating system on 

(technological), or eating carbohydrate-rich food during winter (cultural). Further, there have 

been newer circumstances that affect the actions taken by the building user to modify their 

thermal sensation. These are interior design (Day et al., 2012), over-complicated automation 

systems (Peffer et al., 2011), utility bills (O'Brien and Gunay, 2014b), and control in windows 

and openings (O'Brien and Gunay, 2014a). 

2.2.3.2 Physiological 

Physiology refers to the body's response to environmental changes. Humans are 

endotherms. Our body operates at 37°C regardless of exterior conditions. The 
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hypothalamus measures the temperature of the blood flowing through the body, collects 

information from the skin, decides if the average temperature is too hot or too cold, and 

efforts to bring it back to 37 °C. If the body is too hot, the body produces cooling strategies 

such as sweat or vasodilation. If the body is too cold, the body responds by shivering and 

the vasoconstriction of the blood vessels. These are examples of negative feedback caused 

by the physiological process. The brain sets different strategies to keep the body working 

correctly, for instance, internal temperature, and sugar levels. This process is called:  

homeostasis.  

The environment is responsible for the physiological changes (changes in the body and 

functions of its parts) to which the body is exposed. Brager and de Dear (1998) explained 

how environmental changes in residential and office buildings have a minimal effect on the 

thermal experience of the user, so psychological and behavioural adaptation directly affects 

a building user's thermal comfort. 

2.2.3.3 Psychological 

This aspect refers to the perception of, and reaction to, sensory information (i.e., change of 

thermal preferences, habituation). Different authors (Boerstra et al., 2015, Haldi and 

Robinson, 2010, Zhou et al., 2020, Mishra and Ramgopal, 2013) perceived that the ability 

of environmental control defines the thermal expectations of the building users. For example, 

Mishra (Mishra and Ramgopal, 2013) found that thermal adaptation in houses has a broader 

range when people control thermal experiences more than in open-plan offices. 

2.2.3.4 ASHRAE Standard 55 

This standard is issued by the American Society of Heating, Refrigerating and Air-

Conditioning Engineers (ASHRAE). It is the official thermal comfort standard in the United 

States and one of the world's most recognised thermal comfort standards. It follows the work 

of de Dear and Brager (2002) under an adaptive model that mainly applies to naturally 

conditioned buildings. It uses the relationship between internal and external temperatures to 

provide comfortable zones for indoor temperatures (Nicol et al., 2012). The following 
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equation was derived from their observations to determine acceptable thermal conditions in 

naturally ventilated buildings.  

𝑇𝑐𝑜𝑚𝑓 = 0.31 × 𝑇𝑎,𝑜𝑢𝑡 + 17.8°𝐶       Eq. 1 

 

Where 𝑇𝑐𝑜𝑚𝑓 provides the limits for acceptable comfort zones, and 𝑇𝑎,𝑜𝑢𝑡 is the mean outdoor 

dry bulb temperature surrounding the building (ASHRAE, 2013a), as portrayed in Figure 3. 

ASHRAE 55 mentions that no guidance is given outside the boundaries, for instance < 10°C 

and > 33.5°C. For this model, buildings must be naturally ventilated, where windows are the 

means for controlling internal temperature, occupants must be in the range of 1 to 1.3met 

(sedentary), and they should choose their clothing. 

The adaptive principle reads: "if a change occurs such as to produce discomfort, people 

react in ways which tend to restore their comfort" (Nicol et al., 2012). Local regulations which 

intend to follow an adaptive model must be built on an empirical base, based on results from 

field studies where people had chosen their comfort systems, according to their local context 

(Richard de Dear, 1997). 

 

Figure 3 - Comfort bands for 80% and 90% thermal acceptability as stated in ASHRAE Standard 55. 

 

2.2.2 Field studies 

"If you want to know how people feel in a particular situation, there is no better way to find 

out than to go out and ask them" (Humphreys, 1974). Field surveys are a vital element in 
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the adaptive method, as contextual issues such as culture, building typology, and climate 

have their characteristics depending on the site. A thermal comfort survey is a questionnaire 

that includes the seven-point scale mentioned above (Table 2), given to the building users, 

simultaneously measuring the environmental conditions. Whilst being applied, the users 

must be wearing their regular clothes depending on the context. After the results are 

analysed, the average temperature will indicate the comfort temperature most of the 

participants were comfortable with. 

There are two typical types of surveys. In the longitudinal, a sample responds to a thermal 

comfort survey for a large period, and in transversal, where a sample is polled once within 

a limited period.  The data collection phase of a thermal comfort study is a crucial element 

in understanding people's interactions with their environment. Before deciding which data is 

to be collected, one must have a clear idea of the aims and scope of the research. Another 

aspect to consider is the sample of volunteers that will participate. The idea behind a comfort 

study is to analyse their behavioural patterns and how they link to thermal sensations. 

Surveys can be as simple or complex as required. The degree of detail of information is 

directly linked to the number of resources available.  

Although there is not an official classification of thermal comfort surveys in the standards 

ISO 7730 or ASHRAE-5, Brager & De Dear (1998), and Nicol (2012) suggested three types 

of field thermal comfort surveys whose complexity vary on several variables, i.e., their scope, 

user information, resource availability. Brager & De Dear classified them according to 

classes ranging from I to III, with Class I being the most complex. Table 4 presents a 

comparison of these three types of standards in the form of a SWOT analysis. 
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Table 4 -  - SWOT analysis of different field thermal comfort studies. 

 Strengths Weaknesses Opportunities Threats 

Class III 

Basic temperature 

measurements in 

occupied buildings 

with no subjective 

answers 

- Can be used with larger samples 

- Useful when resources are 

limited 

- Provides higher confidence 

interval with fewer margin errors 

- Volunteers drop out may not 

significantly affect the results of 

the study 

-  produces general 

overview 

-  It is only helpful if the 

time of day represents a 

period of satisfaction 

- Provides data without 

much involvement of 

the user. More 

extensive involvement 

at this scale could 

improve the quality of 

the results. 

- Spot measurement 

sensors may be 

cheaper 

- Larger samples may require more 

extensive human resources when 

administering surveys 

- Larger quantity of data implies careful 

data management 
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Class II 

Thermal environment 

measurements and 

occupant's perception 

of it 

- Provides subjective responses 

on behavioural adjustments 

- Considers user's interaction with 

thermal controls (windows, fans.) 

-  Strong method if seeking 

detailed results under limited 

sample and budget circumstances 

- Information still lacks 

detail 

- Sensors can be 

adapted to raspberry 

pi's 

 

- Sensors may fail, which may lead to 

loss of information 

Class I 

Surveys, including all 

variables needed to 

calculate heat 

exchange between a 

person and its 

environment. It also 

includes subjective 

responses 

- Provides a more detailed set of 

information, as Sensors and 

procedures must comply with 

official (i.e., ASHRAE-55's) 

guidelines 

- Allows a more careful 

examination of environmental 

irregularities 

- May require a large 

resource availability 

- Many developing 

countries are adopting 

thermal comfort 

standards to their local 

regulations 

-  Access to approved equipment can 

be difficult 

- Volunteers drop out can significantly 

affect the study 
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Chapter 3 - Methodology 

 

The field study stage of this thesis comprehends the first thermal comfort longitudinal study 

in Mexico undertaken during eleven continuous months. 

 

3.1 Research design 

 

This longitudinal temperature and relative humidity monitoring study was developed in the 

Toluca Valley within the Central Mexican Plateau. It aimed to study the thermal behaviour 

of the homes in the region, as well as the temperatures at which its occupants prefer 

throughout the four yearly seasons. Further, it aimed to study whether the internal conditions 

are conducive to creating healthy environments for its occupants. 

 

To study this, it was essential to place temperature and relative humidity sensors in 

participating homes for continuous monitoring for eleven months. This period would include 

the four-yearly seasons covered.  

 

3.1.1 Location 

 

The study was undertaken in the Greater Toluca area, in the centre of Mexico. The urban 

area has 2.3M inhabitants, making it the fifth most populated city in Mexico. It has an average 

altitude of 2660m, and it is the highest city in the North American region. Although no official 

data is describing the types of housing and the percentage of them in the city, the last 

national housing census showed that only 2% of the national housing stock has any type of 

insulation on its fabric. This means that the majority of the homes in the area are built with 

solid walls and single-glazed windows at best. A secondary effect of this research is the 
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possibility of homes being underheated during cold periods. Figure 4 below shows the map 

of the urban area of the city. 

 

 

Figure 4 – Map of the urban area of Toluca, where the study took place. Source: (OpenStreetMap, 2022). 

 

3.1.2 Recruitment 

 

To participate in this study, the only requirement was to live in a house with 150mm solid 

brick walls, a 100mm reinforced concrete roof slab, and a 6mm single glazed window. A 

total of 46% of the participants lived in the area of Metepec, 30% lived in Toluca, 19% lived 

in the area of Lerma / San Mateo, and the remaining 5% lived in San Pablo Autopan, in the 

north of the city. In order to find a sample that lived in houses with the desired characteristics, 

the ”two-step” adaptive-clustering sampling was undertaken to assure an unbiased sample, 

and to test the recruitment methods. The first stage of recruitment was made in September 

2017 for the pilot study (7 homes, all in Metepec), and in January 2018 the remaining. In 
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both cases, a targeted sampling technique was used to control the specific characteristics 

of the sought homes. To avoid bias, it was assured that the sample was composed of people 

of all socioeconomic statuses, ages, occupations, levels of education and gender. Further, 

it was specified to all the participants that they could leave the study at any point. The study 

was promoted via Facebook, through posters in local churches, schools and libraries, and 

to personal contacts. In the end, 30 participants were recruited. However, two decided to 

leave the study at an early stage, and two sensors malfunctioned, leaving a total sample of 

26 households. 

 

3.2 Data collection 

 

This study required quantitative and qualitative data collection methods. Both are described 

below. 

 

3.2.1 Quantitative data 

 

Temperature and relative humidity sensors were placed in the participating homes to 

measure these two parameters. They recorded data points every five minutes for the 

mentioned variables. The sensors used in this study were the DS18B20 (Range -10 °C to 

+85 °C, Accuracy > ±0.5 °C) and a relative humidity sensor RHT03 (Range 0 to 100%, 

Accuracy > ±2%) attached to a Raspberry Pi microcomputer, as seen below in Figure 5. 

Both sensors fall lightly short of standards compliance, however, they have been useful in 

previous field studies, some even from our research group at the Department of Architecture 

and Civil Engineering of the University of Bath (Vellei et al., 2016, Vellei et al., 2017). We 

asked the participants to record any power cuts, since these caused the sensor's date stamp 

to reset to 01/01/2000. In this case, the participants were very helpful, as it was possible to 

re-establish the date in Python. Further, the data lost during power cuts was filled by 
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computing the mean values between the ones above, and below. This method has been 

validated in a study by Kang, et. Al., (Kang et al., 2009) who found no significant differences 

between the mean values, and the replacements.  

 

 

Figure 5 – Relative humidity and temperature sensors used in this study. 

 

The bedroom and the living room are spaces inside the house where people tend to spend 

90% of their time (Höppe and Martinac, 1998), so the initial plan included placing sensors in 

these spaces. However, participants did not feel comfortable allowing a sensor to be placed 

in their bedroom. Hence, these were only placed in their living rooms. This was particularly 

relevant, as the confinements due to the COVID-19 pandemic made the world use their 

homes as work and study places. This was also the case for 90% of this sample, hence the 

importance that these spaces provide adequate environments. Further, now that schools 

and workplaces are re-opening, still, some companies decided to adopt this “home-office” 

scheme in their workplaces. 

 

Sensors were placed away from heat sources and making sure that the temperature probe 

was away from direct heat sources (i.e., solar radiation, and electronic appliances). The 

sensors were set to record air temperature and relative humidity every five minutes. Then, 

these were averaged hourly in order to match the external weather data obtained from the 

weather station “15266, Metepec-CODAGEM”. This has a mean distance of 4.5 km 
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(std=3.1km) to the studied homes. It was considered that information from this station would 

be enough because the city of Toluca does not have mountains inside the city, high-rise 

buildings, or other features that may create micro-climates, like street canyons. Hence, 

obtaining external data from this weather station is sufficient for this study. The occupancy 

is assumed to be from 9:00 am to 10:00 pm, as suggested in the TM59 Standard (Bonfigli 

et al., 2017). In addition, a stress thermometer Extech HT30, and a calibrated anemometer 

ATP AVM-8880 were used in every house visit to record operative temperature. Both 

devices may fall short of standards but have been used successfully in other similar studies 

(Albadra et al., 2017). 

 

3.2.2 Qualitative data  

 

The surveys were applied for eleven months, from March 2018 to February 2019. Initially, it 

was planned to organise house visits every month. However, this was not possible due to 

the limited availability of the respondents. In the end, 14 homes were visited every four 

weeks, six every six weeks, and six every eight weeks, resulting in a total of 159 visits. The 

visits took place between 9:00h and 20:00h. There were two types of surveys, an initial that 

aimed to gather information about the respondent such as gender, the highest level of 

studies, income, occupation, height and weight. In addition, the first site visit included a 

survey of the house of the participant, where the perimeter was measured, as well as window 

ratio and location. Other aspects of the house such as orientation, insulation, and doors 

were also checked. The subsequent visits included questions about fuel poverty, thermal 

adaptations and thermal comfort. The last was applied through a 7-point scale translated 

specifically to this study to Spanish from Mexico. Further information about the process of 

translation is seen in the section below. 

 

At the beginning of the study, a consent form was signed by the volunteers. It described the 

aims and scopes of the research, the frequency of the house visits, and it explained what 
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exactly the sensors recorded. It detailed that their participation was voluntary and that they 

could leave at any point. The consent form also stated that their private data was going to 

be managed according to the guidelines set by the University of Bath, the “UK Data 

Protection Act 2018” (Carey, 2018), and the Mexican “Ley General de Protección de Datos 

Personales en Posesión de los Particulares” (Mexico, 2010).  

 

3.2.3 Translation of the surveys 

 

The thermal comfort scale used was the 7-point ASHRAE Standard 55. It records the user’s 

thermal sensation (TSV) ranging from hot to cold, through the terminology “hot (+3)”, “warm 

(+2)”, “slightly warm (+1)”, “neutral (0)”, “slightly cool (-1)”, “cool (-2)”, “cold (-3)”. The official 

translation to Spanish is contained in the European regulation UNE EN 15251:2008. The 

Spanish regulation uses the words "mucho" (+-3), "bastante" (+-2), and “algo (+-1)". Whilst 

in Spain it is clear, that in Mexican Spanish the words "mucho" and "bastante" can be 

considered synonyms. This may lead to uncertainties from the respondent’s perspective, 

and so their Thermal Sensation Vote (TSV) may be at risk to be language biased.    

 

A survey was created to translate the 7-point scale from the original ASHRAE 55 standard 

to Spanish from Mexico. We asked Mexican scholars, undertaking PhD studies in United 

Kingdom Universities, as English proficiency is a compulsory requirement to undertake 

doctoral studies in the United Kingdom. The question asked was: "what is the best 

translation to Mexican Spanish to the following: "Cold = -3", "Cool= -2", "Slightly cool= -1", 

"Neutral= 0", "Slightly Warm= 1", "Warm= 2", and "Hot= 3". 

 

There was a total of 180 respondents. This corresponds to a representative sample of the 

total amount of Mexican scholars across the UK, with a 95% degree of confidence. The 

results shown in Figure 6 show the total amount of responses, and Table 5 shows the definite 

translation used in this study. The response with a larger number of votes was the one 
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included in the surveys presented. Translating Fanger’s 7-point scale has been normal 

practice, as studies in Jordan (Albadra et al., 2017), Nepal (Shrestha et al., 2021), and Japan 

(Indraganti et al., 2013) undertook thermal comfort studies with their respective local 

languages. 

 

 

Figure 6 - Results of ASHRAE 55 Translation survey to Spanish (Mex). Every bar chat shows the most common 
answers to each definition. Below every bar, we placed the answers from more (top) to less (bottom) common. 
The answer with two asterisks “**” next to it is the selected word. 

 

Table 5 – Results of the survey that asked for the best translation of the 7-point thermal comfort scale to Spanish 

from Mexico. 

Scale -3 -2 -1 0 1 2 3 

ASHRAE 55 Cold Cool Slightly Cool Neutral Slightly 

Warm 

Warm Hot 

UNE EN 

15251:2008 

Mucho 

frío 

 

Bastante 

frío 

Algo de frío Neutra Algo de 

Calor 

Bastante 

Calor 

Mucho 

Calor 

Mexican 

Spanish 

Frío Fresco Ligeramente 

fresco 

Neutral Tibio Caliente Muy 

Caliente 
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3.2.4 Health Surveys and data reduction methods  

 

The section concerning the self-reported health of the questionnaires included categories 

such as self-reported physical problems (problems with vision, hearing, arthritis, 

cardiovascular, respiratory and circulatory), self-perceived life satisfaction and self-worth 

(happiness, depression, feeling of being loved), anxiety (nervousness, powerless, restless, 

hopelessness), physical capabilities (ability to do daily tasks such as walking half km, climb 

ten steps, bend over, kneel, reach something above their head, carry a supermarket bag, 

pulling furniture, and go out to socialize). The full questionnaires are below in section 3.2.5. 

 

The self-reported health questions were dichotomous with yes or no type of answers. Later, 

every “yes” was transformed to the value 1 for the regression analysis. As there were nine 

questions in this category, every house could obtain a maximum of nine points if all the 

answers were responded with “yes”. After, a single mean per home was calculated from the 

visits throughout the fieldwork. This mean was then called the “Average total self-reported 

health problems score”. 

 

Other categories within the questionnaires were self-reported life satisfaction and self-worth, 

life anxiety, and adaptation style. In these three cases, the responses were multiple-choice 

interval types, which ranged from never (0) to very often (5). Further, the questions about 

self-perceived physical capacity also contained scalar multiple-choice answers that ranged 

from extremely difficult (1) to very easy (5). In these topics, the respondent could obtain a 

maximum of 45 points if only maximum values were selected. Then, these values were 

averaged over the data obtained in the different visits to the houses. The values obtained 

were the average self-reported life satisfaction score, average self-reported worth score, 

average self-reported life anxiety score, average adaptation score, and the average self-

perceived physical capacity score. Below the questionnaires applied are shown. 
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3.2.5 Questionnaires  

 

Below both questionnaires applied in this study are shown, the initial, and the one used in 

the subsequent visits. Although the survey was translated to Spanish language, here it is 

presented in English for readability purposes. A logo was created as part of the branding 

process of the field study. It can be seen in Figure 7. The questionnaire used in this study 

was created for another research project (Vellei et al., 2016) from our research group, the 

Centre for Energy and the Design of Environments (EDEn), of the Department of 

Architecture and Civil Engineering of the University of Bath. Further, this survey has proven 

to be successful in other studies (Hughes and Natarajan, 2019), and hence it was also used 

here, as the scope and objectives were similar to the mentioned studies. Further information 

about the surveys and the full set of questions can be seen below in Sections 3.2.5.2 and 

3.2.5.3. 

 

3.2.5.1 Limitations of the health questionnaires 

One of the objectives of this thesis is to discover if there is a relationship between the internal 

environments of the houses of Toluca and the health of the householders. The WHO defines 

health as a state where the individual has complete mental, physical, and social wellbeing  

(Callahan, 1973). A trained professional is the only one capable of accurately measuring the 

health condition of an individual. Further, even to measure basic vital signs such as blood 

pressure or blood oxygenation levels, proper equipment is necessary. As this project lacked 

of these resources, more accessible alternatives were searched which at the same time 

could provide results with scientific relevance. Shields and Shooshtari (Shields and 

Shooshtari, 2001) provide that self-perceived health surveys can provide with reliable and 

valid data, in addition to being more convenient to be administered. As it is understood that 

the data provided by the surveys below does not represent the real health status of the 

population, these results are good proxy to real measures of functional capabilities, mental 
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health and chronic diseases. In addition, it has been found that self-perceived health is highly 

correlated with existing health scales such as the Perceived well-being scale (Cousins, 

1997), and the Sickness Impact Profile (Bergner et al., 1976). 

 

 

 

3.2.5.2 Initial Questionnaire 

 

 

Figure 7 - Logo created to brand the field study. 

 

This survey will ask about your household, your home and your attitudes. 

The person who completes this survey must be over the age of 18. The survey is confidential 

and anonymous, meaning your responses will never have been seen by anyone else but 

the researchers and they will not connect your responses with your name or address. You 

have the choice not to answer any questions you do not wish to and you can end the study 

at any point.  

 

Section One: About you, your house and your household (This section was only 

asked during the first survey visit) 

 

Sensor number? 
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Please write time and date 

 

 

How old are you? 

 

 

2. What is your gender? 

Male Female 

  

 

3. Please tick the highest qualification you hold. 

High school 

 Bachelor degree 

 Postgraduate  

 Ninguna   

 

4. What is/was your job? 

 

 

4. How many people live in your house? 

 

 

6. Please tick the option that reflects your total household income from all sources (eg. 

Pension, benefits, employment, investment or any other source) before tax and other 

deductions. 

Less than $6000  

$6000 - $13,000  
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$13,000 - $19,000  

$19,000 - $25,000  

$25,000 or more  

 

7. Which one of these best describes how well you and your household are keeping up with 

your energy bills at the moment? 

 I/We manage very well 

 I/We manage quite well 

 I/We just manage 

 I/We have some difficulties  

 I/We have severe difficulties 

 Not applicable 

8. On how many days, in the past year, have you had to choose between keeping your 

house warm or buying food this year or last year? 

 

 

9. What type of tenure is your house? 

Owner occupied Private rented Social rented 

   

 

10. How old is your house? 

 

 

11. Do you know if it has thermal insulation on walls and roof? 

yes no Don’t Know 
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Section Two: Temperature 

13. During warm weather how do you find the temperature in your home? 

Much too 

warm 

Too warm Comfortably 

Warm 

Neither 

warm nor 

cool 

Comfortably 

cool 

Too cool Much too 

cool 

       

 

14. During cold weather how do you find the temperature in your home? 

Much too 

warm 

Too warm Comfortably 

Warm 

Neither 

warm nor 

cool 

Comfortably 

cool 

Too cool Much too 

cool 

       

 

15. At the moment how do you find the temperature in your home? 

Much too 

warm 

Too warm Comfortably 

Warm 

Neither 

warm nor 

cool 

Comfortably 

cool 

Too cool Much too 

cool 

       

 

Section Three: Air Movement 

 

16. In general, how do you find the overall air movement in your house? 

Much too 

draughty 

Too draughty Draughty Not very 

draughty 

Not draughty Don’t know 

      

 

17. How frequently do you open the windows in your house? 
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Never Rarely Sometimes Often Always 

     

18. When you do open the windows, how often is it for the following reasons? 

 

 Never Rarely Sometimes Often Always 

To cool the room down.      

To improve air quality.      

To create a draught.      

To reduce moisture.      

To smoke.      

Because you are drying clothes.      

 

Section Four: Moisture 

 

19. To what extent do you have damp problems in your home? 

None at all      In most rooms 

 

20. To what extent do you have condensation/mould problems in your home? 

None at all      In most rooms 

 

Section Five: Heating 

 

21. Do you have any type of heating? (If no, skip to question 22) 

Yes No 

  

 

21. a) Is it a gas or electric system? 
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Gas Electric 

  

 

 

21. b) Do you know without looking what temperature your thermostat is set at currently? 

(Skip this question if you do not have a thermostat). 

Yes No 

  

 

21. c) What temperature is your thermostat set to currently? (please check if you are not 

sure.) 

 

 

22. Please read the list of statements and circle the answer that applies to you. 

 Strongly 

Disagree 

Disagree Neither 

agree nor 

disagree 

Agree Strongly 

Agree 

There are big differences between the 

temperatures in different rooms in my 

home. 

 

1 

 

2 

 

3 

 

4 

 

5 

I like to keep the same temperature in 

all the rooms of my home. 

 

 

1 

 

2 

 

3 

 

4 

 

5 

I heat the rooms in my home whether 

or not they are being used. 

 

 

1 

 

2 

 

3 

 

4 

 

5 

I find it easy to keep my home warm 

when the heating is on. 

 

1 

 

2 

 

3 

 

4 

 

5 
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I find my home expensive to heat. 

 

 

1 

 

2 

 

3 

 

4 

 

5 

The doors to rooms inside my home are 

normally left open. 

 

 

1 

 

2 

 

3 

 

4 

 

5 

My home is draughty. 

 

 

 

1 

 

2 

 

3 

 

4 

 

5 

 

23. What kind of boiler do you have? 

Combi  

Conventional  

Don’t know  

Other, please specify:  

 

24. How old is your boiler? 

 Years 

 

25. How frequently do you have it serviced? 
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26. When you feel cold, how often do you do the following actions? 

 

 Never Rarely Sometimes Often Always 

I use an electric blanket to keep 

warm at night. 

 

     

I wear extra clothing. 

 

     

I eat/drink something hot. 

 

     

I do some exercise. 

 

     

I use a hot water bottle. 

 

     

I use an extra heater. 

 

     

I stay in bed for longer periods.      

I use fewer rooms in the house, 

closing unused ones.  
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Section Six: personal values 

 

27. Please answer true or false to the following statements. 

 

 True False 

I am the type of person who acts environmentally friendly. 

 

  

Acting environmentally friendly is an important part  

of who I am. 

  

We are approaching the limit of the number of people the Earth can 

support. 

  

Plants and animals have just as much rights as humans to exist. 

 

  

Humans have the right to modify the natural environment to suit their 

needs. 

  

Humans are severely abusing the environment. 

 

  

When humans interfere with nature it often produces disastrous 

consequences. 

  

Human ingenuity will ensure that we do not make the Earth unlivable.   

The Earth has plenty of natural resources if we just learn how to develop 

them. 

  

 

Section Seven: Health 

 

As some of these questions are personal, please bear in mind that you do not have to answer 

any questions you do not wish to. 



 

74 
 

32. Overall, how satisfied are you with your life? (1= very dissatisfied, 7= very satisfied) 

1 2 3 4 5 6 7 

 

33. Overall, to what extent do you feel the things you do in your life are worthwhile? (1=not 

worthwhile, 7= very worthwhile) 

1 2 3 4 5 6 7 

 

34. Overall, how is your health in general? (1= very bad, 7= very good) 

1 2 3 4 5 6 7 

 

35. Overall, how anxious did you feel yesterday? (1= very anxious, 7= not anxious at all) 

1 2 3 4 5 6 7 

 

Health status and limitations 

 

36. During the past 12 months approximately how many days did illness keep you in bed 

more than half of the day (including days while overnight patient in hospital)? 

Days 

   

37. Compared with 12 months ago would you say your health is better, worse, or about the 

same? 

Better  

Worse  

About the same  
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38. The next questions ask about difficulties you may have doing certain activities because 

of a health problem. Please tick how you able you feel to carry out each activity. 

 

 Very 

difficult 

Difficult Manageable Easy Very 

Easy 

Walk quarter of a mile 

 

 

     

Walk up 10 steps without resting 

 

 

     

Stand or be on your feet for about 2 

hours 

 

     

Sit for about 2 hours 

 

 

     

Stoop, bend or kneel 

 

 

     

Reach above your head 

 

 

     

Carry a bag of groceries 

 

 

     

Push or pull large objects like a living 

room chair 
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Go out for social activities 

 

 

     

Do things to relax at home (reading, 

watching TV, sewing) 

 

     

 

39. Do you suffer from any of the following health complaints? 

 Yes No 

Impaired vision 

 

  

Hearing problems 

 

  

Arthritis or rheumatism 

 

  

Cardiovascular/heart problems 

 

  

Hypertension or high blood pressure 

 

  

Lung or breathing problems 

 

  

Neurodegenerative diseases 

 

  

Depression, anxiety, or an emotional problem 

 

  

Circulatory problems 
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40. Do you smoke? (If no, skip to question 37). 

Yes No 

  

 

40 a. How long have you smoked for? 

 

 

40 b. How many cigarettes do you smoke a day?  

 

 

41. Do you drink? (If no, skip to question 38). 

Yes No 

  

 

41 a. How many units of alcohol do you consume in a week? 

 

 

Physical Activity 

 

42. Do you do any planned physical activity every week? For example, walking, tennis, 

swimming, yoga. (If no, skip to question 43). 

Yes No 

  

 

42. b) If yes, please write in the box below which activities you do. 
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42. c) How much time do you spend a week doing these activities? 

 Minutes 

 

Access to Health Care 

 

43. In the past 12 months have you seen any of the following? 

 Yes No 

A psychiatrist, psychologist or social worker   

A medical specialist   

A general practitioner   

An Accident and Emergency Doctor   

An inpatients Doctor/Consultant   

An outpatients Doctor/Consultant   

  

44. In the past 12 months have you received care at home from a nurse, doctor or other 

health care professional? 

Yes No 

  

 

Mental Health 

 

45. In the past month, how often did you feel? 

 Very often Often Sometimes Rarely Never 

Sad/Tearful      

Happy      

Nervous      

Confident      
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Hopeless      

Excited      

Worthless      

Loved      

Restless      

Content      

Unable to cope      

Cheerful      

Lonely       

 

Section Eight - Clothing 

 

46. What are you currently wearing? Please select the clothing items from the list. 

 

SHIRTS AND JUMPERS  

Short-sleeved shirt  

Long-sleeved shirt  

T-shirt  

Polo shirt  

Blouse  

Thin Jumper  

Thick Jumper  

  

TROUSERS AND SKIRTS  

Shorts  

Thin trousers  

Thick trousers  

Thin skirt  
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Thick skirt  

Dress  

  

FOOTWEAR  

Thin socks  

Thick socks  

Bare feet  

Tights  

Sandals  

Shoes  

Boots  

 

47. How frequently do you wear this amount of clothing indoors? 

 

Very frequently (approximately 90% of the time)  

Frequently (approximately 75% of the time)  

Sometimes (approximately 50% of the time)  

Rarely (approximately 25% of the time)  

Very rarely (approximately 10% of the time)  

 

Thank you very much for completing the questionnaire. 
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3.2.5.3 Monthly Questionnaire 

 

This survey will ask about your household, your home and your attitudes. 

 

The survey is confidential and anonymous, meaning your responses will never been seen 

by anyone else but the researchers and they will not connect your responses with your name 

or address. You have the choice not to answer any questions you do not wish to and you 

can end the study at any point.  

 

Section One: About you, your house and your household (This section was only 

asked during the first survey visit) 

 

Sensor number? 

 

 

Please write time and date 

 

 

 

Section Two: Temperature 

3. During warm weather how do you find the temperature in your home? 

Much too 

warm 

Too warm Comfortably 

Warm 

Neither 

warm nor 

cool 

Comfortably 

cool 

Too cool Much too 

cool 

       

 

4. During cold weather how do you find the temperature in your home? 
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Much too 

warm 

Too warm Comfortably 

Warm 

Neither 

warm nor 

cool 

Comfortably 

cool 

Too cool Much too 

cool 

       

 

5. At the moment how do you find the temperature in your home? 

Much too 

warm 

Too warm Comfortably 

Warm 

Neither 

warm nor 

cool 

Comfortably 

cool 

Too cool Much too 

cool 

       

 

Section Three: Air Movement 

 

6. In general, how do you find the overall air movement in your house? 

Much too 

draughty 

Too draughty Draughty Not very 

draughty 

Not draughty Don’t know 

      

 

7. How frequently do you open the windows in your house? 

Never Rarely Sometimes Often Always 

     

 

8. When you do open the windows, how often is it for the following reasons? 

 Never Rarely Sometimes Often Always 

To cool the room down.      

To improve air quality.      

To create a draught.      
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To reduce moisture.      

To smoke.      

Because you are drying clothes.      

 

Section Four: Moisture 

 

9. To what extent do you have damp problems in your home? 

None at all      In most rooms 

 

10. To what extent do you have condensation/mould problems in your home? 

None at all      In most rooms 

 

Section Five: Heating 

11. Please read the list of statements and circle the answer that applies to you. 

 Strongly 

Disagree 

Disagree Neither 

agree nor 

disagree 

Agree Strongly 

Agree 

There are big differences between the 

temperatures in different rooms in my 

home. 

 

1 

 

2 

 

3 

 

4 

 

5 

I like to keep the same temperature in 

all the rooms of my home. 

 

 

1 

 

2 

 

3 

 

4 

 

5 

I heat the rooms in my home whether 

or not they are being used. 

 

 

1 

 

2 

 

3 

 

4 

 

5 

I find it easy to keep my home warm 

when the heating is on. 

 

1 

 

2 

 

3 

 

4 

 

5 
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I find my home expensive to heat. 

 

 

1 

 

2 

 

3 

 

4 

 

5 

The doors to rooms inside my home are 

normally left open. 

 

 

1 

 

2 

 

3 

 

4 

 

5 

My home is draughty. 

 

 

 

1 

 

2 

 

3 

 

4 

 

5 

 

12. What kind of boiler do you have? 

Combi  

Conventional  

Don’t know  

Other, please specify:  

 

13. When you feel cold, how often do you do the following actions? 

 Never Rarely Sometimes Often Always 

I use an electric blanket to keep 

warm at night. 

 

     

I wear extra clothing. 

 

     

I eat/drink something hot. 

 

     

I do some exercise. 

 

     

I use a hot water bottle.      
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I use an extra heater. 

 

     

I stay in bed for longer periods.      

I use fewer rooms in the house, 

closing unused ones.  

     

 

Section Six: Personal Values 

 

14. Please answer true or false to the following statements. 

 

 True False 

I am the type of person who acts environmentally friendly. 

 

  

Acting environmentally friendly is an important part  

of who I am. 

  

We are approaching the limit of the number of people the Earth can 

support. 

  

Plants and animals have just as much rights as humans to exist. 

 

  

Humans have the right to modify the natural environment to suit their 

needs. 

  

Humans are severely abusing the environment. 

 

  

When humans interfere with nature it often produces disastrous 

consequences. 

  

Human ingenuity will ensure that we do not make the Earth unlivable.   
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The Earth has plenty of natural resources if we just learn how to develop 

them. 

  

 

Section Seven : Health 

 

As some of these questions are personal, please bear in mind that you do not have to answer 

any questions you do not wish to. 

 

Well-being 

15. Overall, how satisfied are you with your life? (1= very dissatisfied, 7= very satisfied) 

1 2 3 4 5 6 7 

 

16. Overall, to what extent do you feel the things you do in your life are worthwhile? (1=not 

worthwhile, 7= very worthwhile) 

1 2 3 4 5 6 7 

 

17. Overall, how is your health in general? (1= very bad, 7= very good) 

1 2 3 4 5 6 7 

 

18. Overall, how anxious did you feel yesterday? (1= very anxious, 7= not anxious at all) 

1 2 3 4 5 6 7 

 

 

Health status and limitations 

 

19. During the past 12 months approximately how many days did illness keep you in bed 

more than half of the day (including days while overnight patient in hospital)? 
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Days 

   

20. Compared with 12 months ago would you say your health is better, worse, or about the 

same? 

Better  

Worse  

About the same  

 

21. The next questions ask about difficulties you may have doing certain activities because 

of a health problem. Please tick how you able you feel to carry out each activity. 

 Very 

difficult 

Difficult Manageable Easy Very 

Easy 

Walk quarter of a mile 

 

 

     

Walk up 10 steps without resting 

 

 

     

Stand or be on your feet for about 2 

hours 

 

     

Sit for about 2 hours 

 

 

     

Stoop, bend or kneel 

 

 

     

Reach above your head      
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Carry a bag of groceries 

 

 

     

Push or pull large objects like a living 

room chair 

 

     

Go out for social activities 

 

 

     

Do things to relax at home (reading, 

watching TV, sewing) 

 

     

 

22. Do you suffer from any of the following health complaints? 

 Yes No 

Impaired vision 

 

  

Hearing problems 

 

  

Arthritis or rheumatism 

 

  

Cardiovascular/heart problems 

 

  

Hypertension or high blood pressure 

 

  

Lung or breathing problems   
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Neurodegenerative diseases 

 

  

Depression, anxiety, or an emotional problem 

 

  

Circulatory problems 

 

  

  

23. Do you smoke? (If no, skip to question 24). 

Yes No 

  

 

23 a. How long have you smoked for? 

 

 

23 b. How many cigarettes do you smoke a day?  

 

 

24. Do you drink? (If no, skip to question 25). 

Yes No 

  

 

24 a. How many units of alcohol do you consume in a week? 

 

 

Physical Activity 
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25. Do you do any planned physical activity every week? For example, walking, tennis, 

swimming, yoga. (If no, skip to question 26). 

Yes No 

  

 

25. b) If yes, please write in the box below which activities you do. 

 

 

 

25. c) How much time do you spend a week doing these activities? 

 Minutes 

 

Access to Health Care 

 

26. In the past 12 months have you seen any of the following? 

 Yes No 

A psychiatrist, psychologist or social worker   

A medical specialist   

A general practitioner   

An Accident and Emergency Doctor   

An inpatients Doctor/Consultant   

An outpatients Doctor/Consultant   

  

27. In the past 12 months have you received care at home from a nurse, doctor or other 

health care professional? 

 

Yes No 
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Mental Health 

 

28. In the past month, how often did you feel? 

 Very often Often Sometimes Rarely Never 

Sad/Tearful      

Happy      

Nervous      

Confident      

Hopeless      

Excited      

Worthless      

Loved      

Restless      

Content      

Unable to cope      

Cheerful      

Lonely       

 

Section Eight – Clothing 

 

29. What are you currently wearing? Please select the clothing items from the list. 

 

SHIRTS AND JUMPERS  

Short-sleeved shirt  

Long-sleeved shirt  
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T-shirt  

Polo shirt  

Blouse  

Thin Jumper  

Thick Jumper  

  

TROUSERS AND SKIRTS  

Shorts  

Thin trousers  

Thick trousers  

Thin skirt  

Thick skirt  

Dress  

  

FOOTWEAR  

Thin socks  

Thick socks  

Bare feet  

Tights  

Sandals  

Shoes  

Boots  

 

30. How frequently do you wear this amount of clothing indoors? 

 

Very frequently (approximately 90% of the time)  

Frequently (approximately 75% of the time)  

Sometimes (approximately 50% of the time)  
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Rarely (approximately 25% of the time)  

Very rarely (approximately 10% of the time)  

 

Thank you very much for completing the questionnaire. 

 

3.3 Dynamic simulations 

 

After completing the fieldwork stage, fifteen homes were modelled into Design Builder® 

models, as seen in Figure 8 below. This software is a Graphical User Interphase (GUI) that 

uses the Energy Plus® engine for simulations. Design Builder® is a software widely used in 

the academic and professional industry (Wasilowski and Reinhart, 2009). The software 

LADDER® from the Rocky Mountain Institute® (Institute, 2020) was used to create the 

weather file. The data poured into LADDER was obtained from the Mexican Water 

Commission (CONAGUA) in Excel Binary File Format (XLS).  

 

 

Figure 8 – Design-Builder models of the homes simulated in this research 
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3.3.1 Calibration of the simulated models 

 

The process of simulating different retrofitting scenarios demands that the models are 

previously calibrated. In this process, real data collected from monitoring is compared 

against the simulated data of the building. The ASHRAE Guideline 14 (Guideline, 2002) 

establishes that the magnitude of the difference between the coefficient of variation of both, 

the Mean Bias Error (MBE) (equation 2) and the Root Mean Square Error (RMSE) (equation 

3) should be of 25% and 25% respectively.  

 

𝑀𝐵𝐸 =  
∑ (𝑀𝑑−𝑆𝑖𝑚)𝑁𝑖

𝑖=1

∑ 𝑀𝑑𝑁𝑖
𝑖=1

       Eq. 2 

𝑅𝑀𝑆𝐸 =  
√∑ (

(𝑀𝑑−𝑆𝑖𝑚)2

𝑁𝑖
)𝑁𝑖

𝑖=1

∑ 𝑀𝑑𝑁𝑖
𝑖=1

      Eq. 3 

Table 6 shows the coefficients of variation of both the MBE and the RMSE for the models 

used in the health section. The mean for the MBE is 12.5% (sd=3.6%) and the RMSE is 

15.2% (sd= 3.5). In addition, in any case, the threshold established by the ASHRAE 

Guideline 14 is exceeded. The graphical check is also important to corroborate the thermal 

behaviour in both cases. This can be seen in Appendix J. 

 

Table 6 - Mean Bias Error (MBE) and Root Mean Square Error (RMSE) comparing the calibrated temperatures 

provided by our sensors against the ones provided by the Design-Builder model. 

 
ID_2 ID_3 ID_4 ID_6 ID_7 ID_14 ID_16 ID_17 ID_18 ID_20 ID_22 

 

MBE 10.08 12.88 12.8 7.79 12.43 20.32 16.47 12.34 9.65 11.16 9.69 
 

RMSE 12.69 19.32 13.7 9.96 14.08 20.05 20.61 18.44 12.81 12.76 12.22 
 

             

 
ID_24 ID_26 ID_27 ID_28 ID_29 ID_30 ID_31 ID_33 ID_37 ID_38 ID_39 ID_40 

MBE 14.22 12.64 11 10.66 12.31 7.11 18.29 12.35 21.48 10.98 13.03 9.02 

RMSE 15.81 16.41 12.78 13.32 16.37 9.03 19.5 15.53 22.34 13.09 16.39 11.72 
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3.4 Pilot Study 

 

The objective of conducting a pilot study was to test the methods for all stages of the planned 

research.  The community leader plays a vital role in the recruitment stage by spreading the 

research through their social networks such as Facebook and WhatsApp groups; social 

fields such as religious groups and parent groups in local schools. The results were 

favourable since many people showed their interest. At the time when this pilot study was 

undertaken, there were only ten sensors available. 

The planned idea for applying questionnaires was originally thought through electronic 

means, such as web applications or smartphones apps. However, given that some groups 

are socially vulnerable, there was limited access to this type of technology in the area, so I 

decided to apply the surveys face to face. 

3.4.1 Participants 

The experiment monitored ten volunteer subjects within a social housing development. 

Participants signed a consent form informing them that their information would be treated 

under existing regulations in both Mexico and The United Kingdom (Ley Mexicana Federal 

de Protección de Datos Personales en Posesión de los Particulares 2010, and the UK Data 

Protection act 1998 ). All of the people from this sample had an income of fewer than 10,000 

pesos per month (£ 450). Seven apartments were selected, two on the upper floor, two on 

the middle floor and three on the ground floor. Since they are social housing units, all the 

interviewees are legal owners of their homes and were acquired with the help of the 

Government through an INFONAVIT loan 20 years ago. The details of the sample can be 

seen in Table 7, and details of the site in Table 8. 

 

Table 7 - Description of the sample that took part of the pilot study 

   ID Orient. Floor Age Sex Qualification Occupation Income MXN 
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1481 South 2nd 49 Female High school Own 

business 

6000 -  

10,000  

1482 North Ground 49 Female High school Housewife 6000 -  

10,000  

1441 East 1st 50 Female High school Housewife less than 

6000  

1493 South 2nd 20 Female High school Housewife less than 

6000  

1440 West 1st 49 Female Bachelor’s 

degree 

Employee  6000 - 

10,000  

1487 North Ground 47 Female High school Own 

business 

less than 

6000  

1415 North Ground 47 Female Blank answer Housewife less than 

6000  

 

Table 8 - Characteristics of the site where the pilot study was undertaken 

Categories  Value 

Geographical 

location  

19°17′33″N 99°39′25″W 

Altitude 2600m 

Climate Oceanic weather (Köppen Cwb) 

Dwelling 

characteristics: 

150mm  Solid brick walls and 

100mm reinforced concrete roof 

slab. 

Size 45 m2 

Other parameters   

Infiltration 72 ac/h  
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Thermal comfort 

model 

Adaptive 

Occupation 

schedule 

19h-8h 

Period of analysis 3 weeks 

Metabolic rate 1 Met (sedentary) 

Insulation of clothes 1 Clo 

 

3.4.2 The experimental process 

The study lasted for three weeks, from the 17th of February 2017 to the 9th of March 2017. 

The weather data shows a temperature fluctuation of almost 20 degrees of difference on the 

same day. The sensors were installed in living rooms as the people were reluctant to provide 

access to their bedrooms. A Spanish version of the ASHRAE 55 thermal comfort survey was 

conducted via face-to-face interview at the end of the visit. The questions were explained in 

detail so that there were no misunderstandings.  

A dry-bulb temperature and relative humidity sensor were installed in the central area of 

each room, away from any source of heat. It recorded information every 5 minutes to an SD 

memory integrated into the sensor. 

3.4.3 Results 

3.4.3.1 Thermal behaviour 

The external temperatures ranged from 16 ° C to 20 ° C in the apartments on the ground 

floor. In contrast, in the higher apartments, the temperatures had a more significant variation, 

going from 19 ° C to 31 ° C, in the living rooms. The profiles in the internal temperature 

changes in the departments of the ground and top floor behaved as expected. There were 

higher temperature variations on top floors, as its direct contact with the roof of the apartment 

building fosters more extensive heat exchanges with the external environment, contrary to 
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the apartments on the ground floor. Figures 9 to 11 show different temperatures monitored 

in this pilot study. 

 

Figure 9 - Recorded mean hourly temperature of the seven apartments monitored 

 

 

Figure 9 - Mean hourly temperature on the ground floor 

 

Figure 10 - Hourly temperature profile on the top floor 
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3.4.3.2 Temperature patterns 

Results show that the external temperature is directly related to the thermal behaviour of the 

apartments, especially those located on top floors where heat gain and heat loss patterns 

are more prominent, as seen in Figure 12.  

 

Figure 11 - Average internal temperatures of the studied homes 

 

3.4.4 Discussion 

The methodological approach has been based on previous projects from the Department of 

Architecture and Civil Engineering of the University of Bath, which have proven successful. 

The monitoring of the temperature with the sensors recorded data according to the expected, 

evidencing its reliability towards the study: "Thermal Comfort in naturally ventilated dwellings 

in the Mexican Central Plateau" Consequently, it was expected to collect data for this study 

will be successful. The methods employed in this study founded the basis for this thesis's 

main study described in the following chapters. 

 

3.4.5 Conclusion 

This pilot study was helpful to i) find volunteers for the main study. While promoting this pilot 

study, we found that many people were interested, but at first, were not convinced of allowing 
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strangers inside their homes. This pilot study was used to build social capital in different 

neighbourhoods where later we could come back and ask more people to volunteer for a 

year. ii) It enabled us to test the efficacy of sensors. iii) Test statistical software. This study 

helped me understand that a more robust software than SPSS needed to be learned. As a 

consequence, Python was used for the main study. 

3.5 Overall 

 

This chapter presented the research design, as well as the data collection methods both 

quantitative and qualitative. Further, it discusses the location of the study, the demographic 

of the participants, and the type of sensor used.  
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Chapter 4 - A review of green building regulations in 

Latin America 

Abstract 

Latin America covers 20% of the world's surface but only produces 12% of global carbon 

emissions. However, countries such as Brazil and Argentina have seen some of the most 

aggressive increases in individual country CO2 emissions over the last two decades. Given 

that 80% of Latin America's population lives in cities, where we can expect the greatest 

increases in demand for energy and predicted growth in built floor space, it is necessary to 

ensure that these do not result in an overall growth in carbon emissions. Hence, we present 

the first review of the various "green building" rules developed in this region to curtail energy 

or carbon. This covers nine countries representing 80% of the region's population. We find 

that these countries in Latin America have developed 94 different green building rules, 

though to different extents. Many pertain to domestic buildings that are known to contribute 

17% of the overall carbon emissions. Subsidies and tax incentives are most common, 

whereas innovative carbon market schemes have only been adopted in Mexico and Chile. 

In Argentina and Chile, regulations are similar to their European cold-climate counterparts 

but are poorly enforced. Overall, we find considerable progress in Latin America to create 

new standards and regulations, with enforcement being a major future challenge. 

Keywords: green building regulations; building energy; Global South; Latin America 
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Visual abstract 

 

 

Figure 12 - - Chapter 3, visual abstract 
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4.1 Preamble 

This chapter responds to RQ1 of this research since it reviews the state of the art of green 

regulations in the six largest countries in Latin America and the three largest in Central 

America. Being up to date with these strategies is essential for the following reasons.  

1. This thesis as a whole, hypothesises that the Central Mexican Plateau houses 

cannot provide thermal comfort to their inhabitants. The primary way to take corrective 

measures is through adequate rules that are in place and sufficient conditions for their proper 

enforcement. Then, it is necessary to corroborate the existence of adequate standards and 

their comprehensive implementation.  

2. The scope of this chapter broadens fabric first rules and all that promote a low carbon 

footprint of the building. This was done to create a broader awareness and identify why only 

some succeeded.  

3. Similarly, the sample size grows from the country of study to the region's nine largest 

in size, population and GDP growth countries in Latin America. This is to carry out a 

comparative analysis of the green building rules in countries with similar cultural contexts. 

Further, it is expected as a secondary effect that the successful rules are cross-fertilised 

across countries. Therefore, this chapter was aimed at policymakers and NGO practitioners 

within this area of action. 
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4.3 Introduction 

Growing urbanisation and industrialisation have contributed to a global rise in carbon 

emissions. This is an unprecedented situation that has led to global warming becoming the 

most significant threat to humankind (Kaplan and Caner, 1992, Liverman and O'Brien, 1991, 

Thornes and Pope, 2014). Buildings contribute a quarter of global carbon emissions (Cao et 

al., 2016). These arise from energy demand during construction and operation, and hence, 

considerable effort has gone in the global north to reduce energy consumption in buildings 

(Hammond, 1995) as it is responsible for a third of the world’s consumption. However, the 

Global South, which is expected to double global built floor space by 2050 (Zhou et al., 

2020), has only recently started to pay attention to this problem (Carmin et al., 2012). 

Unfortunately, for these countries, the presence, enforcement, and impact of green building 

regulations are documented, at best, poorly. In Latin America (LATAM), for example, 

buildings are thought to consume 22% of the total final energy demand of the region (Ürge-

Vorsatz et al., 2012), but this is less well understood than in countries in the Global North. 

Estimates for the region suggest that energy demand will increase by at least 80% in 2040, 

compared to current demand (Balza et al., 2016), largely driven by an expansion of the 

middle class (Gertler et al., 2011). 

However, shared languages, history, and culture with relatively open borders, especially in 

South America, suggest the possibility of curtailing this trend through shared information and 

expertise. As major emitters of carbon, buildings could play a key role in mitigating the 

effects of climate change (ürge-Vorsatz et al., 2007) from the construction stage (Börjesson 

and Gustavsson, 2000), throughout their “useful life” (Junnila, 2004, Scheuer et al., 2003), 

and to the end of their lifecycle (Adalberth et al., 2001). These stages must be looked at in 

detail when addressed as their boundaries are ambiguous and may raise more problems if 

they are not looked at in detail. Green building rules (GBRs) focus on one or more of these 

attack points across the lifecycle, but the overall picture of current efforts being made in 

different countries is missing. There is, therefore, an urgent need to undertake a review of 
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the green building rules in this region to enable better planning for climate change mitigation 

and adaptation. 

Hence, the aim of this paper is to provide a systematic review of the current GBRs in 

Argentina (ARG), Brazil (BRA), Chile (CHI), Colombia (COL), Costa Rica (CSC), Guatemala 

(GUA), Mexico (MEX), Panama (PAN), and Peru (PER). Together, they represent 80% of 

the region’s population, 84% of the total surface area, and 87% of the region’s GDP. This 

enables us to create a comprehensive picture of the current state of play in the region. 

We define a green building rule to be any official governmental rule aimed at reducing the 

energy or carbon performance of a building or enhancing its broader sustainability. This is 

to allow the review to capture a wide variety of initiatives aimed at positively affecting current 

or future building performance in the region. A common approach to deal with GBRs is to 

focus on a particular aspect, such as energy rating systems (ERSs) (Mattoni et al., 2018), 

or renewable energy and energy management (Tronchin et al., 2018). These are included 

within the scope of our review; however, ours is broader as it includes other aspects such 

as technical standards, social housing policies, or national energy-reduction policies. 

GBRs have been adopted worldwide as a strategy to reduce energy consumption in 

buildings. There are many aspects that determine their success such as the country’s 

economic situation, public health benefits, and political acceptability (Klausbruckner et al., 

2016). For instance, a crisis-stricken developed economy, such as Spain, enacted several 

“Royal Decrees” to promote the use of renewables in buildings, but their economic situation 

led to a decrease in its usage (de Alegría Mancisidor et al., 2009). In contrast, a newly 

developed country, such as China, implemented national policies that led to an increment of 

their use of renewables in buildings (Wang et al., 2020). GBRs have been implemented in 

other parts of Asia but without much success. Taiwan passed the “Frameworks of 

Sustainable Energy Policy” that includes similar strategies to the ones adopted in LATAM 

but without much success yet (Hwang, 2011). In some places of Africa, the policies towards 

energy reduction in “low-income” buildings were very well accepted, in particular biofuel. 
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Mandelli (Mandelli et al., 2014) explains that this was because people could relate it to 

traditional fuel types (i.e., firewood, dung, charcoal). This experience should be used in 

regions of LATAM where the use of traditional fuel types is still a common practice. 

4.3.1 Global Context 

LATAM covers a fifth of the total world’s surface; however, it only consumes 6% of the 

world’s total energy at present (Table 9). All the countries in the region are developing 

economies, and energy demand is known to rise with economic growth (Chandran et al., 

2010, Solarin, 2011, Abosedra et al., 2009, Kraft and Kraft, 1978). This is not accidental, as 

the rate of increase in energy use is often seen as a direct metric of a growing economy in 

many developing countries (Shiu and Lam, 2004). 

Table 9 - World’s relative primary energy consumption by region in 2018 in Kilogram of oil equivalent per capita 
(This is the equivalent to the amount of energy obtained from one Kilogram of oil). All columns, except the last, 
are normalised to the North American total (set as 1) (source: World Bank (Diaz Lozano Patiño et al., 2018)). O 
= oil, G = natural gas, C = coal, N = nuclear, H = hydroelectricity, R = renewable, % = percent of world total (e.g., 
Latin America = 0.336/5.242 = 6%). 

Region O G C N H R Total % 

North America (US 

+ Can) 
0.389 0.303 0.125 0.081 0.058 0.043 1.000 19% 

LATAM 0.151 0.084 0.018 0.003 0.065 0.015 0.336 6% 

Europe 0.281 0.178 0.116 0.080 0.055 0.065 0.775 15% 

Eurasia 0.073 0.189 0.051 0.018 0.021 0.000 0.352 7% 

Middle East 0.156 0.180 0.003 0.001 0.001 0.001 0.341 7% 

Africa 0.072 0.049 0.038 0.001 0.011 0.003 0.174 3% 

Asia Pacific 0.641 0.268 1.074 0.047 0.147 0.085 2.263 43% 

World 1.763 1.251 1.426 0.231 0.359 0.212 5.242 - 

 

Such an approach not only conflates “consumption of” with “access to” energy, which is 

arguably the key goal, but also does not discriminate between energy sources. The 

consequence of such an approach can be seen in Figure 13, which shows that newly 
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industrialised economies such as China and Saudi Arabia have nearly quadrupled their CO2 

emissions in just over two decades. Although the three Latin American countries in this 

group—Brazil, Argentina, and Mexico—have not seen such aggressive increases, they still 

experienced an average increase of 76%, 48%, and 30%, respectively, over the same 

period. While it is presently hard to disaggregate these data, there is little doubt that the total 

increase in CO2 is a direct consequence of total energy consumption, a substantial 

proportion of which comes from buildings. 

 

Figure 13 - Percentage change in CO2 emissions per capita within the G20 group from 1992 to 2014. We observe 
a dramatic increase in the newly industrialised (red), a moderate increase in emerging (yellow), and a decrease 
in the older industrialised economies (green). Countries from Latin America (LATAM) are in bold. Source: World 
Bank, 2016. 

4.3.2 Energy Consumption in Latin America 

LATAM is the world’s most urbanised region with 80% of its population living in cities  

(Cohen, 2006) and is projected to increase to 90% by 2050  (UN-HABITAT, 2011). Five of 

the ten largest urban areas in LATAM are located within just two countries: Mexico (Mexico 

City and Guadalajara) and Brazil (São Paulo, Rio de Janeiro, and Belo Horizonte). Indeed, 

these two countries consume 54% of the region’s energy (Figure 14). The figure also 

demonstrates that most of the energy supply in LATAM is non-renewable. Hydroelectricity 

is a prominent source of energy in many countries—e.g., it is the second-largest source in 

Brazil—but is not usually considered a “green” source of energy owing to the negative 

environmental and societal impacts associated with it. 
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Figure 14 - Energy consumption by country in Latin America in million tonnes of oil equivalent (This unit is defined 
as the amount of energy released when one tonne of crude oil is burned. It is equal to 11.6 Mwh). The figure      
shows      that Brazil and Mexico are the main energy consumers of the region. (“Other South and Central 
America” includes the remaining countries in Latin America). O = oil, G = natural gas, C = coal, N = nuclear, H = 
hydroelectricity, R = renewable. Source: World Bank, 2016 Bank (Diaz Lozano Patiño et al., 2018). 

 

4.3.3 Paper Structure 

The rest of this paper is divided into four sections. The next section, Methods, discusses a 

classification framework that can be used to analyse green building rules and our survey 

method. The results section describes the result of our survey of such rules in LATAM and 

the outcomes from applying the classification framework from the Methods section. Finally, 

we discuss the degree of success enjoyed by GBRs in LATAM and conclude by presenting 

the key lessons learned through this review and towards future work. 

4.4 Methods 

As the scope of our review is broad, GBRs can be expected to be highly diverse ranging 

from national-scale programmes to highly local policies. Hence, methods for classification 

and metrics for analysis are needed, described further below. 

4.4.1. Classifying Green Building Rules 

As stated earlier, we use the umbrella term “rules” to capture the wide variety of efforts to 

improve the energy performance, reduce carbon emissions, or improve the overall 
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sustainability of buildings. There is considerable debate in the policy literature as to the best 

means of evaluating such rules (Varone et al., 2006). Lowi’s typology theory is a long-

standing framework that has been used with varying degrees of success both for classifying 

and evaluating real-world policies (Lowi, 1972). While it continues to attract criticism—

primarily due to failures in capturing real-world policies that do not fall easily into the 

categories suggested by the theory—it continues to inform practice amongst academics for 

policy analysis (Kim, 2014, Seo, 2015). Hence, we use it as a useful starting point for our 

own analysis. 

Lowi’s basic premise is that any public rule is essentially a means of coercion, i.e., ensuring 

citizens or other actors behave in a manner envisaged by the rule maker. Hence, Lowi’s 

typology theory is constructed over two axes: the likelihood of coercion ranging from the 

immediate to the future (vertical axis in Figure 15) and whether coercion works through 

individual conduct or the environment of conduct (horizontal axis in Figure 15). This results 

in four quadrants (Heckathorn and Maser, 1990) representing: 

Regulatory policies where rules impose obligations, with transgressions being deemed 

criminal (e.g., public health laws, industrial safety). 

Redistributive policies where rules impose classifications/status/categories (e.g., income 

tax, national insurance schemes). 

Distributive policies where rules confer unconditional facilities or privileges (e.g., public 

works, land grants, subsidies). 

Constituent policies where rules confer power or authority (e.g., rule-setting governmental 

organisations, agencies for budgetary policy). 
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Figure 15 - Lowi’s framework (a) and our own framework (b) to classify and evaluate green building rules. 

A pilot survey of the laws and decrees on green buildings in the selected countries 

suggested few rules neatly fit into the four quadrants of Lowi’s framework, a well-known 

criticism, as above. For example, Brazil taxes property purchases at 4%, but this is reduced 

to 2% if the Qualiverde (Green Quality) certification (de Mattos Bezerra and de Oliveira) is 

obtained. On the one hand, the tax is a redistributive policy whereas the main action is 

probably one of a distributive policy (i.e., a subsidy or discount on the tax). A key issue with 

Lowi’s framework is the use of time as a dimension (horizontal axis in Figure 15). Many of 

the rules identified in our pilot survey were not suggestive of a time dimension. Hence, we 

simplify Lowi’s framework into two axes comprising of the nature of incentivisation versus 

voluntary or mandatory rules: 

Mandatory rules with disincentives: These can be thought of as command-and-control 

(CAC) rules where fines or other “punishments” are levied for rule-transgression. For 

example, the result of not complying with the Chilean Law “Ley No. 458” will result in a fine 

of 5% to 20% of the total cost of the project. 

Mandatory rules with incentives: These are usually technical standards (TS); for example, 

the Mexican Green Mortgage scheme. It is a mandatory low-interest loan added on top of a 

loan aimed to purchase green technologies. 
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Voluntary rules with incentives: These are usually voluntary economic incentives (EIs) to 

adopt better rules. The Brazilian rule discussed earlier neatly falls into this category. 

Voluntary rules with disincentives: These are marketable permit systems (MPSs), i.e., 

rules that allow business-as-usual practices to continue, but at a cost; for example, 

Colombia’s National Programme of Greenhouse Gas Tradable Emission Quotas (PNTCE), 

which allows a pollution allowance in exchange for a price set by auction (Bank, 2020). 

To enable readability, the rest of the paper will refer directly to each quadrant of our 

framework using one of the four acronyms defined above (CAC, EI, MPS, TS). 

It is noteworthy that several policies in the region are driven by nationally appropriate 

mitigation actions (NAMAs) (Nations, 2020). NAMA projects, specifically directed at 

developing countries, were negotiated at the United Nations Framework Convention on 

Climate Change’s (UNFCCC) Conference of Parties in Bali (Nations, 2007). They can be 

subdivided into three types: unilateral (financed with a country’s own resources. Targets 

should go in accordance with international goals, but they are not required to report results), 

supported (receive international financial and technological support. Should report their 

mitigation contributions through the “Biennial Update Report, BUR”), and financed/credited 

(receive international support, but these are supported through the carbon market) (Sterk, 

2010). NAMA projects have been adopted by Brazil, Chile, Colombia, Guatemala, and 

Mexico in LATAM. However, many will naturally fall into one of the above four categories 

due to the manner of implementation. For example, Mexico created “NAMA housing” as a 

low-energy residential building certification tool in collaboration with the Passivhaus Institute 

in Germany, an example of a TS. There are three types of houses in this scheme, where the 

first type of housing includes 2.5cm of insulation on the roof and only one of the walls. The 

second type requires that all walls are insulated, and windows include double glazing. 

Finally, the third type is similar to the Passivhaus standard, but adjusted to the Mexican 

climate. 
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. However, NAMA projects often go beyond green-building-related projects. For this paper, 

we only considered those that directly impact on building energy reduction and are described 

as a subsection of the type of policy according to our framework (e.g., EI-NAMA). 

4.4.2. Survey 

We undertook a survey of all GBRs in the selected countries through systematic searches 

of the academic literature in Spanish, Portuguese, and English, followed by accessing the 

original rules and policies from the mandating institution. This was enabled in significant part 

through the public availability of the rules on the internet and most of the technical standards 

(with the exception of the Argentinian IRAM Standards (Argentina, 1996)). All green building 

rules enacted and promulgated to March 2020 were selected. 

4.5 Results 

Our survey resulted in 94 individual GBRs within the selected countries. The full list can be 

seen in Appendix A. Each of the 94 rules broadly emanate from national-level laws (i.e., 

constituent policy in Lowi’s framework). Table 10 and Figure 16 show in detail the number 

of rules enacted by each country and its corresponding classification. This list is summarized 

according to our GBR classification framework in Appendix C. 

Table 10 - Total policies found by type and country. Countries are represented by three-letter equivalents per 
the list in Appendix B 

Type of Policy GUA PAN CRC BRA CHI COL ARG PER MEX Total 

TS   2 4 3 6 4 6 3 10 35 

CAC 1 1 2 3 4 1 6 6 1 25 

EI 1 1   4   5 1 5 5 22 

EI-NAMA 1   1 1    2 5 

MPS           1 1   2 4 

Total 3 4 6 11 11 11 14 14 20 94 
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Figure 16 - Geographical distribution of the green building rule (GBR) rule types in our review. The size of each 
bubble is proportional to the number of GBRs enacted to date and the colours show the distribution of individual 
policy types in each country. 

4.5.1. Broad Chronology 

Figure 17 shows a timeline of the policies enacted in the region, with numbers indicating the 

number of relevant policies by a given country in a single year. The first GBRs were enacted 

during the late 1990s and early 2000s. These include Argentina’s IRAM 11.605 (IRAM), 

Mexico’s NOM-009-ENER-1995 (Mexico, 1995), Chile’s Ley No. 458 (Chile, 1976), the 

Brazilian Lei 10.295 (Brazil, 2014), and the Colombian Standard NTC 5316 (Colombia, 

2004) (2004—simply a translation of the ASHRAE 55) and their Sello Ambiental Colombiano 

(Colombian environmental seal) (Colombia, 2010a). None of these are considered to be 

successful due to, for example, lack of expertise for their enforcement, strict 

regulations/standards, being economically unviable/with unattractive incentives, and 

corruption (Raspall Galli and Evans, 2003, Cordero Quinzacara, 2017, Cardoso, 2017, 

Pantoja, 2015). 

The majority of the reviewed GBRs (36%) were enacted between 2010 and 2015 (as seen 

in Figure 17). Positive effects after Mexico’s mandatory standardisation norms (NOMs), as 
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well as with their “green mortgage” scheme, have also been reported (CEPAL, 2019). These 

are now seen as being the first to produce measurable energy reductions. For example, the 

Mexican TS NOM-028-ENER-2010, which regulates energy efficiency in lamps, resulted in 

11,782 GWh savings in 2013 (Secretaría de Energía, 2013), equivalent to the electricity use 

of 1.4 M (i.e., 4%) of homes for one year (EPA, 2020). Similarly, its code for sustainable 

housing required a USD 130 M investment but produced a cumulative reduction of 13.3 Mt 

CO2 from 2015 to 2020 (Mexico, 2014b), equivalent to the energy usage during one year of 

1.5 M (4%) of houses  (EPA, 2020). In contrast, there were still some policies from that 

period that were not enforced or had negative outcomes due to various reasons. The 

Brazilian local law “Lei Municipal (Local Law) 6.793/2010”, which granted fiscal incentives 

to those using green technologies, was heavily criticised due to limited access to green 

technologies in the Brazilian market  (Azevedo and Portella, 2019). Brazilian regulations, 

Law No. 8.666 (2011) and Law No. 3.5745/2012 (2012), that promote sustainable 

construction are said to be unviable, too strict, as well as prone to corruption (Mariana 

Chaves Barros, 2015, Sampaio, 2010). 

 

Figure 17 - Chronology of the green building rules launched. Each number indicates the GBRs promulgated in a 
given country (coded by colour) in a given year. The figure shows a timeline where on the X axis, the years when 
the regulations were released is shown. On the X axis, we show the number of enacted regulations per year and 
per country. The different countries follow a colour code shown on top of the graph (i.e., Argentina – light blue, 

Brazil – Gold, Chile – red, etc.).   
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Mexico’s Federal Law for Climate Change (2012) delegated the responsibility to mitigate 

climate change to different governmental institutions according to their sectoral 

responsibility. The institution responsible for assuring buildings would reduce their energy 

consumption is the Ministry of Urban and Rural Development (SEDATU), which created the 

National Housing Commission (CONAVI) for this task. CONAVI created the “Hipoteca 

Verde” (Green Mortgage) and the “Esta es tu casa” (This is your house) programmes that 

provide additional finance to cover for green technologies and energy-efficient appliances 

(CONAVI, 2012). The main weakness of this policy is that it does not establish any follow-

up mechanisms to ensure its appropriate implementation (Averchenkova and Guzman Luna, 

2018). This is known to be a major factor in the success of some standards such as the 

aforementioned Passivhaus (Passive House) standard, which includes rules for checking 

implementation (Mitchell and Natarajan, 2020). Chile launched the National Programme of 

Energy Efficiency (PPEE) through National Decree No. 336 in 2006 and expects to save up 

to 110 GWh per year with a USD 75 B investment (AChEE, 2011)      , enough to provide 

energy use for 9000 homes for one year (EPA, 2020). 

Since 2015, the number of new GBRs have fallen. The overall trend is one of consolidating 

existing laws and encouraging uptake, though this may be at the expense of locking in poor 

efficiency. For example, Brazil renewed Decree No. 9.864, which establishes energy rating 

systems in buildings in 2019, making it less strict by requiring little insulation on roofs and 

none on walls. The Argentinian TS “IRAM 11900” (2017) established a simplified 

methodology to calculate energy efficiency in buildings and an energy labelling system. At 

present, it has only been launched on pilot tests in Rosario City (temperate and humid 

climate, Cfa-Köppen) with 500 homes and in San Carlos de Bariloche (cold and humid 

climate, Csb-Köppen) with 200 homes, with the objective to validate calculation methods 

and implementation (Minería, 2017). The Guatemalan NAMA project “Efficient Use of Fuel 

and Alternative Fuels in Indigenous and Rural Communities” was launched with an 

investment of USD 15.1 M as a response to the high usage of firewood inside buildings (57% 
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in 2010), known to increase the risk of respiratory and cardiac diseases. The aim of this 

project is to replace these stoves with energy-efficient appliances. As its performance seems 

to be positive so far (Wang et al., 2013), there are presently negotiations to allocate an extra 

USD 5.95M  (Facility, 2017). 

4.5.2. Energy Rating Systems 

An energy rating system (ERS) is a tool that allows the user to know the energy consumption 

of an appliance, as well as its level of energy efficiency. They range from “most efficient” 

(i.e., “A++” in green) to “least efficient (i.e., “E” in red). The higher the efficiency level, the 

lower the energy consumption. This increases competition and permits buyers to identify 

and purchase the most energy-efficient products, allowing their faster integration into the 

market (Arnaldo Vieira de Carvalho, 2015b). There are a growing number of similar studies 

that benchmark GBRs and, in particular, energy rating systems (Arnaldo Vieira de Carvalho, 

2015a, Haapio and Viitaniemi, 2008). This proves not only the relevance of the topic but also 

the effectiveness of these when dealing with energy reduction in buildings. 

Over time, market transformation occurs, with less efficient appliances seeing slower uptake. 

For instance, different ERSs were introduced in Mexico in 1995, and by 2005, these are 

estimated to have caused a decrease of 9.6% of total national energy demand compared to 

projected “business as usual” (McNeil et al., 2007). However, these gains have eroded over 

time through continued increases in overall demand resulting in a near-linear trend of an 

11% increase in energy demand per annum between 1990 and 2018 (IEA, 2020). Shared 

languages and cultures have allowed some countries to take inspiration from others in the 

region, suggesting the possibility of further “cross-fertilisation” in the future. For instance, 

Costa Rica and Panama’s ERSs are aligned with the Mexican systems. However, the rest 

of the studied countries aligned with either the European Union (EU) or US rules, which are 

often seen as class leading (Ravillard et al., 2019). 

ERSs were introduced in LATAM with the exception of MEX and COL (mid-1990s) during 

the early 2000s (and fully adopted by 2017), a decade later than the United States (US) and 
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the European Union (EU). The late introduction of ERSs in the region impacted their 

development and evolution, as we found notable differences between these two. In LATAM, 

after the evaluation is completed, the evaluator provides the label to be publicly displayed, 

but the process finishes there. In contrast, on top of the label, the EU and US ERSs provide 

recommendations for building enhancements related to energy savings, along with its 

corresponding budget. These also provide a cost–benefit analysis with an amortisation table 

that includes payback (Sanchez et al., 2008, Lopes et al., 2016). Furthermore, ERSs in 

LATAM (with the exception of ARG) mainly focus on building performance, whereas those 

in the US and EU also look at their energy consumption. This may be because, in LATAM, 

there are still very few cases where the building has the necessary infrastructure to 

determine in detail the sources of energy consumed within the building. Another difference 

is that none of the evaluations in LATAM inform the CO2 emission savings, unlike in the EU 

and US. 

In terms of presentation, labels from ERS are traditionally divided into “comparative” and 

“scalar” (Arnaldo Vieira de Carvalho, 2015b). The comparative style (see ‘a’ in Figure 18 

used by ARG, BRA, and CHI) shows the energy performance of the evaluated item on a 

category (usually a letter or number) and is generally more “user-friendly”. The scalar (see 

‘b’ in Figure 18, used by MEX), includes information about the energy consumption, and its 

operative cost of the evaluated item on a continuous scale. Colombia uses a mix of both 

showing information about the energy consumption and percentage of energy savings, as 

well as the usual rating system. 
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Figure 18 - Two types of energy labelling stamps used in the reviewed countries, showing the comparative (a), 
and the scalar (b) types. 

In LATAM, 60% of the end-use of electricity in buildings goes to lighting and keeping 

adequate internal temperatures; i.e., the usage of air-conditioning systems and the efficacy 

with which the building can maintain its internal temperatures  (Econoler, 2017). At the 

moment, there are no energy rating systems that focus on heating or energy production. In 

some places like Argentina and Chile, these are included within the building’s labelling 

system. We, therefore, only reviewed the ERS related to buildings, lighting, and air-

conditioning systems. The themes used when benchmarking the different ERSs in the region 

are based on scope and weighting. Other similar studies that focused on ERSs had taken 

similar approaches. For instance, Mattoni (Mattoni et al., 2018)       compared the main 

energy rating systems based on their scope and outcomes, given that each has their own 

calculation methods, point system, and weighting system. At the time of writing, Argentina 

and Chile have rating systems for building fabric, lighting, and air-conditioning systems. 

Brazil and Mexico do not have ERS for lighting systems. Costa Rica and Panama are 

currently developing their own, and Guatemala does not have any (GR Netto, 2016). 

4.5.2.1. Building Fabric 

Table 11 lists country-wise rules and the resultant fabric standards in LATAM. We find that 

most Latin American countries do have thermal performance regulations, apart from 

Panama (which is currently developing TS for building fabric) and Guatemala. However, 
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these only aim to control fabric losses, ignoring heat losses by air leakage/ventilation. This 

means that the potential effects of any improvement in the thermal regulation can be affected 

by unintended consequences such as the creation of thermal bridging, reduced indoor air 

quality, excessively leaky envelopes, and comfort take-back (Development, 2018). As this 

is a region with a wide range of climates, from rainforests in the amazon or arid-desert-hot 

in the Sonora desert in Mexico, to polar cold in the Argentinian Patagonia, each country 

adapts specific technical requirements for buildings according to the climatic zones 

contained within them For simplicity, we present the nationally averaged U-values for the 

reviewed countries, and the full list can be seen in Table 7. Note that all source R-values 

(m2K/W) have been converted to U-values (𝑈 =
1

𝑅
) for consistency
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Table 11 -Comparison of the different rules that deal with heat loss in the building fabric, where M stands for mandatory (e.g., a minimum energy performance standard (MEPS)) 
and V stands for voluntary (e.g., an energy rating system (ERS)). Numbers in brackets for U-values indicate standard deviations and demonstrate climatic variations within the 
national average. 

Country 

Code 

Rules Scope Building Design and Thermal Comfort 

National Average U-values (Wm−2K−1) Comfort 

Model 

Source 

Wall Window Roof Floor - - 

ARG V—IRAM 11605  TS on building insulation. 

Applicable for residential buildings 

at the national level 

1.03 

(0.68) 

-1 0.66 

(0.32) 

0.65 

(0.61) 

-2 (Netto and 

Czajkowski, 

2016, 

Volantino and 

Cornejo Siles, 

2008) 

M—IRAM 11604 TS on building insulation. 

Applicable to all buildings only in 

Buenos Aires 

1.03 

(0.68) 

- 0.66 

(0.32) 

0.65 

(0.61) 

- (Filippín, 

2005) 

BRA V—NBR 15575 for 

residential buildings 

Labelling in public buildings in 2020 

and commercial in 2025 

3.1 

(0.84) 

- 1.3 

(0.53) 

- - (Marques and 

Chvatal, 

2013) 

M—Decree: No. 

18/2012-RTQ-R for 

energy labelling 

TSs on heat loss, ventilation, and 

lighting in residential buildings 

2.93 

(0.70) 

- 2.1 

(0.17) 

2.1 

(0.17) 

-2 (Netto and 

Czajkowski, 

2016, 

Técnicas, 
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2003, Rupp 

and Ghisi, 

2019, 

Lamberts et 

al., 2011) 

CHI V—CES (certification 

of sustainable 

building) 

Evaluation of the energy efficiency 

of public buildings in Chile 

1.93 

(0.31) 

- 0.83 

(0.10) 

0.83 

(0.10) 

-2 (Chile, 2020a) 

M—Official Chilean 

Standard, NCh 888. 

Of 2001 

Establishes the calculation 

requirements for thermal 

performance of windows 

- 1.4 - - - (Chile, 2000, 

Chile, 2020b, 

Ossio et al., 

2012) 

COL V—NTC ISO 50001 

Colombian Technical 

Standard 

Establishes minimum guidelines at 

the level of 

comfort, energy efficiency, 

protection of 

environment, and safety 

- - - - Adaptive (Rodríguez et 

al., 2019) 

MEX V—NMX1-C-460-

ONNCCE-2009 and 

NMX-C-7730-

ONNCCE-2018 

NMX3 standards for heat loss. 

Voluntary to all types of buildings 

0.55 

(0.84) 

- 0.90 

(0.27) 

- - (Mexico, 

2018a, 

Mexico, 

2013a, 

Romero-

Pérez et al., 
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2017, Mexico, 

2011) 

M—NOM-020-

ENER-2011 in 

residential, NOM-

008-ENER-2001 in 

nonresidential 

NOMs standards for heat loss. 

Mandatory to residential, 

commercial, and public buildings 

0.69 

(0.15) 

-4 0.69 5 

(0.15) 

-6 PMV7 (Mexico, 

2011) 

PER V—Board Agreement 

No. 02-12D-2015- 

SUSTAINABLE 

HOUSING BONUS 

(BMS), and the 

supreme decree No. 

026-2010-EM (2010) 

and Law No. 27345 

BMS is a certification tool for 

residential dwellings. The national 

decree is set to provide guidelines 

for energy reduction in dwellings 

2.27 

(0.91) 

- 1.85 

(0.64) 

2.78 

(0.29) 

- (Peru, 2014, 

Holguino 

Huarza et al., 

2018) 

CRC - - - - - - - - 

GUA - - - - - - - - 

PAN - - - - - - - - 

1 The IRAM 11604establishes a labelling system for energy efficiency in windows ranging from A (most efficient) to G (least efficient). However, it does not specify a particular 
U-value or K-value. Further information is in (IRAM)     .2Although we found several thermal comfort studies in these countries using both models (adaptive and steady state), 
we could not find an official rule that officialised a thermal comfort method in that particular country. 3 NMX stands for ‘Mexican Standard (Norma Mexicana), and it has a 
voluntary nature. 4 The standard (Energía, 2011)      provides a calculation method for heat losses but does not specify a minimum value. 5This is the average for buildings up 
to 3 floors; walls and roof are the same. 6 Floors in direct contact with land are not listed in the standard (Energía, 2011), nor included in the calculations. 7 PMV stands for 
Predicted Mean Vote, and it is one of the most accepted thermal comfort models internationally.



 

124 
 

4.5.2.2. Natural Lighting 

None of the reviewed countries have mandatory standards that specifically relate to 

minimum requirements of daylighting, nor do they consider the well-accepted daylight factor. 

Mexican NOM-025-STPS-2008 (Mexicanas, 2008), Chilean Supreme Decree 594 (DTO. 57, 

2000), and Colombian Resolution No. 180540 (Colombia, 2010b) establish minimum levels 

of illumination levels in lux (lx). It is written on these standards that the lx thresholds must 

be met either with natural or artificial lighting, a similar case with the Argentinian standard 

IRAM-AADL J 20-06 (Argentina, 1996). However, the IRAM standard does not allow spaces 

to be purely naturally illuminated; rather, they should be mixed. 

The fact that to date there are no established daylight factors in the countries reviewed 

suggests that this issue is highly undervalued in the region. It certainly deserves more 

attention due to the positive impacts it has on the building and its occupants. On the one 

hand, it serves as a passive energy-saving strategy, reducing energy consumption from non-

renewables. On the other hand, it brings plenty of positive impacts on human health (healthy 

circadian rhythms, improves productivity, and reduces stress). 

The International New Construction Guidelines of BREEAM (Building Research 

Establishment Environmental Assessment Method) (Global, 2016) considers different 

average daylight factor (ADF) values depending on the latitude. The latitude of our studied 

region ranges from 32° in Tijuana, to −51° in the Argentinian Patagonia. However, on 

average, they suggest an ADF of 1.4% (SD of 0.16) in at least 80% of the building. 

Nonetheless, daylight studies in countries located in the tropics (Abdullah et al., 2009, Maria 

and Prihatmanti, 2017, Gene-Harn) (from mid-Mexico to North Argentina–Mid-Chile) 

suggest that buildings in these regions should be designed more in accordance with a larger 

daylight and glare control. 

4.5.2.3. Artificial Lighting 

For lighting, the trend towards the future is to continue developing TSs and ERSs for newer 

technologies such as LED lighting. Although some countries lack these, most of them 
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include minimum energy performance standards (MEPS). Due to the high efficiency of LED 

lighting, it is expected for all the reviewed countries to develop their own TSs and ERSs. 

Table 12 includes the minimum energy efficiency values for both MEPS and ERS.
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Table 12 -Comparison of lighting standards in the region. In the column “Type”, V stands for Voluntary standard, and M for Mandatory. We show the status (S) of whether a 
minimum energy performance standard exists (Y) and/or whether this is accompanied by labelling (L).The titles “Fluo” stands for fluorescent lamps, “CFL” stands for compact 
fluorescent lamps, and “HPS” stands for high-pressure sodium. Source (AChEE, 2011)     . We also show the      Minimum      Energy      Efficiency      Values (MEEV) for the 

reviewed countries are in lumen per watts (lm/W) unless otherwise stated. NK means “Not Known”. 

Country Type Technology 

Incandescent Halogen Ballast Tube Fluo CFL HPS LED 

Fluo HPS - - - - 

S MEEV S MEEV S MEEV S MEEV S MEEV S MEEV S MEEV S MEEV 

ARG V - NK1 - - Y NK1 - - - NK8 - NK8 - - - - 

M L - - - L L - - 

BRA V - 15 Y 40 Y 50 - 20 Y 40 - 50 - - Y 96 

M Y, L - - Y, L - Y, L L - 

CHI V - - - 8–17 Y - - 11–21 - - - - - - - - 

M -  - - - - - - - 

COL M Y, L 12–15 Y 45 Y, L 45 - - Y, L 85 Y, L 55 Y 55 - - 

MEX V Y 20.69 - 60 - 86 - 75 - 86 - 20.69 Y 60 - 40 

M - Y Y - Y Y - Y 

PER V - EI - - Y, L EI Y - Y EI Y EI - - - IEE 
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< 60%9 < 60% < 60% < 60% ≤ 0.13 

CRC V Y, L 52 - - - 52 - - - - Y, L 52 - - Y - 

M - - Y - - - - - 

GUA - -  - - -  - - - - - - - - - - 

PAN - -  - - -  - - - - - - - - - - 

8 The Argentinian IRAM standard does not provide open access to its standards; therefore, we could not access this information. NK stands for “not known”. 9 Peru measures 

the efficiency of its lamps in watts lost. 𝐸𝐼 =  
𝑃

𝑃𝑟
, where 𝛷 = lumens, 𝑃  = watts, and 𝑃𝑟 = 0.2 𝛷. 𝑃𝑟 ≤ 0.24√ 𝛷 + 0.0103 𝛷. 
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4.5.2.4. Natural Ventilation 

The most internationally accepted standard for natural ventilation was EN 13779:2007 (DIN, 

2007). It has recently been withdrawn, and the part that deals with natural ventilation has 

now been replaced by the ISO 17772-1:2017 (ISO, 2017a). It specifies that the minimum 

airflow rate must not be less than 4 l/s/person. In addition, the BREEAM New Construction 

Guide (Global, 2016) specifies that to obtain the credit on internal comfort, the building must 

provide fresh air into the building. In naturally ventilated buildings, windows are 10 m away 

from external pollution sources. It also proposes that building ventilation strategies must be 

flexible and adaptable to meet the needs of the occupant. This is demonstrable by: 

The area of the openings, which must correspond to 5% of the internal area of the room. 

Cross-ventilation, and whether it is proven through the design 

Colombian Standard NTC 6199 (Internacional, 2016) promotes cross-ventilation in buildings 

and adopted the ANSI/ASHRAE 62.1 Standard (ASHRAE, 2019) for minimum ventilation 

rates setting an average ventilation rate of 4.52 l/s/person (SD of 0.65) for indoor spaces. 

The Mexican Voluntary Standard NMX-AA-164-SCFI-2013 (Mexico, 2013b), which deals 

with minimum criteria and environmental requirements for buildings, specifies that all 

buildings must provide natural ventilation; however, it does not specify any airflow rates. 

Furthermore, it establishes that all buildings that are mechanically ventilated must provide a 

natural ventilation alternative. In Chile, the NCh1973.Of87 standard (Asociación Chilena de 

Vidrio, 2007) claims that high levels of condensation are produced due to (1) high relative 

humidity and (2) low temperature in the dwelling’s surface. The standard mentions that some 

of the causes are insufficient air change and admission of external air with high levels of 

relative humidity (RH). It provides that buildings must meet the requirement established in 

equation 4. 

𝑁 >   
0.83  × 𝑚𝑣

(𝐻𝑖𝑠− 𝐻𝑒) 𝑉
 ,           Eq. 4 

where N is the number or air changes, 𝑚𝑣 is mass of water vapour produced in one hour 

inside the building, 𝐻𝑖𝑠 is internal RH 𝐻𝑒 is the external RH, and V is the volume of the space. 
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Overall, the standards within the reviewed countries are aware of the importance of including 

natural ventilation strategies in buildings, but other than the international standards, most of 

them do not go into airflow rate calculations. 

4.5.2.5. Air Conditioning 

The usage of air conditioning (AC) amongst the reviewed countries varies, as some places 

within these countries are located in cold zones (south of Argentina and Chile) or in elevated 

places (Andean regions, Central Mexican plateau) where air conditioning is not needed. It 

is, however, one of the three largest energy consumers in buildings in LATAM (McNeil et al., 

2007). For example, it is estimated that 20% of Mexican dwellings (5.5 M) have air-

conditioning systems with 53% of a “mini split” type and 46% a “window type” (Wolfgang 

Lutz, 2011). This number is expected to increase due to climate change and global warming, 

and hence the importance of well-set TSs and AC rules in general. Furthermore, it is 

estimated that implementing ERSs in LATAM could reduce nearly 11% of the current energy 

consumption of the region (Arnaldo Vieira de Carvalho, 2015b). Panama’s TSs are under 

development, whereas Guatemala and Peru lack them completely. All the TSs related to air 

conditioning, where applied, are mandatory. 

The international standard ISO 5151 (ISO, 2017b) has been adopted as a benchmark for 

measuring the cooling capacity and energy efficiency of air conditioners in Colombia 

(Hincapié and Díaz, 2006), Costa Rica (INTECO, 2009), and Chile (energía, 2017). The 

energy efficiency ratio (EER) and the seasonal energy efficiency ratio (SEER) are the most 

commonly used units to measure energy efficiency in air-conditioning systems. The energy 

efficiency ratio (EER) is a dimensionless unit, described as the ratio between the cooling 

capacity to the power at full load (both measured in watts). The seasonal energy efficiency 

ratio (SEER) is designed to measure the performance at partial load, meaning that it 

considers the variations of external temperature and the effect of the cooling load. The 

higher the EER/SEER, the more efficient the appliance. Table 13 presents the different 

efficiencies for air-conditioning systems in the reviewed countries. The average EER 
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amongst the countries with standards to achieve a class A/1 rating is 4.78. This number 

increases due to the high EER required in Mexico, where its energy standards are being 

homologated to those in the United States and Canada as part of the North American Free 

Trade Agreement (NAFTA) (OECD, 2018). 
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Table 13 - Comparison of air-conditioning standards in the region. We show the air conditioning (AC) rating systems of the reviewed countries. Some use labels in (A, G) whereas 
others within (1,5). Both are shown. EER stands for energy efficiency ratio, SEER stands for seasonal energy efficiency ratio, CEE and CC stand for cooling capacity, and IEE stands 
for energy efficiency index (Indice de Eficiencia Energética). We also show (right-hand side) the status (S) of whether a minimum energy performance standard (MEPS) and an energy 
rating system (E) exist in each country. “-“ stands for “no standard”. 

Country S Rating System Technology 

A/1 B/2 C/3 D/4 E/5 F G Split Compact Window Divided 

ARG M 3.20 < 

EER  

3.00 < 

EER ≤ 

3,20  

2.80 < 

EER ≤ 

3,00  

2.60 < 

EER ≤ 

2,80  

2.40 < 

EER ≤ 

2,60  

2,20 < 

EER ≤ 

2,40  

2.20 < 

EER  

MEPS 

and E 

MEPS 

and E 

- - 

BRA M 3.23 < 

CEE 

3.02 < 

CEE ≤ 

3,23 

2.81 < 

CEE ≤ 

3,02 

2.60 < 

CEE ≤ 

2,81 

- - - MEPS 

and E 

- MEPS 

and E 

- 
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CHI M 3.20 < 

IEE  

3.20 ≥ 

IEE > 

3,00  

3.00 ≥ 

IEE > 

2,80  

2.80 ≥ 

IEE > 

2,60  

2.60 ≥ 

IEE > 2     

.40  

2,40 ≥ 

IEE > 

2,20  

2.20 ≥ 

IEE  

E E E - 

COL M 3.75 ≤ 

EER 

3.50 ≤ 

EER < 

3,75 

3.25 ≤ 

EER < 

3,50 

3.00 ≤ 

EER < 

3,25 

2.75 ≤ EER < 3.00 - E E E - 

MEX 10 M CC < 

1758  

1758 ≤ 

CC ≤ 

2345 

2345 

≤CC ≤ 

4103 

4103 

≤CC ≤ 

5861 

5861 

≤CC ≤ 

10548 

- - MEPS 

and E 

 MEPS 

and E 

MEPS 

and E 

V 9.7 EER 9.7 EER 9.8 EER 9.7 EER 8.5 EER - - 
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PER M SEER ≥ 

5.60 

5.10 ≤ 

SEER < 

5.60 

4.60 ≤ 

SEER < 

5.10 

4.10 ≤ 

SEER < 

4.60 

3.60 ≤ 

SEER < 

4.10 

3.10 ≤ 

SEER < 

3.60 

SEER < 

3.10 

- - - - 

CRC - - - - - - - - MEPS 

and E 

 MEPS 

and E 

MEPS 

and E 

GUA - - - - - - - - - - - - 

PAN - - - - - - - - - - - - 

10Mexico is in the process of homologation with the standards of the United States; hence, we make reference to the new standard. 
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4.6 Discussion 

LATAM has recorded a rapid change in its urban structure and relatively fast, national-level 

economic growth in the past 20 years. The countries of the region have taken measures 

against the acknowledged targets set in the Paris Agreements to reduce Greenhouse gas 

emissions (GHGs) and identified the built environment as a key element to achieve them. 

Although the revised policies arise from the same common point and go towards the same 

goal, we find, unsurprisingly, that the impacts of these differ depending on the country. It is 

well documented that the effectiveness of a GBR varies from country to country (Koeppel and 

Ürge-Vorsatz, 2007), since it depends directly on external factors such as: levels of corruption, 

existing infrastructure to implement the rule, the country’s (or even region’s) level of 

development, etc. 

There are countries that are already on a path towards reducing their energy consumption in 

buildings, but not necessarily through GBRs. First, we find that Costa Rica’s “National 

Decarbonisation Plan” is leading with 100% of new buildings (including commercial, 

residential, and public) to use energy created from renewable sources. However, this is 

obviously not a fallout of their GBRs but rather with a national strategy of 100% electricity 

generation from renewables. Similarly, Peru’s economy is expected to grow 6.5% in the next 

10 years along with their energy consumption. So far, their strategies resulted in 35,638 Mt 

CO2 emissions saved from 2009 to 2018 through renewable generation (Julio Cesar Romaní 

Aguirre, 2012). 

In contrast, Mexico’s strategy towards reducing 50% of its GHGs by 2050 as compared to 

2000 is still a long way from being on track. Current GBRs have the potential of saving enough 

energy to power 4.4% (1.5 M) of their total household stock for one year. It is unknown whether 

they are on track to achieve these targets as we could not find any implemented follow-up 

mechanisms to evaluate the rules. The same problem is repeated in Argentina and its IRAM 

standards. Energy-related GBRs often fail as the compliance of these is not a common 
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practice due to lack of expertise, therefore becoming voluntary rules in reality. Some of these 

problems can be tackled with more attractive incentives and appropriate technical training. 

Naturally, unless systemic changes occur with regard to corruption, simply adding more rules 

will do little to significantly change outcomes. 

Energy labelling systems have a potentially promising future in the region. With outcomes 

such as the mentioned energy reduction in Mexico  (McNeil et al., 2007), they may be viable 

alternatives prior to enacting mandatory laws. The strategy is simple. Since income levels in 

developing countries are on average lower than in the rest of the world, people will look for 

ways to spend less. This means that a product that can significantly reduce energy bills may 

be more attractive than the others, especially at cost parity. There is the tangible case of 

Mexico, where labelling only on refrigerators, washing machines, and air conditioners caused 

a decrease of 9.6% compared to the projected national electricity demand  (McNeil et al., 

2007). However, growing populations, increased new build, and rising incomes can rapidly 

“take back” these gains. 

Figure 19 shows the discrepancy that still exists between countries with respect to the variety 

of green policies adopted (for example, Mexico or Chile vs. Guatemala). However, this does 

not necessarily mean that the countries with a larger number of policies adopted will have had 

larger energy reductions in buildings. In fact, Figure 19 may suggest the opposite. For 

instance, Costa Rica does not have a wide variety of green policies, but yet they have 

managed to generate their energy at 100% renewable, meaning that simple policies could 

produce larger impacts. 
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Figure 19 -“Sankey” diagram that shows the situation of the green building regulations discussed in this article, 
(right side) and the corresponding country (left side) (legend = † command and control, ‡ economic incentives, * 
marketable permit system. 

4.7 Conclusions 

This paper evaluates the policy progress that countries in LATAM have made to curb build-

related energy consumption and carbon emissions through the adoption or enactment of green 

building rules. The progress made suggests that climate change has become a national 

priority in many parts of LATAM. The adoption of such rules and continued increases in 

building rates, particularly through closing the housing deficit, could help “lock-in” the benefits 

of decarbonisation. 

Given the uneven level of progress between countries, and the presence of shared language 

and cultures, our main conclusion is that there is great potential for the “cross-fertilisation” of 

GBRs between LATAM countries: Mexico’s “green mortgage scheme” and Chile’s PPEE 

strategy. The first has already been adopted in Colombia and has a great potential to spread 

across the region. In terms of building fabric, regulations must be tailored to the specific 

climate. This is only the case in Argentina and Chile, where the TSs of the Patagonian and 

Andean regions are specifically made against cold climates. Chile’s strategy to ventilation 



 

137 
 

 

could be looked at in detail by the other countries of the region as it is also the only one to 

regulate airtightness. 

It is important for governments to not only implement the right rules and policies but also 

mechanisms to evaluate their success or failure to ensure a more sustainable future for the 

coming generations. Overall, we observe that while some progress has undoubtedly been 

made in the region, more holistic policies that consider whole building performance whilst 

maximising the potential for passive design are needed. We capture these in greater detail 

below. We, therefore, provide a set of recommendations to the policymakers of LATAM, drawn 

from the analysis of this paper. 

Technical standards should go beyond enacting. There is a need to ensure that there are 

enough qualified personnel to implement them, so they are easily adopted. We, therefore, 

recommend that governmental offices must have enough human capital to adequately enforce 

the existing GBRs. Capacity building is essential through training; for example, adding future 

architects and engineers into these GBRs. 

EIs need to provide more attractive incentives to developers/builders and homeowners. We 

noticed that the common denominator amongst the policies with small/     nonpositive 

outcomes were the ones with small unattractive incentives (Raspall Galli and Evans, 2003, 

Cordero Quinzacara, 2017, Cardoso, 2017)     . 

EI-NAMA projects in Guatemala and Mexico have resulted in positive outcomes (Facility, 

2017, CONAVI, 2012). This may be due to the fact that policy-implementers are legally bound 

to provide follow-up reports. We, therefore, recommend stronger “follow-up” measures. 

We found that 20% of the found GBRs did not have any type of review or evaluation in place. 

We recommend that proper evaluations are undertaken for the GBRs currently lacking. These 

are shown in Appendix B of this document. 
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We recommend adding airtightness standards to the current TSs from the region related to 

thermal comfort and heat loss in buildings to avoid unintended consequences such as poor 

indoor air quality. 

Most of the TSs found were adequate and well-designed. However, they were not found as 

part of the building code of the country. This means that even if, on paper, they are mandatory, 

the fulfilment of these standards is not a requirement to process a building permit at the local 

authorities. We strongly suggest an integration of these to their respective building codes so 

they become one of the requirements for a building permit. 

We encourage that all the technical standards must be open access to increase access, 

enable uptake, and breed a culture of transparency. 

Avoiding wholesale “importation” of GBRs to ensure they properly match local requirements, 

technical knowledge, and availability of skilled labour and materials has proved successful 

with the evolution of sustainable building standards in other parts of the world, such as India 

(Evans, 2009, Sharma, 2018) and the Middle East (Shareef and Altan, 2016). 
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Chapter 4 - Postscript 

This chapter studies the green building regulations currently enforced in Latin America. Ninety-

one regulations were read from nine Latin American countries related to greenhouse gas 

reduction strategies, building fabric, natural and artificial lighting, natural ventilation and air 

conditioning. In addition, energy efficiency systems for appliances and houses were 

evaluated. 

 Overall, it was found that the issue of climate change has been relevant at both national and 

regional levels in Latin America, as regulations at these levels have been enacted to address 

this issue. Nevertheless, there has been a common problem of lack of permeability of these 

rules at local levels. External factors have made that, on most occasions, the rule was not 

applied adequately, or in some cases, not applied at all. This has implications for the effects 

of the built environment on climate change and can also affect householders' health. 

The following two chapters focus on understanding the current condition of houses in the 

region of the Mexican Central Plateau, which is characterised by having a cold climate. This 

revision of the rules in this chapter identified the ones pertinent to building fabric and whether 

they are appropriate for the houses of the Central Plateau, and how widely applied this rule is 

currently. 
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Chapter 5 - Thermal comfort in naturally ventilated 

dwellings in the Mexican Central Plateau 

Abstract 

A third of Mexico’s population (35M people) lacks decent housing. Current efforts to improve 

housing focus on structural strength and security rather than thermal comfort. However, as 

59% of the population earns less than the median income, the building itself must provide 

adequate internal temperatures, i.e., the range between the minimum temperature suggested 

by WHO of 18 °C, and the maximum temperatures suggested by the CIBSE TM59:2017 

criteria. Despite the perception of being a “warm” country, 38% of the Mexican population lives 

in places where the external temperatures often drop to 0 °C in winter falling to -6 °C during 

seasonal cold fronts. This is worrying, as a lack of adequate protection from low indoor 

temperatures is associated with high excess winter mortality rates. Hence, we undertake one 

of the first Class-II thermal comfort studies in a cold climate in Mexican homes. For eleven 

months, hourly indoor environmental and occupancy data, complemented with language-

localised bi-monthly thermal comfort surveys, were matched against the Adaptive and PMV 

thermal comfort models. We find that only 42% of the living room occupied hours were within 

acceptability ranges, dropping to 22% in winter. Finally, we find that current strategies for 

achieving homeostatic heat balance are garment based (i.e., extra blankets or clothing), in 

addition to electric heaters to a lesser extent. Hence, we find that Mexican houses are 

presently not capable of providing adequate internal thermal environments during cold 

periods, suggesting the need for an extensive insulation programme. 

Keywords 

Thermal Comfort, Mexico, Housing, adaptive model, PMV, Overheating  
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5.1 Preamble 

This chapter addresses Research question 2 of this thesis, which investigates the thermal 

comfort capacity of the houses of the Mexican Central Plateau, according to the standards 

defined in the ASHRAE 55, and ISO 7730 standards. Further, it examines the suitability of 

both models to the Mexican context. To date, this is the first peer reviewed Class II thermal 

comfort study published in Mexico (Zepeda-Gil and Natarajan, 2021). This paper covers this 

existing gap in knowledge whose objective was to identify if the typical building fabric of the 

houses in this region can achieve a thermal balance inside the house and the behavioural 

adaptations made towards extreme climates.  

Before the beginning of the field study stage and collecting both qualitative and quantitative 

data, the participants' approval was sought and obtained through a form of consent. All their 

information was treated confidentially and stored in the cloud provided by the University of 

Bath. The data collected for this article is openly available on file at the University of Bath, at: 

https://doi.org/10.15125/BATH-00973 
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5.3 Introduction 

 

5.1.1 Background  

In Mexico, 52.4M people (41% of the population) have poor-quality homes, often associated 

with poverty. Of these, 36M (32%) are in moderate poverty, typically occupying a 2-bedroom 

house with a total floor area (TFA) of 60m2 built of solid brick walls and reinforced concrete 

roofs, and 11M (9%) are in extreme poverty, typically occupying a one-bedroom house with 

TFA < 60m2 built of reed, wood, or steel panels (INEGI, 2018). These are often located in 

marginalised areas, usually poverty-stricken with high crime rates (Galindo and Bolívar, 2018). 

Moreover, both moderate and severe poverty houses in Mexico lack adequate and healthy 

internal environments that endanger the health of the occupant (Mexico, 2014a).  

To address this housing deficit, 264B Mexican pesos (£ 9.4B) have been invested in 

mortgages to purchase new homes (59.9%), second-hand (27.4%), as well as for refurbishing 

their own (6.8%). These investments come from public organisations such as INFONAVIT 

(36.7%), FOVISSTE (11.3%), and private organisations such as banks (51%). The average 

amount of money granted in loans in 2020 was MXN600K (sd=245K), (£20.5K) (CONAVI, 

2020). This amount only allows to purchase low cost, and hence, low-quality housing built by 

private developers. Developers tend to ignore the issue of indoor environmental quality (IEQ) 

in general and thermal comfort in particular, as aspects related to having a sense of security, 

or adequate public services, dominate over having a comfortable internal temperature 

(Medrano-Gómez and Izquierdo, 2017). However, it is well known that health and well-being 

are strongly affected by IEQ and exposure length (UN, 2014). Since a significant proportion of 

time is spent at home – e.g., about 65% (15.7 h per day) in the US and Canada (Brasche and 

Bischof, 2005) – the quality of the indoor environment, particularly the thermal environment, 

is critical in ensuring population health and well-being. Further, the amount of time spent 

indoors may increase disproportionately due to changing working patterns or health crises 
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such as Covid-19. Therefore, internal environments must provide adequate temperatures at 

most times.  

Unfortunately, little is known about the indoor thermal conditions in Mexican homes, especially 

in the colder regions (Griego et al., 2012b). The focus has been on places with hot 

temperatures in the few extant studies on thermal comfort in Mexico (Romero-Pérez et al., 

2017, Rivera and Ledesma, 2019, Griego et al., 2012a, Medrano-Gómez and Izquierdo, 

2017). The paucity of thermal comfort studies in Mexico’s cold areas is worrying, as 34M (30%) 

of the Mexican population lives in the ‘Meseta Central (Southern Mexican Plateau, average 

altitude 2,240 m) with cold Winter temperatures. For instance, the average minimum 

temperature during Winter 2018-2019 was 1.5 °C (sd = 3 °C) but falling to -2.5 °C (sd = 2.6 

°C), during the seasonal cold front observed over eight days in December 2018 (Mexico, 

2020a). Given the significant need to provide high quality “low cost” housing that at least 

guarantees the minimum indoor temperature of 18 °C suggested by the World Health 

Organization (WHO) (Organization, 1990), the overheating criterion by CIBSE, and the 

significant resource investment already underway through institutions such as INFONAVIT, 

we raise the following research questions (RQ): 

RQ1: Is the existing housing typology (materials, openings, layouts) in Mexican houses within 

the ‘Meseta Central’ area capable of producing indoor environments that meet the WHO 

minimum temperature requirement of 18 °C, as well as the maximum temperature requirement 

set by the CIBSE TM59 Standard?  

RQ2: Are the achieved temperatures seen as comfortable by the occupants throughout the 

year? If not, what temperatures might be seen as being comfortable? 

RQ3: What factors influence the thermal sensations and adaptations in the population of 

central Mexico? 

Hence, our overall goal is to research thermal conditions in the homes of the Meseta Central, 

their compliance with international comfort standards and the minimum temperature standard 
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prescribed by the WHO, and to what extent these conditions are seen as comfortable by the 

occupants.  

 

5.2 Literature Review 

 

Thermal comfort is a widely studied subject in the literature. Hence, in this section, we briefly 

define the term and state key considerations prior to reviewing selected works in the literature 

relevant to our study.  

Thermal comfort is defined as “the condition of mind that expresses satisfaction with the 

thermal environment, and it is assessed by subjective evaluation” (ASHRAE, 2010). Thus, it 

describes and assesses the balance of personal and environmental factors, leading to a 

feeling of satisfaction and comfort within an environment. There are two widely accepted 

methods to evaluate thermal comfort: steady-state (Fanger, 1970) and adaptive (Nicol et al., 

2012). Both approaches are included in the international standards ISO 7730 (ISO, 2005) and 

ASHRAE 55 (ASHRAE, 2010). Both capture the user’s thermal sensation through the same 

7-point scale ranging from hot to cold, through the terminology “cold” (-3), “cool” (-2), “slightly 

cool” (-1), “neutral” (0), “slightly warm” (+1), “warm” (+2), “hot” (+3). 

 

The steady-state model aims to predict the mean thermal sensation vote in (mainly) 

mechanically ventilated buildings. It results in two indices, the Predicted Mean Vote (PMV) 

and the Predicted Percentage of Dissatisfied (PPD). The adaptive model is based on the idea 

that humans can adapt to different temperatures and that comfort preferences evolve over the 

seasons (Nicol et al., 2012). An adaptation in the adaptive model is defined as a response to 

a change in temperature within a space and classified into psychological, physiological, and 

behavioural (De Dear et al., 1998). The adaptive method does not aim to find a fixed 
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temperature band but rather a range of temperatures where the user can be thermally 

comfortable within their adaptive possibilities due to the external climate.  The classical 

adaptive model is a simple linear function between acceptable indoor operative temperature 

and the mean weighted external temperature. However, recent studies have shown that 

relative humidity has a more substantial influence than thought on this traditional adaptive 

model (Vellei et al., 2017a, Kong et al., 2019). 

The ASHRAE 55 standard classifies buildings into A, B, and C, according to the percentage 

of people dissatisfied and PMV values, as seen in Table 14. This model requires six variables 

that must be recorded on-site for its calculation. Four environmental: dry bulb Air temperature 

𝑡𝑎, Radiant Temperature 𝑡𝑟, Air Velocity 𝑉, Relative Humidity 𝑅ℎ; and two personal variables: 

Metabolic rate 𝑀𝑒𝑡 (amount of heat released by a person, depending on their physical activity), 

and Clothing insulation 𝐶𝑙𝑜 (thermal resistance of the material from which the garment is 

made). 

Table 14 - Thermal Comfort categories provided by the ASHRAE 55 Standard, where PPD stands for the 

Percentage of People Dissatisfied and PMV for the Predicted Mean Vote.      

Category PPD  PMV Explanation 

A < 6% *-0.2 < PMV < 0.2 Used for buildings where the 

occupants are vulnerable or fragile, 

e.g., children, the elderly, and 

people with disabilities.  

B <10% *-0.5 < PMV < 0.5 For new and refurbished buildings, 

e.g., offices, with 90% acceptability. 

C <15% *-0.7 < PMV < 0.7 Usually for existing buildings, with 

85% acceptability. 
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5.2.1 Field studies 

 

There is a rising worldwide interest in identifying the thermal conditions prevalent in low- and 

middle-income households, particularly in emerging economies, reviewed in Table 15. We find 

that while there exist data on thermal comfort in Mexican homes collected for Master and PhD 

theses (Figueroa Villamar, 2016, Villamar, 2016, Rincón Martínez, 2005), there are only three 

studies from peer-reviewed journals that study thermal comfort in residential dwellings. These 

are primarily focused on the warmer regions of the country. Gomez-Azpeitia et al. (Gomez-

Azpeitia et al., 2014) undertook a systematic study of thermal comfort in four hot cities of 

Mexico, two with high relative humidity. It was found that the acceptable upper limit of 

comfortable operative temperatures of about 30 °C is significantly above those suggested in 

international standards. 

Interestingly, the study suggests that the neutral temperature in at least one humid location is 

1-2 °C lower than in the hot and dry climate, consistent with the recently proposed humidity-

adapted model (Vellei et al., 2017a). Griego’s study (Griego et al., 2012b) included one city 

from the Meseta central (Toluca) arrived at very similar conclusions, albeit with a much smaller 

sample size. This study has a dwelling sample size of three households covered by a single 

visit and thermal comfort estimated using models rather than directly measured. Therefore, a 

systematic study is necessary for this colder region, ideally with larger samples and extended 

periods.  

It is noteworthy that the results from the warmer climates in Mexico are consistent with other 

thermal comfort studies from warm regions, where the neutral temperature is typically above 

26°C (Griego et al., 2012b) (Pérez-Fargallo et al., 2018). This pushes the threshold of thermal 

discomfort to around 31°C, up to which threshold 91.3% of the respondents were thermally 

uncomfortable in Mérida (Gomez-Azpeitia et al., 2014). As these studies examine the typical 

housing typology and construction prevalent throughout Mexico, we infer that the building 
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fabric of houses in Mexico’s hot areas allow significant heat gains, resulting in thermal 

discomfort without air-conditioning systems. As expected for poorly insulated buildings, this 

suggests that dwellings built to the same standards in the colder areas of Mexico are also 

likely experiencing cold thermal discomfort. Hence, the critical unknown then becomes the 

extent of cold thermal discomfort prevalent in typical homes in the region. 

In Latin America, locations with a similar climate to the Central Mexican Plateau (Pérez-

Fargallo et al., 2018, Rodriguez et al., 2019) show most comfort votes below the comfort band 

suggested by the ASHRAE 55 standard (ASHRAE, 2010). Similarities in culture and building 

practices with Mexico and the Central Mexican Plateau suggest a similar performance. 

Furthermore, studies from other newly industrialised countries that focus on a low- and middle-

income demographic suggest that the lack of adaptation strategies resulted in significant 

thermal dissatisfaction in naturally ventilated households at extreme temperatures (Pérez-

Fargallo et al., 2018, Griego et al., 2012b, Clinch and Healy, 2000, Indraganti, 2010) . Finally, 

selected studies from other countries commonly perceived as “hot” but report cold 

temperatures in winter and significant diurnal variations (Clinch and Healy, 2000, Howden-

Chapman et al., 2012, Song et al., 2017, Giamalaki and Kolokotsa, 2019) indicate that 

households do not usually meet minimum temperature standards. In fact, winter excess 

deaths1 were higher in these places than in ones with more severe winters (Clinch and Healy, 

2000). One cause of this could be that building fabric regulations tend to be weaker in countries 

with mild winters than in extreme ones (Howden-Chapman et al., 2012). Given the 

approximately 30M people living in the cold temperate region of Mexico’s Central Plateau and 

the lack of peer-reviewed thermal comfort data, we conclude that there is a clear need to 

investigate thermal comfort conditions in this region.

 
1 Winter Excess Deaths is the number of fatalities that occur during winter in excess as compared to the rest of 
the year. In this thesis, it is calculated with the following formula (Fowler, 2015) 

EWDI %= Winter deaths Dec-Mar-winter deaths (Aug-Nov,  Apr-Jul)0.5 Non-winter deaths × 100 
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Table 15 -– Literature review on thermal comfort studies in Mexico and other developing / newly industrialised countries with similar climates. All the studies target social housing 
or others provided by the state. The operational mode can either be NV (Naturally ventilated) or AC (Air Conditioned / Mechanically ventilated). Tn °C stands for the calculated 
neutral temperature. A dash (-) is used where data were not available. M = Mexicali, H = Hermosillo, C = Colima, Me = Merida. 

Study Period  n of 

buildings 

n of 

partici-

pants 

Type of 

population 

Location Köppen 

classification 

Type of 

Sensor 

Model Type of 

field 

study 

Opera-

tional 

mode 

Tn [°C] 

(Griego 

et al., 

2012b) 

26/04/20

11 to 

11/05/20

11 

5 - Middle-

class  

Salaman

ca and 

Toluca, 

Mexico 

Cwb – Oceanic 

subtropical 

highland 

- PMV Class III NV - 

(Gomez-

Azpeitia 

et al., 

2014) 

May 

2006 to 

July 2007 

- 679 Middle-

class 

M, H, C 

and Me, 

Mexico 

BWh – Hot 

desert (M and 

H), Aw – 

Tropical Savana 

(C and M) 

QUESTe

mp°   3 

Adaptive Class I NV M – 25.3, 

H – 27.2,  

C – 25.9, 

Me – 

22.2 

(Oropez

a-Perez 

et al., 

2017) 

July 2015 

and 

Decembe

r 2015 

74 74 Middle-

class 

Across 

Mexico 

- - Adaptive Class III NV / AC - 

(Indraga

nti, 

2010) 

May to 

July 2008 

45 flats 100 Social 

Housing 

Khairatab

ad, India 

Cwa – Monsoon 

influenced 

subhumid 

tropical 

Sisedo” 

Hygro 

therm / 

Eurolab 

Adaptive Class II NV 29.2  



 

150 
 

 

thermom

eter 

(Moreno 

Pires et 

al., 2014) 

April to 

Novembe

r 2005 

- - Army living 

headquarte

rs 

Coimbra, 

Brazil 

Aw – Tropical 

savanna 

Microclim

atic 

station 

PMV - 2 x NV  

1 x AC 

27.4 

(Pérez-

Fargallo 

et al., 

2018) 

January 

to 

Novembe

r 2016 

40 40 Social 

Housing 

Ciudad 

Concepci

ón, Chile 

Csb – 

Mediterranean 

warm/cool 

Summer  

Pt100 / 

Capacitiv

e sensor 

Adaptive Class II NV 24.4 

(Song et 

al., 2017) 

May to 

Novembe

r 2016 

43 43 Social 

Housing 

Tianjin, 

China 

Dwa – Hot 

Summer 

continental 

climates 

- PMV Class II AC 24 

(Giamala

ki and 

Kolokots

a, 2019) 

June 

2017 

30 30 Low-

income 

households 

Crete, 

Greece 

Csa – 

Mediterranean 

hot Summer 

climates 

- PMV Class II AC - 

(Rodrigu

ez et al., 

2019) 

NS 44 44 Social 

Housing 

Bogotá, 

Colombia 

Cfb – Oceanic HOBO 

U12 data 

loggers 

Adaptive 

/ PMV 

Class II NV 23-31 

(Wong et 

al., 2002) 

June to 

Septemb

er 2000 

4 

(housing 

estates) 

257 Social 

Housing 

Singapor

e City, 

Af – Tropical 

rainforest 

Not 

specified 

PMV Class III NV / AC - 
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Singapor

e 

(Daniel 

et al., 

2019) 

July to 

August 

2017, 

and 

Septemb

er to 

October 

2017 

19 19 - Adelaide, 

Australia 

Csb – 

Mediterranean 

warm/cool 

Summer 

HOBO 

U12-013 

data 

logger 

Adaptive Class II NV 22.8 

(Santam

ouris et 

al., 2014) 

Decembe

r 2012 

and April 

2013 

43 74 Social 

Housing 

Athens, 

Greece 

Csa – 

Mediterranean 

hot Summer 

climates 

- - - - - 
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5.3 Methods 

The literature review has suggested a clear need for a study that answers the research 

questions set out in Section 4.2. Here, we present the methods utilised to help answer them. 

This section includes the careful selection of a suitable site and a sample of homes, the 

development of a survey instrument and the co-incident longitudinal measurement of indoor 

conditions.  

 

5.3.1 Site 

Our location of choice within the Meseta Central is the Greater Toluca urban area (19 ° 14 ‘N 

99 ° 35’ W), the capital city of the State of Mexico (Estado de México) and 50km away from 

Mexico City. The city is located in Mexico’s central valley on the Mexican plateau and is limited 

by the Cordillera Neovolcánica (Neo volcanic mountain range), 30km from the Xinantecatl 

volcano (4700m altitude). It has an approximate 800 km2 and 900,000 inhabitants and an 

altitude of 2,635 meters above sea level. Figure 20 shows its geographic location at a national 

and regional level. Thus, the climate in Toluca is representative of the climate in the plateau. 

The Köppen climate classification of the urban area of Toluca is oceanic weather type Cwc 

likewise certain regions of Western Europe and the United Kingdom. The site has a contrasting 

climate, as temperatures can range from 0° C to 27 °C, during a typical Winter day, and from 

-5  °C  to 25 °C during seasonal cold fronts (Mexico, 2020a). The region’s average temperature 

is 13.1 °C (std 5.8) (MEXICO, 2020b) due to the significant diurnal temperature variations. Its 

annual relative humidity is 65% (std 5.5). It has 2026 hours of annual sunshine, and its yearly 

average rainfall averages 63mm (std 58mm), from which 90% of these rains happen during 

the ‘rainy season’ period from May to October (Atlas, 2021).  
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Figure 20 - Site location at a national level (left) where the United States borders north, and at regional level (left) 

where the Greater Toluca area is marked in black, and Mexico City is located on its right 

 

5.3.2 Participants 

The sampling strategy was based on the two-step adaptive cluster sampling (Thompson, 

1990) as it was necessary to assure that: i) our sample would not be biased, ii) our recruitment 

methods were adequate, and iii) that all the homes would be comparable amongst each other. 

We did this through two recruitment stages, in September 2017 for our pilot study (7 homes) 

and in January 2018 (23 homes). Both recruitments were made through a targeted sampling 

(Watters and Biernacki, 1989a), allowing for control of the specific characteristics of the sought 

homes while having the single requirement that all homes had to be naturally ventilated. The 

study was promoted through poster sheets in universities, local markets, and churches in 

neighbourhoods where the type of housing we were looking for predominated. Figure 21 

shows a cross-section of these types of homes, and Table 16 shows the properties of these 

materials, which can be considered medium to high thermal mass due to the use of solid wall 

construction of brick or concrete. In the country, this type of construction is used in 74% of the 

total housing stock. The vast majority of the remaining (22%) are built with weaker materials 

as seen in Table 17. 

The recruitment process was as unbiased as possible. For instance, coverage bias (Cowtan 

and Way, 2014) was avoided as we assured to include houses inhabited by people from all 

socioeconomic statuses, ages, occupations, level of studies and gender (Table 18). In 
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addition, this variety within the sample also prevented self-selection bias, as there was not any 

ignored sector of the population (2008). Non-response bias (Berg, 2005) was counteracted as 

all our participants were told that they could leave the study at any point. Further, all 

respondents showed a willingness to cooperate throughout all visits. 

 

Our sampling process left us with a total of 30 homes. However, we had three dropouts, and 

one sensor malfunctioned, leaving us with a total sample of 26 homes. While this is a small 

sample, and hence exposed to the risk noted by others (Nicol et al., 2012), the extensive 

period of time of the data collection stage, coupled to the high level of uniformity in house 

building practice in Mexico across socioeconomic status, allows us to shed light on thermal 

conditions within such homes, as seen in. In addition, two homes stated that they use external 

means of heating during winter, one ethanol chimney (id7) and one electric heater (id27). 

Nevertheless, they explained in the surveys that these are only used “rarely” and in isolated 

situations. As all homes were naturally ventilated, none have insulation nor double glazing, 

and none are solely oriented to the north (one home had a northeast orientation, and two had 

two facades facing both north and east), the temperatures captured amongst our sample are 

comparable to each other. The full description of the characteristics of the homes (e.g., 

occupancy, location, house type, and orientation) is seen below in Table 19. 

 

Figure 21 - Construction detail of a typical home from Mexico.   
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Table 16 - Properties of the most commonly used construction materials in Mexico source (Mexicanas, 2011) 

Envelope 

element 

 Material  Thickness 

(m)  

Density 

(kg/m3) 

Thermal Conductivity 

(W/m2 K) 

Walls  Redbrick  0.13 2000 2.1 

Roof  Reinforced 

Concrete 

0.16 2300 4.4 

Window  Single glazing 0.003 2200 5.9 

 

Table 17 - Different types of materials of the building envelope of the total housing stock in Mexico. Source: (INEGI, 
2018) 

Wall Materials  

Solid wall (brick, block, concrete) 88% 

Adobe 6% 

Wood 3% 

Others (asbestos, bamboo, waste) 3% 

Roof Materials  

Concrete 74% 

Metal 14% 

Asbestos 5% 

Wood 2% 

Others (waste, cardboard, palm 

leaves) 

5% 

Floors (finish)  

Concrete plus a finish (wood or 

ceramic tiles) 

49% 

Only concrete 48% 

Earth 2% 

  



 

156 
 

 

Table 18 - Characteristics of the sample 

Demographic 

Characteristic 

  

Sex Male       14 

Female     12 

Age 20 or less 2 

20-30  5 

30-40  11      

40-50  9      

50 or more 8 

Qualifications No higher education     2 

Undergraduate           9 

Postgraduate            7 

High School             4 

Preferred not to answer  4 

Occupation High Skilled Job 13 

Housewife        5 

Own Business     4 

Retired          2 

Student          1 

Preferred not to  answer 1 

Socioeconomic 

Characteristics 

  

Room Numbers 0-5 15 

 5-10 11 

Reported Fuel 

Poverty 

No 15 
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 Yes 11 

Heating Used (in 

days) 

0 23 

 0-5 3 

 Ten or more 0 

House Age Five or less 15 

 5-10 4 

 10-15 4 

 15 or more 2 

Income Less than 9000 15 

 More than 9000 11 
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Table 19 - Description of the houses monitored. All the cities mentioned in the Locality column belong to the Toluca 
Urban Area.' The number to the right of “Family” corresponds to the number of members of said family. 

ID. Locality Floors House Type Occupancy  Orientation uncovered 

     North East South West 

2 Metepec 2 3 Bedrooms, kitchen, 

living & dining 

Family-3   x  

3 Metepec 1 1 Bedroom studio Single   x  

4 Metepec 2 2 Bedrooms, kitchen, 

living & dining 

Family-4   x  

6 Toluca 2 3 Bedrooms, kitchen, 

living & dining 

Family-4  x   

7 Toluca 1 1 Bedroom studio Single  x   

9 Metepec 2 2 Bedrooms, kitchen, 

living & dining 

Family-4  x   

11 Lerma 1 3 Bedrooms, kitchen, 

living & dining 

Family-4 x x   

14 San 

Mateo 

Atenco 

2 2 Bedrooms, kitchen, 

living & dining 

Couple   x  

16 Toluca 2 2 Bedrooms, kitchen, 

living & dining 

Family-3 x x   

17 Metepec 2 5 Bedrooms, kitchen, 

living & dining 

Family-4   x  

18 Metepec 1 2 Bedrooms, kitchen, 

living & dining 

Couple  x   

20 Metepec 2 2 Bedrooms, kitchen, 

living & dining 

Single    x 
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22 Metepec 2 4 Bedrooms, kitchen, 

living & dining 

Family-3  x   

24 Toluca 1 1 Bedroom studio Couple    x 

26 San 

Mateo 

Atenco / 

Lerma 

2 2 Bedrooms, kitchen, 

living & dining 

Couple    x 

27 Metepec 2 4 Bedrooms, kitchen, 

living & dining 

Family-4    x 

28 Toluca 2 3 Bedrooms, kitchen, 

living & dining 

Couple   x  

29 Metepec 1 2 Bedrooms, kitchen, 

living & dining 

Family-4  x   

30 Metepec 1 2 Bedrooms, kitchen, 

living & dining 

Family-3   x  

31 San 

Mateo 

Atenco / 

Lerma 

2 3 Bedrooms, kitchen, 

living & dining 

Single    x 

33 Metepec 1 2 Bedrooms, kitchen, 

living & dining 

Family-3    x 

36 Toluca 2 3 Bedrooms, kitchen, 

living & dining 

Family-4   x  

37 Toluca 1 1 Bedroom studio Single x x   

38 Toluca 2 3 Bedrooms, kitchen, 

living & dining 

Couple    x 
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39 Toluca 2 3 Bedrooms, kitchen, 

living & dining 

Family-4   x  

40 San 

Mateo 

Atenco  

2 2 Bedrooms, kitchen, 

living & dining 

Family-4  x   

 

5.3.3 Surveys  

Fieldwork was undertaken over eleven months, from March 2018 to February 2019. Due to 

availability, we visited 14 homes every four weeks, six once every six weeks, and six once 

every eight weeks. This resulted in a total of 159 survey visits. The surveys were completed 

between 9:00 a.m. and 8:00 p.m. The first survey was longer than all others as it included the 

following information: 

1. Dwelling context: overall aspect, orientation of the windows and doors. 

2. Personal information: gender, highest level of studies, income, occupation, weight, 

and height. 

The rest of the survey collects data on the following: 

1. Fuel poverty: Any difficulties in paying energy bills and auxiliary heating were used to 

determine if they could modify their internal environment when it became too cold. 

2. Thermal comfort: We used the 7-point ASHRAE-55 scale in our thermal comfort surveys. 

It was carefully modified to suit Mexico. The surveys also included questions essential for 

PMV and PPD calculations. 

3. Thermal Adaptations: Questions about their different adaptation strategies and the 

circumstances in which these were made. 

4. Data monitoring: We installed the sensors (described in section 4.3.5) on the first visit. 

Subsequent visits were used as an opportunity to retrieve and check data collection and 

obtain air velocity measurements.  
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5.3.4 Ethics 

A consent form had to be signed by the volunteers. It explained the nature of the research, 

the frequency of site visits, and a detailed explanation of the sensors’ recording. It explained 

that all participation was voluntary and could leave the study whenever they wished. It also 

stated that their private data was managed according to the recommendations set by the 

University of Bath, the UK “Data Protection Act 2018” (Kingdom, 2018), and the Mexican 

regulation “Ley Federal de Protección de Datos Personales en Posesión de los Particulares” 

(Mexico, 2007). 

 

5.3.5 Sensors 

Complementing the site visits and thermal comfort surveys described in section 4.3.3, we 

placed one temperature and relative humidity sensor (Figure 22) per home during eleven 

continuous months to prevent “anchored effects” caused by undertaking longitudinal surveys 

only (Humphreys et al., 2015). 

The bedroom and the living room are the spaces where a typical household spends 90% of 

their time at home (Höppe and Martinac, 1998).  However, our participants were concerned 

about privacy and security and only allowed us to place the sensors in living rooms. This is 

consistent with other studies in residential settings (Hughes et al., 2019, Kane et al., 2015, 

Huebner et al., 2013, Tadepalli et al., 2021). As a person sleeps on average 7.5 hours 

(n=7095, sd=1.8 hours) per night after the COVID-19 confinements (Hale, 2005), one can 

assume that a household spends 60% of their day in living areas. Nevertheless, this is relevant 

because the confinements due to the COVID-19 pandemic forced part of the world to convert 

these spaces into work/study areas, particularly in the case of 92% of our sample, whose 

homes have equal or more family members than rooms. Hence, living rooms must provide 

comfortable temperatures in the region as a basic need and so people can undertake their 

studies/work adequately. 
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Sensors were placed away from heat sources (i.e., away from direct solar radiation and 

electronic appliances) with the temperature probe, not in direct contact with any surface. When 

the participants raised aesthetic concerns, sensors were suitably shielded from view, provided 

the measurement requirements were not compromised. In some cases, the participant 

allowed us to photograph the sensors after installation, as shown in Figure 23. 

The sensors were set to record air temperature and relative humidity every five minutes. These 

were averaged to an hourly resolution to match external weather data sourced from the 

weather station: “15266, Metepec-CODAGEM” at a mean distance of 4.5 km (std = 3.1 km) to 

the studied homes. Although the occupancy was measured through passive infrared sensors 

(PIR), it was impossible to obtain the occupancy in all the monitored spaces accurately. At 

times, these did not work correctly, and in other cases, the PIR sensor was covered. So, in 

coherence with other residential temperature monitoring studies (Lomas and Kane, 2013, 

Sameni et al., 2015), the occupancy in the rooms is assumed from 9:00 a.m. to 10:00 p.m., 

as suggested for one-, two-, and three-bedroom dwellings in the TM59 standard (CIBSE, 

2017). The characteristics of the sensors can be seen in Table 20. Figure 22 shows a 

photograph of the sensor layout. A hand-held Extech HT30 Heat Stress thermometer was 

used to record the operative temperature at the time of the study, and a calibrated 

anemometer ATP AVM-8880 to measure wind speed. Both are slightly short of standards 

compliance but have been used effectively in the past to undertake field surveys in other 

studies (Elnaklah et al., 2021b, Vellei et al., 2016).  

 

Table 20 - Characteristics of the Temperature and Relative Humidity sensors 

Parameter Range Accuracy 

DS18B20 temperature 

sensor 

−10 to +85 °C >±0.5 °C  

RHT03 humidity sensor 0 to 100% >±2% 
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Figure 22 - The temperature, relative humidity, and a Passive Infrared Sensor (PIR) used in this study 

 

 

Figure 23 - Photos of some of the houses where the sensors were placed in this study 
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5.3.6 Scales and terminology 

 

For the thermal comfort portion of the survey, we use the standard survey recommended in 

ASHRAE 55 (ASHRAE, 2013a). The official translation of the 7-point scale to Spanish 

contained in UNE-EN 16798-1:2020 uses the words "mucho" (+-3), "bastante" (+-2), and “algo 

(+-1)" as severity modifiers for the experienced thermal sensation. This scale was considered 

potentially problematic due to known linguistic differences between Spanish from Mexico and 

Spanish from Spain. For example, in Mexican Spanish, "mucho" and "bastante" can be 

considered synonyms. Similar concerns resulted in language-localisations of the scale in other 

studies in Nepal (Rijal et al., 2010), Jordan (Albadra et al., 2017), Qatar & Saudi Arabia 

(Elnaklah et al., 2021a), or Japan (Takasu et al., 2017). 

To address this, we undertook a survey using the Mexican students network, asking scholars 

undertaking PhD studies in the UK their best translation to Mexican Spanish for the ASHRAE 

TSV scale to verify our hypothesis. A clear majority of agreed terms for each point of the scale 

(Appendix D) from over 180 responses to the survey resulted in the modified translation in 

Table 21. 

Table 21 - Comparative table of the 7-point thermal scale from the ASHRAE 55 Standard, that includes the original 
terminology in English, the official Spanish translation, and the adopted terminology in Mexican Spanish 

Scale -3 -2 -1 0 1 2 3 

ASHRAE 

55 

Cold Cool Slightly Cool Neutral Slightly 

Warm 

Warm Hot 

UNE EN 

15251:2008 

Mucho 

frío 

 

Bastante 

frío 

Algo de frío Neutral Algo 

de 

Calor 

Bastante 

Calor 

Mucho 

Calor 

Survey 

Mexican 

Spanish 

Frío Fresco Ligeramente 

fresco 

Neutral Tibio Caliente Muy 

Caliente 
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5.3.7 Indices and standards 

Regarding thermal comfort, our analyses were done under the requirements established in 

the international standards ASHRAE 55 and ISO 7730. Both standards use operative 

temperature (𝑇𝑜𝑝), which combines mean radiant temperature (𝑇𝑚) and air temperature (𝑇𝑎), 

whereas our sensor only recorded air temperature. Differences between air and radiant 

temperatures are usually minor in typical indoor environments (Walikewitz et al., 2015) or 

when the air velocity is < 0.1 ms-1  (Soleimani-Mohseni et al., 2006). For example, in a recent 

domestic study (Hughes et al., 2019), a strong correlation (R2 = 0.96) was found between 𝑇𝑜𝑝 

and 𝑇𝑎 suggesting that 𝑇𝑎 is a good substitute for 𝑇𝑜 (Hughes et al., 2019). While radiant 

asymmetries are more likely in our sample due to the presence of uninsulated walls and 

windows, the lack of centralised heating systems will likely have resulted in colder than usual 

indoor surfaces, counteracting the effect of the lack of insulation. The metabolic rate (𝑀𝑒𝑡) 

was calculated with the tables provided in the ASHRAE 55 Standard  (ASHRAE, 2010). We 

ensured that subjects had either been standing or sitting for 20 minutes before starting the 

survey. Clothing insulation (𝐶𝑙𝑜) was calculated following Tables 5.2.2.2A and 5.2.2.2B of the 

ASHRAE 55 Standard, as clothing customs in Mexico are similar to those in the United States. 

 

5.3.8 Overheating 

Consistent with our RQ1, it was essential to study the risk of overheating. The British Standard 

CIBSE TM59 (CIBSE, 2017) was used as a benchmark because, to date, there is no Mexican 

regulation that addresses this issue. This standard provides well-accepted criteria to evaluate 

overheating in naturally ventilated buildings and has been used in other similar studies 

(Hughes and Natarajan, 2019, Vellei et al., 2017b). The standard defines the 1st of May to the 

30th of September as the summer period. The CIBSE TM59 derives its basic methodology 

from CIBSE TM52 (CIBSE, 2013), whose criteria are evaluated against ΔT, defined as: 

∆𝑇 =  𝑡𝑜𝑝 −  𝑡𝑚𝑎𝑥           Eq. 5 
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Where 𝑡𝑜𝑝 is the hourly indoor operative temperature [°C] and 𝑡𝑚𝑎𝑥 is the maximum accepted 

temperature [°C] set by the European adaptive standard in EN 16798-1:2019 

(Standardization, 2019). Here we replace the European adaptive standard with the ASHRAE 

55 adaptive standard, such that 𝑡𝑚𝑎𝑥 is defined as: 

 

𝑇𝑚𝑎𝑥 = 0.31 𝑇𝑎,𝑜𝑢𝑡 + 21.3 (de Dear and Brager, 2002)      Eq. 6 

 

Where 𝑇𝑎,𝑜𝑢𝑡 is the mean outdoor air temperature [°C]. 

 

The TM59 standard contains criteria that must be met to demonstrate the lack of overheating 

risk in residential dwellings. The Criterion 1 hours of exceedance (𝐻𝑒) establishes the 

acceptable percentage of hours that must be above 𝑇𝑀𝑎𝑥      

 𝐻𝑒 =  ∑ ℎ ∀  ∆𝑇 ≥ 1 °𝐶         Eq. 7 

The hours of exceedance is determined by the summation (∑) of all occupied hours (ℎ) for all 

(∀) the temperature differences between  𝑡𝑜𝑝 and  𝑡𝑚𝑎𝑥 (∆𝑇) from May to September. 𝐻𝑒 

should not be more than 3%. 

The TM59 standard also considers Criterion 2 Daily weighted exceedance (𝑊𝑒 ) and 3 (Upper 

limit temperature (𝑇𝑢𝑝𝑝)) from the CIBSE TM52 as optional. Criterion 2 addresses the severity 

of overheating in any one day through the Daily weighted exceedance  𝑊𝑒  where: 

𝑊𝑒 = (∑ ℎ𝑒)  × 𝑊𝐹        Eq. 8 

      = (ℎ𝑒0  × 0) + (ℎ𝑒0  × 1) + (ℎ𝑒0  × 2) + (ℎ𝑒0  × 3)     

ℎ𝑒𝑦 = ℎ𝑜𝑢𝑟𝑠_𝑤ℎ𝑒𝑛_𝑊𝐹 =  𝑦  
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Where the weighting factor 𝑊𝐹 = 0 if ∆𝑇 ≤ 0, otherwise 𝑊𝐹= ∆𝑇, and ℎ𝑒𝑦 is the number of 

hours when 𝑊𝐹 = 𝑦 (CIBSE, 2013). For a space to pass this criterion, 𝑊𝑒 must be ≤6 per 

day. Criterion 3  sets an absolute maximum daily limit temperature, that if exceeded, the level 

of overheating is not acceptable ∆𝑇 ≤ 4𝐾. 

 

5.3.9 Weather 

The yearly external temperature average is 13.2 °C, comparable to the annual mean in cold 

climates such as the UK. However, seasonal average temperatures in Table 22 show large 

diurnal swings, especially in winter. Figure 24 shows each season's mean hourly temperature 

and wherein, on average, the temperature fluctuates 13.7 °C per day. 

 

Table 22 - Mean, Maximum and Minimum temperatures in °C of the four-yearly seasons in Greater Toluca from 
March 2018 to February 2019. Average diurnal temperature fluctuation (x̄) and standard deviation (s) were 
computed over the corresponding season. Seasons considered as follows: Spring = the 21st of March to the 20th 
of June; Summer = the 21st of June to the 20th of September; Autumn = the 21st of September to the 20th of 
December; Winter = the 21st of December to the 20th of March. Data source: Weather Station:15266 Metepec – 
CODAGEM. 

 Spring Diurnal 

range 

Summer Diurnal 

range 

Autumn Diurnal 

range 

Winter Diurnal 

range 

Mean 15.3 x̄ = 14.4 

s = 3.4 

14.8 x̄ = 13.2 

s = 3.2 

12.23 x̄=14.9 s 

= 4.3 

10.4 x̄ = 19.7 

s = 3.5 Min 6.6 4.1 -4.7 -3.9 

Max 26.9 30.0 24.8 25.0 

 Note: all data in °C 
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Figure 24 - External mean temperatures by the hour in Toluca (source: Weather station Metepec CODAGEM) 

 

5.4 Results and discussion 

5.4.1 Internal environmental conditions 

Table 23 shows the mean temperatures recorded with the minimum and maximum across all 

the monitored homes. Figure 25 shows the box plots for hourly living room temperatures from 

the different homes throughout the year. The mean living room temperature was 19.6 °C (std 

= 2.3 °C), and it stayed within the range of +/- 2 °C depending on the season. Worryingly, the 

mean indoor temperature in winter was 17.6 °C, i.e., below WHO recommendations. The 

detailed temperatures for each of the monitored homes are seen in Appendix E. We could 

also observe that during the colder months, temperature variations are more extensive. We 

measured the air velocity with a calibrated anemometer during our survey visits, with 

observations being consistently below 0.1 ms-1. As stated in Section 4.3.7, 𝑇𝑎 is a good proxy 

to 𝑇𝑜𝑝 under low air velocities and hence, the results of our analysis should be read under the 

assumption that 𝑇𝑜𝑝 = 𝑇𝑎  
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Table 23 - Mean, maximum, and minimum Operative Temperatures Top was recorded with the temperature 
sensors presented in the four seasons. X̄ stands for “mean”, and sd for “Standard deviation”. 

  Indoor air temperature [°C]  

  Spring Diurnal 

Variation 

Summer Diurnal 

Variation 

Autumn Diurnal 

Variation 

Winter Diurnal 

Variation 

Mean 21.5 x̄=2.6 

(sd= 1.6) 

20.5 x̄=2.6 

(sd = 

1.6) 

18.7 x̄=2.8 

(sd = 

1.6) 

17.6 x̄=3.0 

(sd = 

1.9) 

STD 2.5 3.2 3.1 3.2 

Min 13.1 10.8 4.3 4.5 

Max 35.4 37.5 33 34.9 

 

We observed that the range of daytime indoor temperatures was more comprehensive during 

the ‘colder’ seasons of autumn and winter than the ‘warmer’ seasons. 
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Figure 25 -Ranked box plots of mean living room air temperatures for all recorded seasons. Light grey boxes are occupied (daytime) data (9:00am to 10:00 pm], and the dark 
grey boxes are non-occupied (night-time) data (10:00pm to 9:00 am] shown for reference. The dark blue lines represent the WHO minimum (WHO, 2018), and the red dotted the 
seasonal mean.
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Figure 26 shows the annual relative humidity boxplots for each dwelling monitored. The 

average relative humidity throughout the whole period was 35.9% (sd = 5.5%). The average 

seasonal data such as minimum, maximum, and mean can be seen in Appendix F. 

 

 

Figure 26 - Box plot of ranked mean internal relative humidity. The red dotted line is the mean. 
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5.4.2 Thermal Comfort 

 

5.4.2.1 Predicted Mean Vote 

 

Figure 27 shows the seasonally normalised density plots for the recorded Thermal Sensation 

Votes (TSV) against the calculated Predicted Mean Votes (PMV) for the same conditions 

throughout the different visits. A total of 159 votes were recorded across the various visits 

throughout all the houses. Many people found themselves more comfortable during the warm 

seasons of Spring and Summer, as 83.3% of the votes fell within [-1, +1] in both seasons. 

However, this percentage decreases in colder seasons, as only 60.2% and, more worryingly, 

only 47.5% are within the [-1, +1] range for autumn and winter, respectively. The latter is where 

the most significant thermal discomfort is observed. This behaviour may be explained because 

even in Summer, warm temperatures do not prevail all day but are only present from 11 a.m. 

to 6 p.m. However, many homes showed signs of overheating (Section 4.4.3), which was not 

reflected on the surveyed TSV’s. In contrast, autumn and winter votes were more scattered 

towards ‘colder’ votes. This suggests that the people from the Meseta may be better adapted 

to high temperatures. A Spearman correlation analysis between the surveyed TSV’s and the 

calculated PMV showed a strong correlation (ρ = 0.62) for Summer. In contrast, Spring and 

Winter showed a weak correlation (ρ = 0.35 and ρ = 0.45 respectively), while in Autumn was 

“very weak” (p = 0.23). This suggests that the PMV model may not be the best fit for Mexico 

during cold seasons. 
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Figure 27 - Violin plots of the recorded TSV’s (dark grey) against the calculated PMV’s (light grey) in Spring (the 21st 
of March to the 20th of June), Summer (the 21st of June to the 20th of September), Autumn (the 21st of September 
to the 20th of December) and Winter (the 21st of December to 20th of March). 

5.4.2.2 Adaptive Model 

 

Figure 28 shows seasonal plots for the adaptive model for occupied hours (7:00-23:00]. The 

standard ASHRAE 55 (ASHRAE, 2013a) requires at least 80% of occupied hours within the 

comfort band. Spring is the season with the most significant percentage found within the 80% 

acceptability comfort band, with 42% living room hours. In contrast, only 36% and 34% of the 

hours are within 80% acceptability parameters during summer and autumn. The Winter season 

provided the worst quality as only 22% of the hours were found within the specified comfort 

band. This may be due to 50.5% of the data points in winter of the mean outdoor air temperature 

𝑇𝑎,𝑜𝑢𝑡 [°C] (x-axis) are below the minimum validity threshold of 10 °C from the ASHRAE 55 

standard. 
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Among the monitored houses, 55% were located outside the adaptive model's 80% 

acceptability comfort band. In total, 30% of the hours monitored are below, and 25% of the 

monitored temperatures were found above the comfort band. 

 

 

Figure 28 - Spring 2018, Summer 2018, Autumn 2018, and Winter 2018-2019 scatter plots of indoor operative 

temperatures  T_op [℃] against outdoor running mean temperatures T_rm [℃]. Slanted lines show the acceptable 
operative temperature ranges by ASHRAE 55. The segmented line represents the 90% acceptability threshold, and 
the continuous line represents the 80% acceptability. We present data for  T_op < 10 ℃ for completeness though 

the ASHRAE 55 standard is not valid at these temperatures. 

Figure 29 plots the TSV votes recorded in different seasons against the ASHRAE 55 adaptive 

model recommendations. We observe that neutral votes fall below the recommended lower 

limit in spring and summer, contrary to winter and autumn. Votes in the latter seasons are more 

consistent with the standard as we also observe all except two votes in both seasons that are 

≤1 fall below the recommended lower limit. Only 23% and 16% were observed in spring and 

summer within the TSV∈ [-1, +1] range. In both cases, 50% of the comfort votes were below 

the band. Autumn and winter had the most significant amount of discomfort votes, and hence 
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only 11% and 22% of the recorded TSV’s were inside the comfort band. This may mean that 

the adaptive model described in the ASHRAE 55 standard may not be the best fit for the 

Mexican context. In fact, a study by Morgan and Gomez-Azpeitia (N. Morgan, 2018)       found 

that 14 thermal comfort datasets (including two cities from the Meseta) found a neutral 

temperature of 4 °C higher than the one set in the ASHRAE 55. 

 

Figure 29 - Seasonally separated TSV ∈ [-3,+3] over the monitored period, against the ASHRAE 55 80% (Dashed) 

and 90% acceptability (Solid) boundaries. The number shown represents the recorded Thermal Vote 

 

4.4.2.3 Derived neutral temperatures 

 

We regressed the monitored air temperatures and TSVs in order to find the neutral 

temperatures (𝑇𝑛), a practice that has become common in thermal comfort studies (Albadra et 

al., 2017, Gomez-Azpeitia et al., 2014). One of the implications of the adaptive model is that 

the 𝑇𝑛 is strongly seasonally dependent, expected to be lower in winter and higher in summer.  

This has been seen in the work of Albadra et al (Albadra et al., 2017) , where the 𝑇𝑛  was higher 
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in summer (26.5 °C) as compared to winter (21.8 °C) in refugee camps in Jordan, or Zhou et 

al., where 𝑇𝑛 was 30.2 °C during summer, and 19.1 °C in the city of Wuhan. This is because 

usually, people adapt to their external climates depending on the season However, in our case, 

after regressing our data seasonally, we observed the opposite.  

Table 24 shows the gradient (α) and intercept (β) values of the models for each season and a 

single model for the year. The provided p-value indicates a significant relationship between the 

internal temperatures and the TSV variable. We observe that r2 is highest on the summer 

model. This is likely the result of the small sample size for this study as we observe the 

coefficient of determination generally, though not always, improves with sample size. The 

overall neutral temperature calculated is 20.4 °C. Contrary to the expected, we have colder 𝑇𝑛 

in Summer than during the other seasons. The regression plots of the yearly and seasonal 

regressions can be seen in Appendix G. 

Table 24 - Neutral temperatures calculated using linear regression, ranked by r2. “n" stands for the number of 
observations. 

 𝑻𝒏 [°C] p-value r2 n α / °C β Votes 

Summer 19.62±0.02 2.72 e-13 0.79 36 -5.6 0.29 x̅ = 0.4 σ = 1.4 

Spring 21.19±0.02 1.09 e-09 0.74 30 -6.1 0.30 x̅ = 0.4 σ =1 

Winter 21.19±0.02 1.77 e-09 0.62 39 -6.5 0.28 x̅ = -1.2 σ =1.7 

Autumn 21.10±0.02 3.06 e-11 0.57 54 -6.9 0.33 x̅ = -0.9 σ =1.3 

Year 21.19±0.02 3.33 e-40 0.67 159 -6.7 0.32 x̅ = -0.3 σ = 1.5 

 

5.4.2.4 Griffiths method 

Given our reduced number of site visits, the neutral temperatures were also computed 

according to the Griffins method (Griffiths, 1990). This method is widely accepted to calculate 

neutral temperatures in studies with a limited number of TSVs (Nicol et al., 2012). The value of 

0.5 / K is the most commonly used for the 𝐺 coefficient (Indraganti et al., 2015). However, Ryu 

et al. (Ryu et al., 2020) derived this constant from a study in residential buildings undertaken in 
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the city of Daegu, South Korea, estimating it to be 0.356 / K. This method was then calculated 

as below:  

𝑇𝑛𝐺 = 𝑇𝑜𝑝 +  
(0−𝑇𝑆𝑉)

𝐺
          Eq. 9 

Where 𝑇𝑛𝐺 is the neutral temperature according to Griffiths in ℃, 𝑇𝑜𝑝 is the operative 

temperature, 𝑇𝑆𝑉 is the thermal sensation vote, and 𝐺 is the Griffith’s coefficient, being 0.356/K 

as described.  

 

Table 25 - Average comfort temperatures divided by season, computed under the Griffiths method, where G= 
0.356/K 

Season 𝑻𝒏𝑮 𝒊𝒏 ℃  

 

σ (℃) 

Spring 20.72 1.4 

Summer 19.81 1.8 

Autumn 20.77 2.6 

Winter 22.12 2.6 

Year 20.88 2.4 

 

Table 25 shows the result of the neutral temperatures per season according to the Griffiths 

method. These results confirm the seasonally independent tendency seen in section 4.4.2.4, 

where 𝑇𝑛𝐺 is warmer during cold months and vice versa. In fact, the difference between the 

values of 𝑇𝑛  and 𝑇𝑛𝐺 is always less than 0.5 ℃, except for Winter, where it varied 0.93 ℃, 

corroborating the certainty of our neutral temperatures found. 

 

5.4.2.5 Key influencing factors 

To answer Research Question 3, a Machine Learning Linear Regression model was created 

based on the 159 observations recorded. Linear regression in Statistical learning predicts 

quantitative responses, in our case, the TSV values. First, we created a prediction model based 
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on the following environmental variables: external air temperature, relative humidity, and 

operative temperature, and personal variables: age, income, and clothing insulation. Then we 

split the dataset 70% to training and 30% to testing. The analysis was undertaken with the 

Statistical learning tool: "scikit learn" on Python. The residual histogram, as well as the results 

of the Mean Absolute Error (MAE), Mean Squared Error (MSE), and the Root Mean Squared 

Error (RMSE) that verifies the validity of the model can be seen in Appendix H.  

Table 26 - Ranked β coefficients provided by the linear regression model against the TSV. By holding all the variables 

fixed, an increase of 1 TSV unit, would significate an increase of the value shown in the β column. 

Variable β 

Clothing Insulation -0.685 

External Air Temperature -0.016 

Age -0.003 

Income 0 

Metabolic Rate 0 

Relative Humidity 0.004 

Internal Operative Temperature 0.339 

 

Our model yielded the results shown in Table 26. Here, holding all the variables fixed, an 

increase of 1 TSV unit is associated with a change according to the value set in the 𝛽 column. 

For instance, we observe in our model that clothing insulation 𝑐𝑙𝑜, and internal operative 

temperature 𝑇𝑜𝑝 have a high influence on the thermal sensation vote of the building occupant. 

However, in the case of clothing, it is clear that 𝑇𝑜𝑝 dictates 𝑐𝑙𝑜 and not the opposite due to the 

absence of systematic or central heating. Hence, the variable 𝑇𝑜𝑝 can be named as the main 

influencer on the subjects’ thermal response, as expected. The variables ‘age’, ‘external 

temperature’, ‘relative humidity, and ‘income’ show a low to null influence in our model, as 

changes on these variables do not predict a significant shift in the occupant’s TSV.  

 



 

179 
 

 

5.4.3 Overheating 

Here we show the results of the overheating analysis described in section 4.3.8. The first 

analysis (Criterion 1a hours of exceedance (𝐻𝑒) ) showed that twelve homes (46%) overheated 

during the summer period. Amongst these, four presented hours in exceedance slightly above 

the allowed 3% threshold, ranging from 3.7% to 4.9%.  Although the rest are progressively 

higher, two homes overheated over 30% of their hours, as seen in Figure 30. 

 

Figure 31 shows the number of days where Criterion 2 (Daily weighted exceedance (𝑊𝑒 )) was 

not met per month. We observe that the houses slightly above the 3% threshold from Criterion 

1a passed Criterion 2. However, the two homes with the large percentage of 𝐻𝑒 from Criterion 

1a, presented a large percentage of days where Criterion 2 was not met (64%-id11 and 38% -

id37). On the other hand, Criterion 3 Upper limit temperature (𝑇𝑢𝑝𝑝)) (Figure 32) was not met in 

11 homes (42%). We can observe that 85% of the homes that failed Criterion 2 also failed the 

other two. These results are not coherent to our TSV votes recorded during the “summer 

period”. Even if 46% of the homes were overheated, the TSV votes averaged 0.43 (sd=1.4), 

suggesting a high level of adaptation to high temperatures in this population. 

 

Figure 30 - Percentage of hours in exceedance according to the TM59 Criterion 1a for the monitored homes in rank 
order. The red dotted line represents the allowed 3% threshold. 
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Figure 31 - Number of days per month where the houses exceeded the daily weighted threshold, and therefore not 
meeting the requirements set in the TM59 Criterion 2. 

 

Figure 32 - Number of hours per house where the living room temperature was 4°C above the upper limit throughout 
the “summer design year”.   

 

5.4.4 Indicative analysis by income 

The OECD divides income classes by 'lower-income' (households with an income lower than 

75% of the median national income), 'Middle-income' (households with an income between 
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75% and 200% of the median national income), and 'Upper-Income' (households with an 

income above 200% of the median national income) (OECD, 2020b). In Mexico, the OECD 

reports a median monthly income of MXN$ 5,040 pesos (OECD, 2020a). According to these 

definitions, 36% of the Mexican population fits the 'lower-income' category (less than MXN$ 

3,780 pesos per month), 45% the middle-income (between MXN$ 3,780 – 10,081), and 19% 

the 'Upper-Income' group (more than MXN 10,081). In our sample, after dropouts, we had 37% 

of the lower-income group, 40.7% of 'Middle-income', and 22.2% of 'Upper-Income', indicating 

a good match with national data.  

 

We undertook an indicative analysis to spot potential differences in TSV due to house type. Our 

surveys included questions about the respondents' salaries. This information was used to divide 

our sample by income levels. The TSV averages split by the season of the different income 

groups is seen in Table 27. In winter, the average TSV for the total population was -0.71. This 

is the farthest to the four seasons' neutral vote but still within the acceptable range of TSV∈ [-

1, +1]. The “Upper-Income” group showed higher thermal dissatisfaction in winter (TSV -1.42) 

on average due to three factors: (i) That these usually have a greater fenestration area for 

aesthetic reasons; (ii) That the spaces within the homes from this group are generally more 

extensive, and (iii) That the composition of the fabric allows significant heat losses (i.e., 

lightweight materials). It is also observed that the “Middle income” group showed a TSV mean 

of -1.3 (outside the allowed range), and the “Low income” group of -0.84, but with a large 

standard deviation (TSV), suggesting a large number of votes outside the acceptability range. 

This suggests the following four statements. (i) That the “Low and Middle income” groups may 

be experiencing energy-poverty (discussed further in Section 4.4.4); (ii) under the Latin 

American context, it is commonly thought that homes of those with higher incomes may be 

better adapted to cold temperatures and hence may provide better operative temperatures. The 

findings in this article, in fact, show the opposite, due to the reasons mentioned above (Building 

fabric built with the same configuration as the low income but in larger spaces) (iii) that the 

housing fabric typology in the Mexican Meseta is not adequate against the low temperatures 
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experienced in winter and (iv) that the population may be better adapted to hot climates. The 

latter is supported by the results of the overheating analysis (Section 4.3.8), where the 

overheated homes still presented TSV votes within the acceptable range of TSV∈ [-1, +1]. 

Table 27 - Mean seasonal TSV values split by income group. “x̄” stands for mean, and “σ” represents the standard 
deviation, and “n” is the number of observations. 

Season Income TSV 

x̄ σ n 

Spring 

 

Low  0.27 0.96 11 

Middle  0.33 1.24 6 

Upper  0.46 0.74 13 

Summer Low  0.64 1.44 14 

Middle  -0.09 1.08 11 

Upper  0.54 1.15 11 

Autumn Low  -0.73 1.24 19 

Middle  -1.09 1.5 11 

Upper  -0.58 1.46 24 

Winter Low  -0.84 1.65 13 

Middle  -1.3 1.3 12 

Upper  -1.42 1.34 14 

Year Low  -0.16 1.42 67 

Middle  -0.67 1.4 43 

Upper  -0.26 1.42 73 
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5.4.5 Behavioural Adaptations 

During the survey visits throughout the year, participants were asked to describe their different 

thermal adaptations. We found that while 80% of our respondents do not use any means of 

heating such as gas heaters or chimneys during winter. The remaining 20% stated to use 

“rarely”, electric radiators (10%), and ethanol fireplaces2 (10%). The reason for this behaviour 

is not known. However, it may be influenced by various factors such as financial – people may 

not be able to afford the increase in energy bills, as 20% reported fuel poverty at some point 

throughout the survey visits; or cultural (i.e., the people’s general idea of living in a warm 

country, and therefore not needing heating systems). 

Since all the surveyed houses are naturally ventilated, we considered it necessary to note 

occupants' reasons for opening their windows. Generally, the external temperatures of Toluca 

in the mornings and nights range between 0 °C and 10 °C (Spark, 2020). However, almost half 

of the people (47%) said they never open their windows to make their spaces cooler during 

Summer. This may be due to high levels of pollution, or security reasons. The most voted 

options were "to improve the air quality" and "to create drafts", with 64% of the respondents 

choosing "often" and "sometimes" for the first one and about 70% for the second one. 

Smoking in enclosed spaces is hazardous, even for those who do not smoke (Besaratinia and 

Pfeifer, 2008), and it is reported to worsen heart conditions (Spengler and Sexton, 1983). In 

2018, Mexico reported 0.011% of its population (13,200 people) lung cancer fatalities. In 

addition, deaths related to heart conditions are the number 1 cause in Mexico (35.7%, 42.8M) 

(INEGI, 2020a). This is due to the genetics of the population, as well as the high rate of diabetes 

and obesity (Rosas-Peralta and Attie, 2007). However, it is also well known that long exposures 

to extreme temperatures (both cold and hot) cause and exacerbate this condition (WHO, 2018). 

In our sample, 60% stated they never open the windows to smoke, whereas 28% reported 

doing it "often" or "always". 

 
2 An ethanol fireplace generates heat through the combustion of denatured alcohol. It is normally placed on a 
ceramic base, and it causes indoor air pollution. 



 

184 
 

 

Humidity is another factor that may worsen people’s health and quality of life. It is reported that 

exposure to mould in indoor environments can be related to respiratory diseases in healthy 

people. It may worsen the symptoms of people with asthma and pneumonitis (Mäkinen et al., 

2009) and increase mortality due to the Covid19 virus (Ma et al., 2020). Half of the sample 

reported that they never or rarely open their windows to reduce humidity or mould. It may be 

difficult to assess the reason behind this since 97% of the respondents stated that there is 

mould in their homes in at least one room. The remaining 50% is distributed between 

participants who open their windows more often to reduce humidity levels.  

 

 

Figure 33 - Building user has reported mould and humidity problems in their homes. They stated whether they have 
this problem or not, and the number of rooms in which this problem was present 
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Figure 34 - Building occupants' attitudes towards the current thermal situation in their homes (n = 156) 

 

 

Figure 35 - Reported frequency to different reasons why the user opens their windows. 
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Figure 36 - Building user has reported mould and humidity problems in their homes. They stated whether they have 
this problem or not, and the number of rooms in which this problem was present. 

 

As mentioned previously, only 20% of our population used external means of heating (none 

used mechanical cooling) that consume energy to reach a comfortable (neutral) thermal 

condition. Therefore, we looked at their different behaviours and adaptations. We found that 

the most common behaviours were to use extra blankets at night and to wear additional layers 

of clothing, adding up to 1.5 𝐶𝑙𝑜, a value where the ASHRAE 55 is no longer applicable.  

Half of the respondents stated that they never undertake activities such as staying long hours 

in bed, exercising, or taking hot showers in cold conditions. In addition, most people (90%) 

reported that they never use gas, electric heaters, and 83% never use chimneys. A general 

pattern was that people took action in particular cases. For instance, we noted that if they stated 

that they would wear extra layers of clothing if they felt cold, they would never or rarely 

undertake a different activity. 
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Figure 37 - Reported adapted behaviours in cold conditions. The legends on the x-axis where the options we 
provided to our sample to the question “how frequently do you do the following behaviours, when you are feeling too 

cold?”. 

 

5.5 Conclusions 

 

This study represents one of the first Class II thermal comfort study in Mexico’s Meseta Central 

in residential buildings with fixed temperature and relative humidity sensors and survey visits 

for eleven months. We present below the findings of this study: 

 

(1) A large percentage (70.3%) of the subjects voted within the comfortable TSV∈ [-1,+1]  

throughout the year. Most of these “comfortable” votes were collected during the spring 

and summer months, with 83% for each season. This percentage decreases 

significantly during the cold months, initially to 60.2% in autumn and a worryingly low 
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47.5% in winter. These results support our hypothesis that the studied dwellings do not 

provide adequate internal temperatures (RQ1) during the colder months. 

 

(2) Unlike the cold period and despite 46% of homes failing the Criterion 1a of the CIBSE 

TM59 overheating standard (23% failing Criterion 2 and 38% failing Criterion 3), the 

majority (59 %) of TSV votes were still between [-1,+1] in summer. This suggests a 

better adaptation to warm weather in this region. Although the CIBSE standard was 

developed in the UK, it utilises the adaptive standard which is localised to our study, 

and hence, this is a significant result.  

 

(3) Seasonal neutral temperatures (𝑇𝑛) suggest a slightly cooler temperature preference in 

the summer (19.6 °C) than in spring, autumn, and winter (21.1 °C). As this is a generally 

cool climate, the preference for warmer than expected temperatures in spring, autumn 

and winter may be an indication of negative thermal alliesthesia (Parkinson and de 

Dear, 2015), given that the majority of the homes do not have continuous heating.  

 

(4) We provided a survey-based translation of the ASHRAE 55 7-point Thermal comfort 

scale to Spanish from Mexico, as the official translation may lead to misunderstandings 

outside Spain. Due to its similarity to the Spanish spoken in the United States (40M 

native speakers), Central (34M) and South America (200M), we expect that our 

translation can serve as a tool to undertake thermal comfort surveys in these countries. 

In addition, its findings can assist policymakers in amending the voluntary standard 

Steady-state (PMV) based NMX-C-7730-ONNCCE-2018 regulation. 

 

(5) The population's adaptive strategies leaned towards increasing the temperature of their 

houses in cold seasons. They reported having in general cold environments and a 

desire to improve internal temperatures during the cold months. Therefore, further 
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research should be conducted exploring the concept of ‘underheating’ in low-income 

groups in Mexico. This may lead to policies and support to adequately retrofit their 

homes.   
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Chapter 5 - Postscript 

The results of this chapter have identified for the first time the average home's internal 

temperatures within the Mexican Central Plateau for a continuous period of 11 months. The 

results showed that the houses could not provide comfortable temperatures during cold periods. 

In addition, this chapter concludes that Fanger's PMV / PPD model cannot predict thermal 

comfort in houses on the Plateau. Another interesting finding is the seasonally independent 

tendency, which indicates that this population preferred warm temperatures during winter and 

cold during summer, contrary to what was seen in most of the literature review. Finally, a 

survey-based translation of the seven thermal comfort points into Mexican Spanish is provided. 

Hence, this research was able to respond to our three research questions. RQ1 aimed to 

identify if the homes of Toluca can meet the healthy temperatures between the range of the 

parameters established in the CIBSE TM59, and the ones set by WHO. This research found 

that in general, the homes do not meet either of these parameters. However, it seemed that 

people were not affected by excessively high temperatures, contrary in the lower. RQ2 was 

answered by discovering the neutral temperatures split seasonally, and finally, RQ3 determined 

that the operative temperature and clothing insulation are the parameters that influence the 

most thermal sensations of the population. These findings are very relevant because it allowed 

us to determine the next step of this research towards investigating further the effects of the 

found cold thermal discomfort and internal temperatures found on the self-perceived health of 

the population. This is discussed in Chapter 5. 
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Chapter 6 - The importance of norms for well-being: 

Thermal Comfort and environmental dissatisfaction 

influence self-perceived health in homes from the 

Toluca Valley, Mexico 

 

Abstract 

Despite being conceived as a warm country, winters in the Central Mexican Plateau frequently 

reach temperatures below zero Celsius. Prolonged exposures to low temperatures resulting in 

heart and respiratory morbidities are estimated to be responsible for 50% of the reported illness 

from the Plateau, attributable primarily to the design of homes, s ill-suited to extreme 

temperatures. Consequently, there is a growing need to ensure that dwellings provide adequate 

indoor thermal conditions in the region. Hence, on-site sensors collected five-minutely 

temperature and relative humidity data in 15 living rooms in the Plateau for 11 months. These 

measurements were complemented with dwelling-level thermal comfort and self-reported 

health surveys. Computer simulations were used to investigate whether the distinct patterns of 

the existing building configurations itself can provide thermal comfort under different retrofitting 

scenarios. Finally, a step-backwards Multiple linear regression relating that relates the 

Predicted Percentage Dissatisfaction (PPD) index to self-perceived health was undertaken. 

Monitored and simulated results were matched against our underheating model, finding that 

92% of the homes have cold indoor environments, some even during summer. Further, a direct 

relationship is found between high PPD, high levels of “underheating”, and low self-reported 

physical and mental health. Dynamic computer simulations suggested that indoor thermal 

environments could be improved by enforcing the non-utilised standard NOM-ENER-020, which 

recommends the addition of insulation. These findings suggest that the cold environments 

within homes of the Toluca Plateau are affecting the self-perceived physical and mental health 



 

192 
 

 

of its population. Hence, the application of adequate measures, such as retrofitting homes 

under the parameters of the NOM-ENER-020 are needed to promote healthy indoor 

environments in the region. 
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6.1 Preamble 

This chapter addresses research question 3 of this thesis. The previous chapter found that the 

houses do not provide the minimum thermal comfort to their inhabitants. Hence, this focuses 

on      different retrofitting options, adequate      to the houses in the Central Plateau     . Further, 

it analyses, the implications that the found low temperatures found, have on their population.  

This chapter aims to wrap up the investigations presented in Chapters 3 and 4. Chapter 3 

examines the current building regulations that deal with green buildings. Chapter 4 reviews the 

current condition of houses in the Mexican Plateau, concluding that householders are not 

affected by high temperatures but by low temperatures. This chapter takes up the conclusions 

of the previous both. Given the cold comfort found, a systematic review of the existing standard 

NOM-020 under a proposed underheating model evaluated the data collected in our field study 

and the simulated. Furthermore, the health surveys applied at the field study stage were 

analysed with a multiple linear regression model, demonstrating a correlation between the low 

temperatures presented in the area with a poor self-perceived quality of health.   
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6.3 Introduction 

Climate change is expected to convert conventional season patterns to hotter summers and 

colder winters, threatening human health (Kjellstrom and McMichael, 2013). Estimations 

provide a global temperature rise of more than 5°C by 2070 (Murphy et al., 2009), making, 

among other consequences, seasonal cold waves worldwide (cold fronts and cold spells) 

stronger and longer (Perkins-Kirkpatrick and Gibson, 2017, Ma and Zhu, 2019, Johnson et al., 

2018). As homemakers and children spend about 80% of their day at home (but likely to 

increase with the COVID-19 pandemic) (Farrow et al., 1997), homes without adequate 

protection will be more exposed, endangering the health of their occupants. It has been well 

established that the winter mortality is higher in countries with mild winters, as compared to 

those with more severe (Howden-Chapman et al., 2017, Healy, 2003). This may be because 

there are no adequate building standards in MCCs that address this issue  or they exist but      

are not enforced.       

This has been seen in “warm-perceived” countries like Australia (Daniel et al., 2019), where 19 

homes from Adelaide provided that in general, householders indicated a desire to warmer 

temperatures at their homes. Further, this study proved that people was forced to increase their 

adaptive abilities (i.e., “just had more blankets”). A similar behaviour was seen in Greece, 

(Santamouris et al., 2014), where Santamouris highlights that the housing conditions of Athens 

are affecting the health of vulnerable social groups, due to their financial situation. This could 

had been reduced with better prepared homes to low temperatures. Escandón et. Al. 

(Escandón et al., 2017) found this problem in the Spanish cities of Huelva, Seville, and Malaga, 

and found that in the three case studies there is a need for retrofitting due obsolete building 

typologies, even in Mediterranean climates. They also highlight the importance of simulating, 

as essential to decision making regarding retrofitting strategies. 

In this context, Mexico fits the definition of a "hot-climate" country with an unrecognised "cold 

housing" problem. Although to date there are no studies that examine this issue in the country, 

this can be confirmed by its high percentage of EWD, as the 11% presented in 2015 (INEGI, 



 

196 
 

 

2020a) is similar to countries with more severe winters such as Hungary (11.3%), Germany 

(11%), and even higher than Poland (10.2%) or Finland (10%) (Fowler et al., 2015). In fact, it 

is common for MCC’s to have higher EWDis than countries with severe winters (Gasparrini et 

al., 2015, INEGI, 2020a). Unfortunately, vulnerable social groups such as the elderly (Hajat et 

al., 2007), lower-income (Ormandy and Ezratty, 2012) and people with chronic diseases 

(ASHRAE, 2013b) are more likely to be affected by this issue.  

The present study is part of a broader investigation aimed at studying whether the houses on 

the Central Plateau provide the required thermal comfort, and if they do not, determine how 

such conditions affect its inhabitants, as well as what solutions are required to improve the 

quality of internal environments in the region. This research's first and previous part was a 

thermal comfort study (Zepeda-Gil and Natarajan, 2021), which showed that this sample is well 

adapted to internal temperatures during hot seasons, even when overheating occurred 

(Zepeda-Gil and Natarajan, 2021). However, it has also been determined that only 11% 

(Autumn) and 22% (Winter) of Thermal Comfort Votes (TSV’s) were within the ASHRAE 55 

(ASHRAE, 2013a) adaptive model comfort band. These findings led to thinking about the 

implications that cold discomfort has on the health of the householders and the alternatives that 

exist to improve the internal conditions without increasing the carbon footprint of the building. 

Additionally, we aimed at finding any relationship between self-reported health status and cold 

housing in homes from the Central Mexican Plateau. 

Therefore, the effects of different retrofitting solutions to this problem are examined. In this 

sense, the relevance of our study is underlined by being one of the first field studies of winter 

comfort and indoor temperatures of houses in the Mexican plateau, coupled with strategies to 

homes whose building fabric coincides with 78% of the country’s housing stock (INEGI, 2016). 

In this research, we aim to address the following question: 

RQ1. Is there a relationship between the current internal environments of these samples of 

homes in the Central Mexican Plateau and householders' self-reported assessment of their 

physical and mental health? 
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Suggesting the following hypothesis: 

H1: The prevalent building envelope typology (types of walls, ceilings, floors) influences 

householders´ self-reported physical and mental health. 

 

6.3.1 Thermal comfort 

Thermal comfort models are the most common means of assessing the balance between indoor 

environmental conditions and the personal factors that make a person feel thermally 

comfortable. There are two approaches to evaluating thermal comfort that emerged in the last 

century. The Steady-state approach (also known as Predicted Mean Vote PMV) developed by 

Fanger (Fanger, 1970), currently used in the international standard ISO 7730 (ISO, 2005), and 

the adaptive method, proposed by Nicol and Humphreys (Nicol and Humphreys, 1973), used 

in the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 

(ASHRAE, 2013a), only recommended for naturally ventilated buildings. The Mexican 

government adopted the first identically, published as its voluntary standard NMX-C-7730-

ONNCCE-2018 (Mexico, 2018b). Both are based on building users´ votes on a scale ranging 

from cold (-3) to neutral (0) and from neutral to hot (+3). The vote is called Thermal Sensation 

Vote (TSV). Both standards ISO7730 and the ASHRAE 55 comply if the vote range 𝑇𝑆𝑉 ∈

[−1, +1].  

The Steady-state approach assumes that any effort to adjust the internal thermal environment 

makes it thermally uncomfortable for its occupants (Heschong, 1979). This method was 

developed in climate chambers and for the air conditioning industry, and it should be used in 

conditioned spaces. The PMV value is calculated with four environmental variables (Air velocity 

(𝐴𝑣), External air temperature (𝑇𝑎𝑖𝑟), Internal operative temperature (𝑇𝑜𝑝), and Relative Humidity 

(𝑅𝐻), and the two personal variables Metabolic rate (𝑀𝑒𝑡), and Clothing insulation (𝐶𝑙𝑜)). The 

Predicted Percent Dissatisfied (PPD) aims to predict the percentage of people that are not 

thermally comfortable in a space. The ASHRAE 55 standard limits this percentage to 10%.  
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The adaptive method considers that the building occupants adapt to their indoor environment 

through three adaptive mechanisms: behavioural, physiological, and psychological (Nicol et al., 

2012). Its use is suggested for naturally ventilated buildings, where often, people can feel 

thermally satisfied at a more extensive range of temperatures (De Dear et al., 1998), compared 

to those mechanically ventilated (De Dear et al., 1998). Hence, this model does not aim to 

determine a fixed temperature, but a temperature band at which the occupant, with sufficient 

adaptive opportunities (i e., wear an extra layer of clothing, drink a hot beverage, etc.), can 

experience thermal comfort. 

 

6.3.2 Housing and health 

The wholesome experience when arriving at a heated home during a cold day depends on 

temperature's regulation between the internal environment and external conditions. Our 

sympathetic system uses physiological activation to control the body´s temperature, allowing 

us to adjust the behaviour as another control system contributing to a faster and more efficient 

response and adjustment (Kandel et al., 1995). In this context, the subject is an adaptive, active 

agent confronted with psychological expectations towards its environment but capable of 

behavioural adjustments, physiological acclimatization and psychological habituation in its 

search for thermal comfort (Brager and De Dear, 1998). When temperature variations in the 

external environment are more difficult to control (i.e., when extreme temperatures turn into 

environmental stressors), thermal comfort is clearly harder to achieve (Ortiz et al., 2017). 

Evidence suggests (Marmot et al., 2012) that thermal comfort is highly associated with distinct 

health indicators. Many social determinants of health, ranging from economic resources, 

housing conditions, and social or monetary resources, can modify individual’s perception of 

thermal comfort. For instance, housing quality has been associated with infectious diseases. 

Cold, damp and mouldy housing are often associated with respiratory problems such as asthma 

and even mental disorders, including anxiety and depression (Krieger and Higgins, 2002). 

Specifically, the World Health Organization (WHO) has set the minimum recommended indoor 
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temperature to 18 °C for healthy environments. Furthermore, WHO quantified the 

environmental burden of disease-associated inadequate housing in Europe, describing the 

variety of maladies that can be associated with lower quality home environments. Table 28 

summarises the relationships found by that extensive report (Braubach and Organization, 

2011).  

Table 28 - List of diseases caused by poor quality indoor environments according to the WHO. 

Housing 

characteristic 

Health impact 

  

Indoor 

dampness/mould 

Asthma onset in children 

Physical conditions Home injury 

Crowding Tuberculosis 

Cold Mortality 

Noise exposure Ischemic heart disease 

Indoor radon Lung cancer 

Second-hand smoke Respiratory infection; asthma; heart disease; lung cancer 

Lead exposure  

(e.g., paints) 

Anaemia decreased renal function, cognitive, developmental, 

neurological, behavioural, and cardiovascular effects. 

Carbon monoxide CO Intoxication, tissue hypoxia. 

Formaldehyde 

exposure 

Respiratory symptoms in children. 

Indoor smoke from 

solid fuel use 

Pneumonia in children, and chronic obstructive pulmonary disease 

and lung cancer in adults. 

Housing quality Mental health: anxiety, behaviour conduct disorders in children, 

depression, feelings of inadequacy, social isolation, stigmatisation. 
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Ormandy et al. (Ormandy and Ezratty, 2012) found that even after controlling for age, gender, 

socio-economic status and smoking, poor health (i.e., self-reported) had a significant 

association with perceptions of poor thermal comfort. Moreover, they found that asthma attacks 

in the past year, allergies, hypertension, colds and sore throats, migraines, and gastric and 

duodenal ulcers associated with poor thermal comfort. It seems then that the perception of cold 

in the internal living environment can affect essential health indicators. Moreover, blood 

pressure and viscosity may be a fundamental cause of higher winter morbidity in MCC’s 

associated with strokes and heart attacks. Investigating the relationship between indoor 

temperature and risk of high blood pressure in Scotland, Shiue et al. (Shiue, 2015) determined 

that an indoor temperature below 8 °C could account for a 9% population attributable risk of 

high blood pressure. Indeed, people with lower income and poor access to various resources 

are less likely to live in decent housing, where exposure to environmental factors detrimental 

to health is more likely (Marmot et al., 2012). 

Regarding a relationship between low air quality and poor health in social vs non-social 

housing, Patino et al. (Diaz Lozano Patino and Siegel, 2018) found no evidence that social 

housing residents were significantly more exposed to pollutants such as formaldehyde or 

dampness (Patino and Siegel, 2018). Instead, they found that poor thermal comfort was highly 

prevalent and associated with adverse health effects. The above suggests that low-income 

households may accept lower indoor temperatures and reach lower thermal comfort status due 

to budget constraints (Fairburn and Braubach, 2010). 

 

6.3.3 NOM ENER 020 

The NOM-020-ENER-2011 (NOM-020) (Energía, 2011) is a mandatory Mexican standard that 

defines the acceptable heat transfers for walls and roofs (among others, i.e., shading 

coefficients) in residential dwellings. This standard does not include criteria for floors or 

windows. Despite its obligatory nature, it is not enforced for various reasons, e.g., it is not 
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requested to process a building’s construction permit or the lack of technical knowledge from 

the building inspectors (Martin-Dominguez et al., 2018). 

Appendix A of the NOM-020 provides the allowed U values (𝑊𝑚−2𝐾−1) for residential settings 

up to three floors high of 0.909 𝑊𝑚−2𝐾−1 for walls and roofs in Toluca. However, it varies 

depending on the region (State). To date, 88% of the total Mexican housing stock is built with 

150mm solid walls made from brick, block or concrete that provides an average U value of 2.88 

𝑊𝑚−2𝐾−1 (sd=0.52 𝑊𝑚−2𝐾−1). Further, 77% of the homes in the country have a roof 

composed of 100mm reinforced concrete slab, plus 38mm of lightweight stone (locally known 

as “Tepojal”) and a 12mm waterproof membrane, providing together a U value of 3.06 

𝑊𝑚−2𝐾−1. Both values are outside the parameters of this standard. 

Given that only 2% of Mexican houses have insulation (INEGI, 2017), it is practically impossible 

to monitor and analyse the internal temperatures that these homes provide. Hence alternative 

methods should be used to study the effectiveness of this standard. Ruiz Torres et al. (Ruiz 

Torres et al., 2011) evaluated the NOM-020 standard with three houses located in the city of 

Tuxtla (hot and humid climate) in the southwest of Mexico, with dynamic simulations in Energy-

Plus (Crawley et al., 2000). Their results suggest that those homes could not provide thermal 

comfort after simulating with the NOM-020 parameters. Alpuche Cruz et al. (Alpuche Cruz and 

Duarte Aguilar, 2017) calculated the thermal balance of three houses located in different cities 

(Hermosillo - hot and arid; Colima-hot and humid; and Mexico City - temperate, within the 

Central Plateau) as built (without insulation), and with the NOM-020 parameters. They found 

that even after manually calculating the thermal balance of the homes under the NOM-020, 

houses in hot climates showed thermal imbalances, contrary to the one in Mexico City. Romero-

Romero (ROMERO-MORENO et al., 2020) conducted a similar study assessing the thermal 

balance of three homes in Mexicali (hot and humid climate) against the NOM-020 with a web-

based tool provided by the government (Mexico, 2022), reaching similar conclusions as those 

of Alpuche Cruz et al. However, no studies were found where a dynamic simulation tool was 

used to evaluate the parameters of the standard in the Central Mexican Plateau. Therefore, it 
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is necessary to study the effectiveness of the NOM-020 for temperate climates such as those 

found in the Central Plateau, ideally with larger samples and with calibrated dynamic 

simulations. 

 

6.4 Methodology      

 

6.4.1 Field study 

 

The field study stage was undertaken from March 2018 to February 2019 with 15 participating 

homes in the Toluca urban area. This study was undertaken on a “diagnose-solution” approach. 

That is, 1) we identified the thermal conditions of the studied homes, 2) we identified the thermal 

sensation of the occupants, 3) we analysed the health condition of the occupants, 4) we 

simulated different retrofitting outcomes, including the NOM-020 standard. The purpose of this 

study was to understand the house conditions during the cold periods, the effects of these 

houses on their occupant’s self-reported wellbeing, and potential solutions identified via 

dynamic simulations.  

 

6.4.1.1 Site 

 

Toluca is a city with approximately 900k people. However, fifteen cities attached to it result in 

an urban area with 2.3M inhabitants, making it the fifth most populated urban area of Mexico 

and the second with the largest area (Población), 2021). The city is located on the "Meseta 

Central Mexicana (Central Mexican Plateau). It is the highest city in North America, with 2600m 

of altitude. It has a Köppen climate classification of Cwb or "dry winter subtropical highland 

climate", an average temperature of 12.5 °C (s.d.=1.5 °C), and an average daily temperature 

swing of 15.1 °C (s.d.=4.3 °C), as seen in Figure 38. It has an average yearly precipitation of 



 

203 
 

 

113.4mm (s.d.=96.57mm), being the period from June to October the most humid and rainy 

with an average rainfall of 209.4mm (s.d. = 63mm), and average relative humidity of 78% (s.d. 

= 4.2%). These climatic conditions are not limited to this urban area, characterising others like 

Mexico City and Puebla, which altogether hold up to 30M people.  

The rainy season in the Central Mexican Plateau begins in July. The rain coupled with the 

altitude and few sunshine hours results in temperature decrements, as seen in Figure 38. In 

fact, the “cold” season in this region is considered to commence in September. Hence, we 

joined the data collected from September 2018 to February 2019, and called it the “cold 

season”. 

Figure 39 shows the location of these homes in relation to the weather station ("CODAGEM, 

METEPEC, 15266 (Clave OMM- 76675, Altitude 19° 17' 28", Longitude 99° 42' 51") where the 

climate data was obtained from. Only one weather station was used, consistent with other 

studies (Hughes and Natarajan, 2019). In addition, as Toluca lacks high-rise buildings, 

mountains within the city, and others that may create microclimates (i.e., street canyons), 

external climate conditions are consistent throughout the city and hence using one weather 

station may be considered valid.  

 

Figure 38 - Daily outdoor temperatures in Toluca from May 2018 to February 2019. Light grey represents the 

minimums, mid-grey represents the average, and dark grey the maximum. 
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Figure 39 - Location of the participating homes in Toluca and the weather station from which the external climatic 
data were obtained. (Source of the background image: OpenStreetMap® (OpenStreetMap, 2022), source of the 
house icon: (ibrandify, 2021)) 

 

6.4.1.2 Site visits and questionnaires 

 

The participants of this study were found through a two-step adaptive cluster (Thompson, 1990) 

that started with a pilot undertaken in March 2017 with eight homes and complemented with 

seven homes in January 2018. This was to ensure a lack of bias and comparability among the 

homes. This recruitment process was completed with targeted sampling (Watters and 

Biernacki, 1989b) allowing us to seek naturally ventilated homes built with solid block walls, 

single glazed windows, and concrete roof slabs. The study was advertised in schools, churches, 

and local markets in different areas of Toluca, where the type of house we sought 

predominated. only fifteen also agreed to take part in the health surveys.  

The study was promoted through Facebook and also posters in local markets, schools, and 

churches in Toluca, State of Mexico, Mexico. Twenty-six homes agreed to participate in the 
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main research, but in the end, only 15 householders volunteered to participate in the 11-month 

thermal comfort and health survey. The location of these homes and the weather station are 

described in Figure 39. 

 Every home visit took approximately 1.5 hours as these included 122 questions. Home visits 

were conducted every 6 weeks for 10 homes, and every 8 weeks for 5 homes between 9:00 

am and 8:00 pm. We always ensured that the same householder would respond to the 

questionnaire for every house. The first visit was made to gather data related to the dwelling 

(orientation, windows, doors), and personal information (income, gender, level of studies, and 

physical characteristics). All data was safeguarded according to the UK Data Protection Act 

(Kingdom, 2018), the Data protection guidelines of the University of Bath, and the Mexican law 

of personal data in possession of particulars (Mexico, 2007). The rest of the visit, and the 

subsequent, included thermal comfort questions (7-point scale, clothing, and physical 

activities), data monitoring via sensors described below, and completion of the self-reported 

health surveys. Further, the sensors included an energy consumption section, where they 

would tick on boxes with electronic equipment, and approximate daily usage. This was made 

to estimate internal heat gains that later were used at the building simulation stage. 

The surveys included questions related to self-perceived or known physical health problems 

(vision, ear, arthritis, cardiovascular, respiratory, and circulatory), self-perceived life satisfaction 

and self-worth (happiness, depression, love), anxiety (nervousness, powerless, restless, 

hopelessness), physical capacity (ability to walk half km, climb 10 steps, bend over, kneel, 

reach something above their head, carry a supermarket bag, pulling furniture, and go out to 

socialize). The full description of the contents of the health surveys is described in Appendix B. 

The questions related to self-reported health problems had a yes/no response type. Every yes 

was later transformed to 1 for our multi-linear regression analysis. As there were nine questions, 

a single home/respondent could obtain a maximum of nine points (if all questions were 

answered “yes”) in our “total score per home”. Later, we calculated a single mean per 
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home/respondent across all the surveys taken throughout the field-work stage. This resulted in 

the “Average total health problems score”.  

The other set of questionnaires related to Life satisfaction and self-worth, Life anxiety, 

Adaptation style, had interval-type responses ranging from never (0), to very often (5), and the 

Self-perceived physical capacity, the questionnaire had responses from extremely difficult (1) 

to very easy (5). In each of these topics, a single home/respondent could obtain a maximum of 

45 “points”. Similar to before, we obtained an average of the values taken throughout the field 

study stage, such as life satisfaction and self-worth score, average life anxiety score, average 

adaptation score, and average self-perceived physical capacity. Finally, questions regarding 

adaptive capabilities included how often they were using blankets, wearing extra layers, 

drinking hot beverages, switching the heating systems on, staying in bed later, taking hot 

showers, or leaving cold rooms The results of the adaptive responses are part of the scope of 

other article that is part of this research project. Hence this should be consulted for more details 

(Zepeda-Gil and Natarajan, 2021). The questionnaire used in this study was created for a other 

research project (Vellei et al., 2016). Further, it has proven to be successful within the research 

group of the University of Bath (Hughes and Natarajan, 2019), and hence it was also used here, 

as the scope and objectives were similar. Further information about the surveys and the full set 

of questions can be seen in Appendix A. 

 

6.4.1.2 Electronic sensors 

The sensors recorded air temperature (DS18B20, accuracy > ± 0.5 ◦C), and relative humidity 

(RHT03, accuracy > ± 2%) every five minutes at five-minute intervals averaged hourly. Sensors 

were placed in living rooms away from direct solar radiation and heat sources. The air velocity 

was measured with a calibrated anemometer ATP AVM-8880, where it was found that air 

velocity was <0.1 m/s. It is well established that under this condition,  𝑇𝑎𝑖𝑟 is a good proxy to 

𝑇𝑜𝑝. All the data collection was made under the requirements of the Class-II field study (De 

Dear et al., 1998), and the standard ASHRAE 55-2017 (ASHRAE, 2013a). As we understand 
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these sensors may fall short of compliance standards, they have been used in other research 

projects (Vellei et al., 2016, Elnaklah et al., 2021b). 

 

6.4.3 Indices 

6.4.3.1 Clothing and Metabolic activity 

The Metabolic Rate (𝑀𝐸𝑇) was calculated according to the methods suggested in the ASHRAE 

55 standard. Our calculations were made based on the activities we observed 15 minutes prior 

to the application of the questionnaire. Particular references were made to table A1 of the 

ASHRAE 55 (ASHRAE, 2013a). Participants described their clothing ensembles at a given 

table, where they would tick the piece of clothing they were wearing. After, these garments 

were matched against the values listed in Table B2 of ASHRAE 55 and computed following the 

“Method 2” guidelines of Appendix B of the same standard. 

6.4.3.2 Predicted Mean Vote and Predicted Percentage Dissatisfied model 

The Predicted Mean Vote (PMV) method aims to predict the thermal sensation vote (TSV) a 

person would elect from the 7-point scale survey. The PMV model uses the heat balance of the 

human body and considers the conditions of the internal environment and the effect these have 

on the clothes worn by the occupant (𝐶𝐿𝑂) and their metabolic activity (𝑀𝐸𝑇). 

𝑃𝑀𝑉 = (0.303 𝑒−0.036𝑀 + 0.028) 𝐿       Eq. 10   

Where 𝐿 is the difference between the heat loss to the environment and the occupant’s heat 

production, 𝑀 is the metabolic rate.  

The PPD index aims to quantitatively predict what percentage of people do not feel thermally 

comfortable in their environment, i.e., too cold or hot. The ISO 7730 standard defines this group 

as voting +2, +3, -2 and -3 on its 7-point scale. The PMV value is determined with the formula 

below (eq.2). 

𝑃𝑃𝐷 = 100 − 95 𝑒𝑥𝑝 𝑒𝑥𝑝 [−(0.03353 𝑃𝑀𝑉4 + 0.2179 𝑃𝑀𝑉2]    Eq. 11 
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The PMV and PPD were computed with an “R” script (Hughes et al., 2019), based on the 

equations from the ISO-7730 (ISO, 2005) (PMV eq. 1-4; PPD eq. 5). 

The PPD index is used as a predictor in our multiple regression analysis, described in section 

5.4.4. This is due to two reasons, 1) The PPD index already includes the PMV, which itself 

includes both environmental and personal variables described in section 1.1; 2) It only 

considers "cool (-2)" or "cold (-3)" votes, i.e., those who were thermally dissatisfied towards 

cold. 

 

6.4.3.3 Adaptive Model 

The adaptive method is based on the principle that the building occupant will adapt to a range 

of temperatures. This adaptation is made via a physiological (e.g., its body performs actions to 

return to the temperature of 37 ℃), psychological (acclimatisation), and behavioural (actions 

performed by the individual to be in thermal balance) processes. The thermal comfort band for 

naturally ventilated buildings is 7 ℃ wide for 80% of acceptability, centred around the 

comfortable temperature 𝑇𝑐𝑜𝑚𝑓 defined as: 

𝑇𝑐𝑜𝑛𝑓 = 0.31 𝑇𝑎,𝑜𝑢𝑡 + 17.8        Eq. 12 

Where 𝑇𝑎,𝑜𝑢𝑡 is the average external dry bulb temperature (de Dear and Brager, 2002). Further, 

the adaptive graph requires the operative temperature 𝑇𝑜𝑝 on the Y-axis. Our sensors only 

recorded dry bulb air temperatures 𝑇𝑎. As in indoor spaces there are minor differences between 

radiant and air temperatures (Walikewitz et al., 2015), many studies have assumed that 𝑇𝑎 is 

a good proxy to 𝑇𝑜𝑝 (Hughes and Natarajan, 2019, Hughes et al., 2019). Hence, the results in 

this article should be read as 𝑇𝑜𝑝 = 𝑇𝑎. 
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6.4.4 Regression Method 

 

The sensors that continuously monitored temperature and relative humidity allowed us to match 

this data against the thermal comfort and health surveys applied. Hence, a multiple linear 

regression was appropriate to create a model that could predict the “self-reported health 

problems'' variable, based on the others captured and monitored in this study (i.e., Median Life 

satisfaction and worth self-reported score, Median added adaptation score, Average PPD, Total 

days w/Underheating, House Age, Respondent´s Age, Average Physical self-perception score, 

Mean Life anxiety self-reported score, Average PMV). 

Similar field studies have used multiple linear regression for modelling subjects’ thermal 

sensation in a range of environments (Albadra et al., 2017). Similar field studies have used 

multiple linear regression for modelling subjects’ thermal sensation in a range of environments 

(Albadra et al., 2017). In addition, we also used multiple regression methods’ capacity for 

predicting a quantitative dependent variable based on data from other quantitative predictors 

(i.e., independent variables), given a series of assumptions (Field, 2009).The particular 

regression method chosen was a stepwise, backwards multiple linear regression. In this 

method, all predictors are first included in the model but excluded based on their contribution 

(Field, 2009). The significance value for a t-test for each predictor is compared against a 

removal criterion (in this case set to P ≤ 0.050): if the predictor does not make a significant 

contribution, then it is removed, and the model is re-estimated with the remaining predictors 

(i.e., reassessing the contribution of each remaining predictor). The stepwise backward method 

is considered preferable to the forward method due to suppressor effects and a lower risk of 

making a Type II error (Field, 2009). This statistical test was carried out using SPSS 21.0.  

 

6.4.5 Simulations 

After the eleven months of temperature monitoring were completed, the information about the 

house's geometry was poured into 15 different Design Builder® models. Some of these models 
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can be seen in Figure 40. The Design builder® (D.B.) software is a Graphical User Interphase 

(G.U.I.) that runs the 'Energy plus®' simulation engine. This software is widely used in energy 

and thermal simulation in buildings, and it is one of the few considered standard practice 

software in dynamic simulations (Wasilowski and Reinhart, 2009). The weather file was created 

with the open-source software LADDER® created by the Rocky Mountain Institute® (Mountain 

Institute, 2016) with weather data provided by the Mexican Water National Commission 

(Comisión Nacional del Agua – CONAGUA). The files were provided in Excel Binary File Format 

(XLS)       in hourly intervals of wet and dry bulb temperature, relative humidity, vapour tension 

hPa, cloud levels, wind speed, and wind direction. The files were provided in Microsoft  Excel® 

format, where one file corresponded to one month, and each day was in a different tab. Then, 

the data was poured into a single file for conversion through a Macro written in M.S. Visual 

basic®. 

Figure 41 shows the simulation process divided into three stages. The calibration process 

against our temperatures monitored is in Appendix J. The calibration of a computer model to 

real data is one of the most complex steps of a simulation study (Oberkampf and Trucano, 

2002). It compares the real data collected to the simulation results, proving the validity of the 

computer model for further studies and applications related to improving the house's thermal 

behaviour and Energy Conservation Measures (Yoon et al., 2003). One of the most accepted 

calibration techniques is to compare real monitored hourly data against the simulated  (Kaplan 

and Caner, 1992). The magnitude of the difference is evaluated with Mean Bias Error (MBE) 

and the Coefficient of Variation of the Root Mean Square Error (RMSE). A model is considered 

calibrated if these values are not above 25% (MBE) and 35% (RMSE), according to the 

ASHRAE Guideline 14 (Guideline, 2002), described in Eq. (4) and Eq. (5). Table 6 in Chapter 

3 shows the MBE and RMSE values for the different calibrations undertaken. The mean value 

for MBE is 12.5 (standard deviation = 3.6), and for RMSE is 15.2 (standard deviation =3.5). 

None exceeds the threshold values set by ASHRAE. The graphical check shows the 

comparisons in line and box graphs per hour is seen also in Appendix J. 
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𝑀𝐵𝐸 = 
∑𝑁𝑖

𝑖=1 (𝑀𝑑−𝑆𝑖𝑚)

∑𝑁𝑖
𝑖=1 𝑀𝑑

        Eq. 2 

𝑅𝑀𝑆𝐸 = 
√∑𝑁𝑖

𝑖=1 (
(𝑀𝑑−𝑆𝑖𝑚)2

𝑁𝑖
)

∑𝑁𝑖
𝑖=1 𝑀𝑑

        Eq. 3 

Where 𝑀𝑑 is the Monitored Data (via sensors, as described in 2.1.3), 𝑆𝑖𝑚 is the simulated data, 

𝑁𝑖 is the summatory of the dates used in the calibration. 

Figure 42 illustrates the cross-section details of the different parameters inputted to Design 

Builder®. The first set of simulations was the final calibrated model of the homes “as-built”. This 

includes a layer of a solid brick of 13cm, rendered on both sides by gypsum and cement on the 

inner and outer face, respectively. This layout corresponds to all of the homes used in this study 

and at least 73% of the total housing stock in Mexico (INEGI, 2017). The second was made 

with similar characteristics to the first and added double glazing. The third included the same 

15cm solid wall, with the addition of 3cm fibreglass insulation on the inner face of the walls and 

roofs with single glazing, as determined in the Mexican Standard NOM-ENER-020. The fourth 

was similar to the previous, but with 5cm of insulation as this is the standard industry size for a 

layer of glass fibre insulation. The fifth had 5cm of insulation and double glazing. The occupancy 

in all the simulations was set from 9:00am to 10:00pm, as suggested in the CIBSE TM59 

standard (CIBSE, 2017). All the simulations were undertaken with a 100mm concrete slab for 

the floor, as floors are not included in the Mexican standard NOM-ENER-020. The U-values of 

the different building envelope typologies are in Table 29. Internal heat gains from electronics 

were estimated from data obtained in the site visits, as described in section 2.1.2. Lighting was 

modelled with the default LED lighting template provided by design builder. For all the 

simulations, the mechanical ventilation option was switched off, as all our homes were naturally 

ventilated. With regards to natural ventilation, definition method was set by zone, establishing 

4 air changes per hour, rate established as the minimum recommended to residential buildings 

(ASHRAE, 2013b). 
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Figure 40 - Design builder models of some of the simulated homes. 

 

 

 

Figure 41 - Stages of the Simulation process. Stage 1 (Monitoring phase) consisted of obtaining the sensors, 
ensuring their correct operation, and placement in the different houses. Stage 2 (Modelling phase) surveyed the 
homes (measuring the perimeters, taking photographs). Later, these data were poured into D.B. to create the 
simulation models. Finally, Stage 3 (Simulation stage) consisted of simulations with the different building envelopes. 
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Figure 42 - Section drawings of the different building fabric typologies used in the dynamic simulations. Each cross-
section is explained below identified by its letter: a) as built; b) double glazing, no insulation; c) single glazing and 
3cm of insulation (as established by the NOM-ENER-020); d) single glazing and 5cm of insulation (standard 

practice); e) double glazing and 5cm of insulation. 

 

Table 29 - List of U-Values in Wm^(-2) K^(-1)for each “building fabric configuration” used in dynamic simulations. 
The letters at the top of the table correspond to the sections shown in figure 42. 

Building element a) b) c) d) e) 

Wall 2.97 2.97 0.91 0.56 0.56 

Roof 3.06 3.06 0.89 0.57 0.57 

Window 6.12 3.15 6.12 6.12 3.15 

 

6.4.6 Underheating 

The WHO establishes that the temperature range between 18°C and 24°C presents no risk to 

human health during sedentary activities in indoor spaces (WHO, 2018). Although existing 

literature (Hughes and Natarajan, 2019) and standards (CIBSE, 2017) confirm that the upper 

threshold may vary depending on other factors such as the outside temperature; many studies 
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agreed on the lower threshold to 18 °C (Daniel et al., 2019, Rudge and Gilchrist, 2007, Critchley 

et al., 2007), and even 20 °C for spaces occupied by vulnerable groups (Hughes et al., 2019) 

for naturally ventilated buildings. Other methods to evaluate this problem have been assessed 

(Thapa, 2021, Banhidi et al., 1985), however, they did not measure the severity of 

underheating, necessary to answer our research questions. 

 

The CIBSE TM59 Standard (CIBSE, 2017) was first used as a benchmark to develop an 

underheating model. This standard considers that the building must provide thermal comfort by 

its means, i.e., without the inputs of external air conditioning or heating devices. This principle 

was a key consideration, as our sampled homes in the Toluca Valley do not use central heating. 

The TM59 defines ΔT as the difference between 𝑇𝑜𝑝 and 𝑇𝑚𝑎𝑥. Moreover, this difference should 

not exceed 1 𝐾 for more than 3% of the occupied hours. This means that a space can be 

considered overheated if 𝑇𝑜𝑝 = 26 ℃ and 𝑇𝑚𝑎𝑥 =  24.93 ℃. In contrast, the lower threshold must 

not contain this flexibility, as the 18 ℃ becomes more accepted as a “healthy temperature 

threshold”. Hence, we define ∆𝑇𝑚𝑖𝑛 as the difference between 18  ℃ and 𝑇𝑜𝑝, when 𝑇𝑜𝑝 < 18 ℃ 

being: 

∆𝑇𝑚𝑖𝑛 = 18 − 𝑇𝑜𝑝       Eq. 13 

 

Our Criterion 1 Considers the hours of exceedance to the lower threshold ( 𝐻𝑒,𝑙𝑜𝑤), where the 

total amount of hours where ∆𝑇𝑚𝑖𝑛  > 0 is should not exceed 3% of the year. This 3% maximum 

percentage is based on the standard TM52.  

Criterion 2 assesses the severity of underheating. It is well established that exposure to 

temperatures below 18 ℃ damages the health of the occupant —however, the lower the 

operating temperature, the more damage. For example, Saeki et al. (Saeki et al., 2014) found 

that the blood pressure of the adult population in their study worsened when the temperature 

dropped one ℃. In addition, Shiue et al. (Shiue and Shiue, 2014) found that the risk of high 

blood pressure rises when subjects spend time in temperatures below 16 ℃. In addition, a 
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house exposed to temperatures below 14 ℃ encourages mould growth, affecting the health of 

its occupants (Zock et al., 2002). Hence, we deemed it necessary to evaluate the severity of 

underheating in the homes in this study. Criterion 2 uses a metric based on the heating degree 

day (HDD) (Thom, 1954). This metric is used as a proxy to calculate the energy needed to heat 

a space. The HDD formula is seen below: 

𝐷 =  18.3 −  𝑡, 𝐷 ≥ 0      Eq. 14 

Where 𝐷 is the degree day, and 𝑡 is the average daily temperature in ℃. Disregarding the 

fractional part, we propose that our model measures the severity of underheating as 

𝑈ℎ𝑑𝑎𝑦 =  18 −  𝑡, 𝑈ℎ𝑑𝑎𝑦  ≥ 0     Eq. 15 

Where  𝑈ℎ𝑑𝑎𝑦 is the underheated day, and 𝑡 is the average temperature of any day in ℃ of all 

the monitored (or simulated) hours equal or below 18℃. The Kelvin hours (Kh) above 18 ℃ are 

not considered in this metric. Hence, if a sensor captures readings as described in Table 30 

 

Table 30 - Example of monitored hourly temperature data 

Hour 0 01:00 02:00 03:00 04:00 05:00 

Temperature in ℃ 

(morning) 

16 16 16 16 15 16 

Hour 06:00 07:00 08:00 09:00 10:00 11:00 

Temperature in ℃ 

(morning) 

17 18 19 20 20 21 

Hour 12:00 13:00 14:00 15:00 16:00 17:00 

Temperature in ℃ 

(morning) 

23 23 21 21 21 20 

Hour 18:00 19:00 20:00 21:00 22:00 23:00 

Temperature in ℃ 

(morning) 

18 18 18 17 17 16 
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i) There will be ten data points (Kh) with temperatures higher than 18 ℃ (8:00h – 17:00h) ii) 

The remaining 14 Kh are then equal or less than 18 ℃ (0:00h – 7:00, & 18:00 – 23:00). The 

mean, in this case, will be calculated over the fourteen (ii) Kh where 𝑇𝑜𝑝  ≤ 18 ℃ (0:00h – 7:00, 

& 18:00 – 23:00).  Kh, iii) Hence, 𝑡 = 16.7 ℃. 

This criterion is defined as: if the 𝑈ℎ𝑑𝑎𝑦 ≤ 1, and the daily temperature average where 𝑇𝑜𝑝  ≤

18 ℃  the space will be considered as “mild underheated. If 𝑈ℎ > 1 and  ≤ 2, the space is 

medium underheated. Finally, when 𝑈ℎ ≥ 3, the space is considered severely underheated.  

 

6.5.0 Results 

6.5.1 Home’s characteristics 

The homes studied had on average three occupants per house (sd= 1.1), the average age of 

the householders was 40 years old (sd = 12.8 years), while the average age of the homes was 

23.5 years (sd = 17 years).  Only 5% of households used any kind of external heating systems 

(including electric heaters and ethanol chimneys) to raise the temperature of their homes, and 

these were used “rarely”. This may be because 60% of the respondents claimed to have some 

difficulties (even described as “small”) to keep up with their energy bills or be in energy poverty 

reported in the questionnaires. Moreover, the most common strategies to achieve a personal 

thermal balance were related to the use of clothing, since 66.2% of the participants affirmed 

that they used more than two layers of clothing when they felt “too cold” at home. Further, during 

the winter site visits, the interviewees affirmed having various layers of clothing, equivalent to 

1.2 to 1.6 𝐶𝐿𝑂 according to Table B2 from Appendix B of the ASHRAE 55 standard. In these 

cases, the building would not meet the criteria set in the ASHRAE 55 since it is no longer valid 

when 𝐶𝐿𝑂 values are above 1.5. 

To observe the contrast of internal temperatures across the seasons, Figure 43 presents a 

heatmap of the monitored bedroom temperatures averaged per hour for the different seasons. 

For the hot seasons of Spring and Summer, the living rooms´ mean temperature was 21.4 °C 
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(sd = 2.5 °C) and 20.4°C (sd = 3.38 °C) respectively. However, in Autumn, the average 

temperature drops to 18.7 °C (sd = 3 °C), slightly above the WHO recommended threshold. 

Worryingly, Winter's average living room temperature was 17.7 °C (sd = 3.2) below the WHO 

threshold. The nearly null use of heating systems during cold seasons could also be observed. 

For this period, most homes (i.e., except for id11, id14, and id16) averaged temperatures 

between 15 °C and 20 °C, especially during the night hours. Figure 44 shows the cumulative 

graph of the hours monitored during the whole study, compared against the “cold season”. It 

shows that 50% of the monitored hours recorded temperatures below 18°C for 60% of the 

houses. This problem is exacerbated during the cold season, where only 20% of the houses 

presented more than 3% of the total recorded hours above 18°C.  

Figure 45 shows the seasonal box plots of the monitored living room relative humidity measured 

across the Spring, Summer and Autumn 2018, and Winter 2018-2019. The average relative 

humidity throughout the whole monitoring period was 35% (sd = 7%). This remained consistent 

throughout the year (Spring: 32.5%, sd = 6.7; Summer: 37.4%, sd = 6.4%; Autumn: 37.5%, sd 

= 8.1%; Winter: 31.9%, sd = 8%).  
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Figure 43 - Heatmap of each house's seasonal living room temperatures across 2018 (Spring, Summer and Autumn) 
and 2019 (Winter). 

 

Figure 44 - Hourly living room temperatures for the length of the study (left) and those in the cold season (right). The 
cold season comprises the period from 1st of October to 28th of February. The dashed horizontal blue line shows 
the limit of hours (3%) that the homes must not exceed before meeting the dashed red vertical line, which represents 
the 18 °C temperature threshold recommended by WHO. 
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Figure 45 - Ranked living room relative humidity by season. The red dotted line represents the mean. 

6.5.1.1 Underheating 

Criterion 1 shows that only two houses did not present underheating for the annual period, as 

seen in Figure 46. On average, there were 32% underheated hours (sd = 20%) for the annual 

period. However, this figure rose to 47% (sd = 26.5%) for the cold season. The high standard 

deviations for both periods suggest a great disparity in the number of underheated hours within 

our sample. Three differences were found between the underheated hours of the cold and 

annual periods. Those (id 30 and id 27) that for the annual period average 26% (sd = 0.35%), 

those (id4, id 28, id 2, id 22) that averaged 45% (sd = 4.1%), and the most critical (id 40, id 38, 

id 9, id 24, id 39, id 7) with an average of 59% (sd = 10.6%) of underheated hours. 
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Figure 46 - Percentage of underheated hours according to criterion 1. 

 

Figure 47 shows the number of underheated days according to criterion 2 [Severity of 

underheating]. First, long diurnal temperature swings described in section 2.2 are reflected in 

the summer months. This is evidenced by the fact that there were on average 31.4% of hours 

below 18 °C, indicating underheating even in warm periods. resulting in 66% of the houses 

showing light underheating throughout the year, as only one house (id11) did not present any 

underheated day. There was an average of 4.2 (s.d. = 6 days) lightly underheated days during 

May and June. This number increased to 11.5 days on average (s.d. = 1.2 days) from July to 

October. However, it decreases to an average of 6.4 days (s.d. = 2 days) from October 2018 

to February 2019. The number of medium and severe underheated cases increases. 

 

Regarding the medium underheated houses from May to October, this issue was only present 

on average for 1.7 days (s.d. = 1 day). This figure rises to an average of 6.2 days (s.d.=1.3 

days) from October 2018 to February 2019. Even though there was an average of 0.5 (s.d. = 1 

day) days from May to October of severe underheating during the cold period, November to 

January showed a worrying number of 10.2 severely underheated days (sd = 0.9 days). In 
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addition, the extreme cases of id24 (30 days of severe underheating during December), id38 

(28 days), and id40 (30 days) were seen. 

 

Figure 47 - Number of underheating days per home split monthly according to criterion 2. 

 

6.5.2 Dynamic simulations 

6.5.2.1 Home’s characteristics 

After diagnosing the vast majority of homes in this study (93%) as underheated, several 

retrofitting options were simulated as described in Section 2.5. The addition of the double 

glazing resulted in an average 𝑇𝑜𝑝 increase to 20.6 °C (s.d.= 7.3 °C). However, the significant 

standard deviation indicates that some houses (i.e., id7, id14, id28, and id38) still presented 

hours below 18 °C. Adding insulation showed a substantial change compared to the previous 

two simulations. Living room temperatures under the NOM-020 parameters (with 3cm of 

insulation) averaged 22 °C (s.d. = 2.5 °C), and homes with double glazing and insulation 

averaged 23 °C (s.d.= 2.4 °C). For all simulations using the insulation parameter, the yearly 

average was always above the 18 °C thresholds, as seen in Figure 48. 
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Figure 48 - Boxplots of internal temperatures, where the light grey (first from left to right) corresponds to the 
temperatures monitored with sensors. The blue boxes (second from left to right) correspond to the simulations with 
double glazing, the green (third from left to right) to the homes only with insulation, and the white (fourth from left to 
right) correspond to the ones under the NOM-ENER-021 parameters. 

 

6.5.2.2 Thermal comfort 

The results presented in this section comprise both the monitored and the simulated 

environments matched against the adaptive model from the ASHRAE 55 Standard, as seen in 

Figure 49. In all cases, it is still possible to see data points below the 10 ℃  low threshold of the 

ASHRAE 55. However, it is possible to observe more data points within the ASHRAE 55 comfort 

band in the retrofitting cases. For the monitored data, 30% of the living room hours were within 

the 80% acceptability limits. This percentage is increased to 40% only with double glazing. 

There is a noticeable change when insulation is adhered to ceilings and walls, as 50mm of 

fibreglass increased comfort hours to 67%. The comfort hours increased to 65% when using 

the parameters established under the NOM-020. 
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Figure 49 - Adaptive approach graphs showing the Outdoor running mean temperatures [°C] (x-axis) and the Indoor 
operative temperature [°C] (y-axis) of the homes included in this study against the parameters established in the 
ASHRAE 55 standard. The segmented line (inner) represents 90% acceptability. The continuous (external) line 
represents 80% acceptability ASHRAE thresholds. Finally, the spots represent one hour (monitored or simulated). 
The top left (grey) shows the monitored (actual) temperatures. The different simulations provide the remaining 
results, as stated in each graph's title. 
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6.5.2.3 Underheating 

The application of criterion 1 [Hours of exceedance to lower threshold] shows a considerable 

decrease in underheated hours for both the annual and cold periods, as seen in Figure 50. The 

addition of double glazing lowered the number of underheated hours compared to the calibrated 

models on average 15.4 hours (sd = 9.5 hours) for the annual period and the average of 18.5 

hours (sd = 11 hours) for the cold season. The insulation alone considerably reduces the 

number of underheating hours, since these were reduced on average 34.2 hours (sd = 13.5 

hours) and 40 hours (sd = 12.8 hours) for the annual and cold periods, respectively compared 

to the calibrated models. The combination of insulation and double glazing resulted in a slight 

increase of 2 °C (in both periods) concerning the batch that only included insulation. Finally, 

the simulations based on the NOM-020 standard resulted in an average reduction of 28.5 hours 

(sd = 13.5 hours) for the annual period, and 31.3 hours (sd = 12.7 hours) for the cold period. 

 

 

Figure 50 - Percentage of underheated hours according to our criterion 1 after simulations 
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Regarding criterion 2 [Severity of underheating],, Table 31 shows the average days per month 

of the different underheating models. An average of 6.5 light underheated days per month (sd 

= 1.8 days) was observed within our calibrated models. It is alarming that some homes (id4, id 

9, id14, id24, and id28) averaged 13.3 days per month (sd = 2.1 days). Regarding the medium 

overheated houses, an average of 3.2 days per month was observed (sd = 1.2). Although on 

average, 1.6 days of severe underheating were observed (sd = 2.2 days), it is worrying that 

during the cold period, this rises to 8.6 days (sd = 4.5 days). The average light underheated 

days is reduced by 52% with double glazing. However, 3.8 days per month (sd = 2.6 days) of 

light underheating are still observed during the cold period. In addition, a high number of 

medium underheating days (2.7 days, sd = 1 day) is observed for the cold period. It is not until 

the insulation is added that a significant reduction in underheated days is observed, mainly 

medium and severe, from 3.5 days per month to 0.3 days. With the NOM-020 standard 

parameters, all cases of severe underheating are reduced, except three houses (id7, id24 and 

id38). Some homes (mean=4.6, sd=3) still presented light and medium underheating days in 

the models with insulation during November and December (mean=3, sd=2.6), where five 

houses (id4, id9, id14, id28) present at least seven days of light underheating. The complete 

results of the evaluations according to criterion 2 are found in Appendix K. 

 

Table 31 - Average days per month with light, medium and severe underheating 

  Calibrated Double 

Glazing 

Insulation D G and 

Insul 

NOM-020 

Light mean 6.5 3.1 0.7 0.6 1.3 

sd 1.8 1.1 1 1 1.2 

Medium mean 3.5 1.3 0.3 0.3 0.7 

sd 1.2 1.2 0.6 0.5 1.2 

Severe mean 4.1 1.6 0.3 0.1 0.6 

sd 4.1 2.2 0.6 0.3 1 
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6.5.3 Predictors of self-reported health problems 

Results for the best-fit final multiple linear regression model (R2 = 0.91, F (4,14) = 28.4, P > 

0.01, N = 15) suggest that the PPD index was a first, significant, positive, and strong predictor 

of “Average total self-reported health problems score”. The second-best predictor was the 

"Median Life satisfaction and worth score"; third, the "Median added adaptation score" was also 

a significant and negative predictor. “Total days w/underheating” was a last significant and 

positive predictor (Table 32). 

In contrast, variables such as "House age", "Respondent's Age", "Average Physical self-

perception score", "Mean Life anxiety score", and "PMV" were all non-significant and were thus 

excluded (Table 33). PPD was positively correlated with Median added adaptation score (r = 

0.54; p = 0.37) and Median life satisfaction and worth score (r = 0.23; p = 0.41) but negatively 

correlated with “Total days w/Underheating” (-0.09; p = 0.74). The Median added adaptation 

score and the Median life satisfaction and worth score were positively correlated (r = 0.24; p = 

0.39). The correlation between Total days w/Underheating and Median life satisfaction and 

worth score (r = 0.1; p = .71) and that between Total days w/Underheating and Median added 

adaptation score (r = -0.21; p = .45) were also non-significant, as seen on Figure 51. 
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Table 32 - Best-fit final stepwise linear regression (backward) model with Average total self-reported health problems 
score as the dependent variable for 15 homes in the city of Toluca, State of Mexico, Mexico. 

 Predictor B SE StB t P Tolerance VIF 

(Constant)  4.47 0.37  12.87  

>0.01 

  

 Median Life satisfaction 

and worth self-reported 

score 

-.45 .061 -.71 -7.51 >0.01 0.91 1.10 

 Median added 

adaptation score 

-.053 .018 -.32 -2.94  

0.015 

0.66 1.51 

 Average PPD 0.06 .008   

.89 

8.21 >0.01 0.69 1.44 

 Total days 

w/Underheating 

0.003 0.001 .25 2.68 0.023 0.93 1.07 

*R2 = .91; Adjusted R2 = 0.88; F(4,14) = 28.40, P > 0.01, N = 15. 

  

Table 33 - Excluded variables for the best-fit final stepwise linear regression (backward) model with Average total 
self-reported health problems score as the dependent variable for the data of 15 homes in the city of Toluca, State 
of Mexico, Mexico. 

 Beta 

in 

t P  Partial 

correlation 

Tolerance VIF 

House Age -.91 -.96 0.36  -.30 .905 1.106 

Respondent´s Age -.018 -.18 0.86  -.059 .847 1.181 

Average Physical 

self-perception 

score 

.131 1.25 0.24  .384 .699 1.431 

Mean Life anxiety 

self-reported score 

-.087 -.71 0.498  -.229 .563 1.777 

Average (PMV) -.137 -1.03 0.328  -.326 .461 2.172 

 



 

228 
 

 

 

Figure 51 - Relationships among predictors of “Average total self-reported health score” in the best-fit multiple linear 
regression model (backward method; R2 = 0.91; Adjusted R2 = 0.88;) distinguished by whether predictors are of the 
environmental origin or personal adaptive strategies. Direct effects are displayed by straight arrows, whereas 
correlations among predictors are described as curved arrows. Variables composing the “PPD” index are pictured 
within a lighter-shaded box (upper-left corner) for informative purposes only. 

 

6.5.0 Discussion 

6.5.1 Underheating 

 

Regarding the temperatures monitored, results suggest that the building envelope of most 

houses on the Central Mexican Plateau are not fully capable of providing adequate 

environments for their inhabitants. However, a straightforward solution seems to lie in the 

adequate enforcement of the NOM-ENER-020 regulation. Moreover, improving internal 

environments in houses on the Plateau could reflect improvements in its population's self-

perceived health. However, the significant disparity in percentages of hours of the monitored 

houses that did not pass our underheating model (i.e., id38 and id40 having at least 90% of the 

days in December and January severely underheated, against id27, and id28, having 16%) 

suggests external causes for the low temperatures. When reviewing the characteristics of the 
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houses (Appendix B), we found that there is no apparent common denominator that can explain 

this disparity. The number of inhabitants per house is varied, all the houses have different 

orientations, and people of different income levels inhabit all. Our results seem to suggest that 

the disparity may be due to different levels of airtightness in these houses. Unfortunately, to 

date, no study in Mexico has defined average permeability (𝑚3/ℎ𝑟/ 𝑚2 @ 50 𝑃𝑎); hence, this 

should be studied further. 

The different simulations suggest that the single addition of double glazing does not significantly 

reduce the number of underheated hours. Further, the average temperatures between the 

models with insulation and single glazing against those with insulation and double glazing only 

provide an average temperature rise of 2 °C. This does not seem worth the investment, as 

double glazing windows are still new in Mexico, making their manufacture and installation 

costly. Hence, they are not recommended as a retrofitting strategy for the homes in our sample 

or the whole Meseta. Although the models simulated under the NOM-020 parameters did not 

meet our 3% target, considerable amounts of underheated hours were reduced. Therefore, this 

suggests a need to enforce the NOM-020 standard in the region similar to the UK’s Warm Front 

scheme (Watson and Bolton, 2013), coupled with adequate air leakage measures. Further, the 

current U value for the region of Toluca is set to 0.97 𝑊𝑚−2𝐾−1. However, our simulations 

provided that this value must be tied to the ones set for hotter states like Nuevo Leon (0.56 

𝑊𝑚−2𝐾−1). 

 

6.5.2 Underheating and health 

A model of the relationships between thermal comfort and self-reported health indices supports 

previous findings by both Patino et al. (Diaz Lozano Patiño et al., 2018) and Ormandy et al. 

(Ormandy and Ezratty, 2012), suggesting that self-reported indicators of poor health have 

significant associations with perceptions of poor thermal comfort (i.e., PPD). Moreover, our 

results suggest that an interaction of both environmental factors and personal adaptive 

strategies can be used as predictors of self-reported health problems, at least for this small 
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sample of houses in Mexico. Furthermore, these results concur with the multidimensional 

characteristics of the adaptive approach to human thermal comfort, based on physiological 

acclimatisation, behavioural adjustment and psychological adaptation (Brager and De Dear, 

1998, Albadra et al., 2017) against environmental (i.e., thermal) insult (De Dear et al., 1998). 

Conversely, the substantial predictive influence of both PPD and total days w/Underheating 

upon Average total self-reported health problems score suggests that subjects perceive 

environmental insults (i.e., temperature drops, dampness, cold winds) and elicit physiological 

responses, and even influence their psychological welfare. In this regard, it is interesting to 

observe that the significant negative relationship between self-reported health problems and 

self-worth perception and life-satisfaction may suggest that subjects with a better self-regard 

tend to report fewer health problems. 

In contrast, however, those same results suggest that as subjects have a worse self-perception, 

they also report more health problems, perhaps even increasing the possibility that resulting 

psychological stress worsens any health condition. On the other hand, a behavioural aspect of 

the model is underlined by the possibility that, despite the environmental insult, subjects with 

higher adaptive capabilities (which may or may not include income-based adaptive responses) 

can reduce their self-perception, i.e., consider that they experience more (or worse) health 

problems. The inverse interpretation is also of interest: as subjects can exert worse adaptative 

strategies (one of the possible reasons could be related to lower incomes), they may consider 

that they have more health problems or perceive their health as worse. The correlations 

between predictors complete this interesting scenario. Dissatisfaction with the environment and 

house underheating increase subjects' display of adaptive responses, with those with higher 

self-regard and higher life satisfaction showing more (or more intense) adaptive responses. 

Finally, the positive correlation between PPD and Life satisfaction and worth suggests that 

subjects with higher self-regard and better self-perception may be capable of responding either 

more frequently, more intensely or even with more significant monetary investments towards 

any perceived dissatisfaction found in their immediate environment.  However, such a response 
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could be discouraged if subjects have insufficient financial means to exert a compensatory 

response or lack the sufficient psychological drive to display a resolutive behavioural response. 

6.6 Conclusions 

 

The houses in our sample were well below established thermal comfort standards and below 

the parameters set by our underheating model. Further, both a higher Predicted Percentage of 

Dissatisfaction (PPD) and more days with underheated homes lead to poorer self-perception 

of both physical and mental health. As subjects feel worse in their internal environments, the 

worse their self-reported mental and physical health is, i.e., the less satisfied they feel at home. 

The results of this study of cold comfort in Mexico align with the vast body of literature on cold 

comfort in hot countries. Paradoxically, the less extreme the Winter, the lower the internal 

temperatures and the greater the cold discomfort. In addition, we found that these events also 

correlate with worse self-perceived health. In the case of the Central Mexican Plateau, the 

external air temperatures are not close to what is considered an extreme environment. 

Nevertheless, the vast majority of homes were underheated. Furthermore, a crucial result 

provided by dynamic simulations is that it is possible to reduce heat losses if the unenforced -

yet mandatory- standard NOM-ENER-020 was strictly applied. Further, it found that the U-

values provided in this regulation should be stronger for the cities within the Meseta Central 

Mexicana, similar to the hotter states. The findings of our PPD – Self-reported health 

relationship model suggest that raising internal temperatures in Winter could also contribute to 

raising subjects ‘self-reported health perceptions.  

Future research should take three primary aspects into account. The first is to undertake a 

study based on a larger sample to confirm our results. The second should be a pilot retrofitting 

test with a sample of houses whose envelope meets the parameters established in the NOM, 

compared with houses in a similar condition but without proper insulation. Finally, a cost-benefit 

analysis is needed. There is a need to investigate the cost of retrofitting the housing stock of 
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the most vulnerable, examining the benefit of a substantial investment reflected in lowering 

spending on medicines in the region and better health of the population in the Plateau  
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Chapter 6 - Postscript 

Results from this chapter have examined for the first time the effects that the home's internal 

low temperatures cause to the householders in the Central Mexican Plateau. The diagnosis 

was made through our underheating model, which was applied both to the monitored data and 

the dynamic simulations. When performing a multilinear regression between the PPD index and 

the self-perceived health questions, it is noted that the greater the thermal dissatisfaction of the 

subjects in our sample, the worse the self-perceived health condition, both physical and mental. 

This can be interpreted as the worse the thermal comfort of the householders in the Central 

Plateau, the worse their self-perception of physical and mental health. However, the remedy 

seems to lie with the enforcement of the NOM-020 standard. The simulations made under the 

NOM-020 parameters showed a significant decrease in underheated hours. Therefore, this 

chapter was able to answer the RQ1, as a clear relationship between the cold temperatures 

found from September until February, and the householder’s self-reported mental and physical 

health was found. For instance, this chapter examined how high thermal dissatisfaction and 

underheated days increased health problems in this population. Further, it was found that a 

wide range of adaptation opportunities lead to better self-perceived health. This confirms the 

need for homes to be capable of providing thermally comfortable environments by themselves, 

which may be possible if the NOM-020 standard was enforced, according to the results of our 

simulations.  
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Chapter 7 - Conclusions and future work 

This thesis presents the findings of the first temperature monitoring study undertaken in Mexico 

during 11 continuous months complemented by monthly, 6-week, and bi-monthly visits where 

thermal comfort, as well as self-perceived health surveys, were applied. This project included 

groups of all socioeconomic backgrounds that inhabited houses built under similar conditions 

to understand better the thermal behaviour of the homes in the central Mexican plateau region. 

Aspects such as the 𝑇𝑆𝑉, 𝑇𝑃𝑉, behavioural adaptations during thermal discomfort and self-

perceived health were investigated. 

This work resulted from the abundant literature highlighting the conditions of cold discomfort in 

countries seen as warm or with mild winters, coupled with the lack of literature on the context 

of the central Mexican Plateau, which had received little attention until now. Before this thesis, 

the internal temperatures of the houses of the Central Plateau were unknown. In addition, a 

knowledge gap was found on whether they met the thermal comfort standards and the minimum 

health thresholds recommended by the WHO. This thesis was built based on other temperature 

monitoring studies undertaken under similar methods and focused on neglected populations. 

To this end, the three research questions formulated as the foundation of this thesis were 

addressed as follows: 

7.1  What is the state of the art of "green building" regulations in Mexico, and how 

does this benchmark against other Latin American countries?  

This question was examined in Chapter 3 of this thesis. This comparative study analyses all 

the enacted green regulations for the nine largest countries in population and economy in the 

Latin American region. These types of strategies have been adopted around the world to reduce 

or control the energy consumption of buildings. Given that the most significant city growths in 

the world are expected in Latin America, it is essential to know that the new and rebuilt buildings 

have a low carbon footprint. 
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This question is relevant to this thesis because it is based on the hypothesis that the houses 

on the Plateau cannot provide minimum thermal comfort conditions. It was essential to revise 

state of the art in the existence, application and relevance of the rules that guarantee thermal 

comfort. Due to similarities in culture, traditions, language, socioeconomic conditions, and 

construction methods, all regulations that deal with energy-saving issues were examined to be 

used as a benchmark or reference. 

This study concludes with various common denominators across this region. Despite the fact 

that there are actually sufficient rules in the reviewed Latin American countries, these remain 

only on paper. It was observed that they are hardly enforced due to various reasons such as 

lack of technical knowledge from the building inspectors who approve construction permits and 

corruption. In addition, it was observed that successful rules were designed under the Economic 

Incentives (EI) scheme. Two rules were identified that were considered for a deeper study at a 

later stage. The voluntary standard NMX-C-7730-ONNCCE-2018 is a copy of the international 

standard ISO 7730 that includes the PMV thermal comfort model and the NOM-ENER-020 that 

deals with heat transfer on the building's envelope. 

7.1.1Contributions to knowledge 

This chapter created a review of all the rules that deal with “green building” topics in the six 

largest countries of Latin America, and three representatives of central America. The main 

contribution was to identify that the best strategies for successful rules in the region were 

developed under the Economic Incentives (EI) approach. The reviewed literature on policy 

evaluation (Crabbé and Leroy, 2012) details that successful rules should be done where all 

actors are involved when creating the rule, from developers to homeowners. Further, successful 

rules come with an evaluation strategy before being enacted. 

  

 In contrast, the rules under the Command and Control (CAC) scheme were not successful. 

Some of the reasons behind this unsuccess were that some rules were imported from other 

countries with different geographical, climatological, and cultural contexts. Other reasons were 
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the lack of technical knowledge to enforce standards that were too difficult to understand for 

building inspectors, strict rules, and corruption. 

The main contribution of this chapter was to create a review that allows for “cross-fertilization” 

across the region. This was also proven to be successful, as countries like Panama and 

Colombia had already imported successful rules and standards from Mexico with positive 

outcomes so far. In terms of the validity of these contributions, similar policy review research 

(Janda, 2009) was first undertaken in 1993 and then updated in 2008. This left a gap of 15 

years that may be a relevant time gap to update this chapter, follow up on the identified policies, 

review if the goals for 2030 were set, and finally identify new ones. 

 

7.2 Are the residential buildings on the central Plateau capable of providing 

thermal comfort? 

 The large housing deficit in Mexico, both qualitative and quantitative suggests the need to 

study whether current construction systems can provide minimum thermal comfort to its 

inhabitants. There is an annual budget to either build or rehabilitate existing homes of £ 9.4B 

(245B Mexican pesos). Hence, it is necessary to examine whether this investment is well spent. 

Continuous monitoring of residential buildings showed high internal temperature fluctuations in 

houses. However, even though 46% of the houses failed the overheating criteria established 

by the CIBSE TM59 standard, the TSV's trend showed comfortable votes in overheated 

temperature ranges. In addition, it was seen that 70.3% of the comfortable votes TSV∈ [-1, + 

1] were taken during periods of the year in which the average outdoor temperature is around 

15 ° C. 

In contrast, the percentage of comfort votes was 47.5% in winter. In addition, the analysis ran 

under the adaptive model showed that only 22% of monitored hours were within the comfort 

band. Then we can conclude that our participants are better adapted to hot climates—however, 

a severe problem with cold housing was identified in this region. 
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Regarding the standards reviewed in the previous chapter, we find that the Mexican 

Government incorporates the PMV / PPD model through its voluntary standard NMX-C-7730-

ONNCCE-2018 (Mexico, 2018b). However, our findings suggest that this model cannot predict 

thermal Comfort in Mexico during cold seasons. This is worrying because this period showed 

the most significant thermal discomfort. This cold comfort can indicate alternate effects other 

than a simple thermal discomfort, such as morbidities related to prolonged exposures to low 

temperatures. 

7.2.1 Contributions to knowledge  

This chapter examined the results of a thermal comfort survey undertaken in the Toluca Valle, 

within the Central Mexican Plateau. It found that 83% of comfort votes were in summer against 

47.5% in winter. This result is important, because it denotes a significant adaptation to warmer 

temperatures of this population, even in cases of overheating, contrary to Autumn and Winter, 

where it was observed that to counteract thermal discomfort, adaptations were only undertaken 

during the cold period. 

Another interesting finding is that the computed neutral temperatures were seasonally 

independent, contrary to the expected. Usually, neutral temperatures in Winter are lower than 

those found in Summer. However, in this study the opposite was found, being an indication of 

thermal alliesthesia. 

The main contributions to knowledge of this chapter are first, the dataset created and publicly 

available to other researchers for a better understanding of different research questions, but 

that deal with the thermal conditions and thermal sensations of people in this area. Second, the 

field study undertaken for this chapter was the first Class 2 survey under the parameters of the 

stead-state and adaptive thermal comfort models in the city of Toluca, Mexico. Hence, the main 

achievements of this chapter were to find that the PMV model cannot predict thermal comfort 

in the Central Plateau, and yet, the standard ISO 7730 that includes this model was adopted 

by the Mexican government as the official thermal comfort standard. Further, this chapter 
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proposes a translation of the 7-point thermal comfort scale to Spanish from Mexico to avoid 

confusion with the existing one translated to the different Spanish from Spain. 

 

7.3 How do the low temperatures found in the houses of the Central Mexican 

Plateau affect both the physical and mental health of its occupants? 

Moreover, what possible solutions exist to remediate the problem? 

Chapter 5 examines the results focused on the cold discomfort observed in chapter four and 

the relevant regulation found in chapter three. The health surveys applied during the fieldwork 

stage were examined with a multiple linear regression analysis. This was used to determine 

whether the PPD index was related to the physical and mental health indicators questioned 

during the interviews. The best linear multiple regression model was where the PPD index 

predicted the self-reported health problems variable. These findings suggest that the greater 

the thermal dissatisfaction, the worse the self-reported health condition will be within the 

sample. This variable included questions in which the respondent affirmed to have problems in 

vision, ear, cardiovascular, arthritis, circulatory, respiratory hypertension and depression. 

When identifying these problems, the next objective was to find the best retrofitting options, 

including ones under the parameters established in the standard NOM-020-2012. It was found 

that its adequate enforcement can result in a considerable improvement in internal 

temperatures according to our underheating model, as well as the adaptive model. This finding 

provides the evidence needed to consider an enforcement campaign to be considered in this 

standard, which would potentially impact the quality of life of 30M people who inhabit the Central 

Plateau.7.3.1 Contributions to knowledge 

7.3.1 Contributions to knowledge 

This chapter examines in depth the results of the cold discomfort discussed in Chapter 4. At 

first, the data monitoring results from the field study stage were analysed through an 

underheating model. This model was created based on the CIBSE TM59 standard, and the 

Heating Degree Day index. It took as a starting point the 18 °C established by the WHO as the 
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lower threshold for healthy homes. The underheating model provided that most of the homes 

are in fact providing temperatures below the thresholds recommended by WHO. In addition, 

this chapter discusses the enforcement of the NOM-020 standard on average 31.3% of 

underheated hours in our sample. This also meant that in 80% of the cases, homes that were 

lightly underheated stopped being. Further, homes in the same percentage, the homes that 

were severely underheated now presented light underheated.  

The multilinear regression analysis yielded interesting results. First, the best fit model excluded 

variables such as the house and respondent’s age, physical self-perception score, life anxiety 

and PMV. The remaining variables: Median life satisfaction, life adaptation, PPD, and days with 

underheating were included in the regression, providing that the higher the variables that deal 

with environmental data such as PPD and days with underheating, the higher self-perceived 

problems. This means that in this geographical context, poor environments lead to poor self-

reported health. In addition, the model provided that a high number of thermal adaptations lead 

to fewer health problems. This result suggests that the population has enough adaptation 

opportunities to protect themselves from cold environments. Finally, the model shows that the 

higher median life satisfaction and worth, the fewer health problems. This means that the 

happier they feel in their homes, the fewer health problems they have. 

The contributions to knowledge mentioned in this study will be valid as long as the construction 

standards in Mexico remain as today. In other words, this research showed that the building 

envelope in existing homes of the central Mexican Plateau is not capable of providing 

comfortable or healthy thermal environments. In the same way, it was shown that the active 

enforcement of the NOM-020 standard is capable of improving internal environments and 

reducing underheating levels. Therefore, the validity of the contributions in this chapter will 

depend on the construction habits in the region. Changes in these would raise a need for a new 

study to empirically verify what has been shown here through dynamic simulations. 
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7.4 Future work 

One of the findings from chapter three provided that the issue of airtightness was highly 

neglected in Latin America. Further, when examining the internal temperatures of the monitored 

homes, a significant disparity in internal temperatures was noticed, even between those found 

underheated, possibly caused by undesired air infiltrations. Hence, further research should 

undertake air tightness analysis based on the British standard Part L (Government, 2021), 

matched against temperature monitoring and thermal comfort. To date, there is no record of a 

single study of airtightness in Mexican houses, coupled with the lack of regulations or incentives 

that promote airtightness in buildings. 

In addition, a cost-benefit analysis that investigates the annual expenditure of respiratory and 

cardiovascular medicines against the value of retrofitting the homes of socially vulnerable 

groups in Mexico should be undertaken. This study will create evidence for Mexican 

policymakers to make decisions that can potentially benefit the people who live in the Central 

Mexican Plateau. 
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Appendix  

 

Appendix A – List of reviewed rules 

Below, the complete list of green building rules for the countries discussed in this paper is 

shown. For the benefit of the Latin American readers, we retained the original names of the 

rules and numbers. However, we translated the description of the law for international 

audiences. 

 

Table 34 - Laws and decrees launched at the national level that induced the series of laws presented in this paper 

Laws Decrees Standards Description Type of 

Policy 

9.1 Argentina 

Law 13059/03 - - Sets minimum 

thermal comfort 

requirements; 

CAC 

Law 4428 - - Promotes green 

roofs 

IE 

Law 449 - - Establishes impact 

evaluation studies 

prior to building 

CAC 

Law 123 - - Establishes the 

extent of the impact 

evaluation to be 

carried out 

CAC 

- 1030/2010 - Establishes thermal 

comfort 

CAC 
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requirements to all 

types of buildings 

- 140/2007 - Declares energy 

efficiency as a 

subject of national 

priority 

CAC 

- 222/2012 - Establishes impact 

evaluation studies 

prior to building 

CAC 

- 140/2007- 

Anexo I, 

inciso 2.9 

- Establishes the 

need for an energy 

rating system in 

buildings 

CAC 

- - IRAM 11900 Result of Decree 

140. Establishes 

methods for 

calculating energy 

efficiency in 

buildings 

STANDARD 

- - IRAM 11630 e IRAM 

11659-1 

Standards for 

thermal and 

acoustic insulation 

in buildings 

STANDARD 

- - IRAM 11659-2 Thermal 

conditioning in 

buildings 

STANDARD 

- - IRAM 62404 Lighting  STANDARD 
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- - IRAM 62406 A/C STANDARD 

- - IRAM 210001-1 Solar panels STANDARD 

- - IRAM 1739 Insulating materials STANDARD 

- - IRAM 11.601 Calculations on 

thermal 

transmittance 

STANDARD 

- - IRAM 11.603 Climatic zoning STANDARD 

- - IRAM 11.605 Allowances on 

thermal 

transmittance 

STANDARD 

- - IRAM 11.625 Risk assessment in 

condensation 

STANDARD 

- Argentina 

Carbon Tax—

Impuesto al 

dioxido de 

carbono 

- 

 

 

- MPS 

9.2 Brazil 

Laws Decrees Standards Description Type of 

Policy 

Law 10.295 - - Establishes 

maximum levels of 

energy 

consumption  

CAC 

- No. 4.059 No. 4.059 Establishes energy 

rating systems in 

buildings 

CAC 
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Law 8.666 No. 

7746/2012 

- Green building 

strategies must be 

included in tenders 

for public buildings 

CAC 

- No. 7.746 - Different criteria in 

energy use, water-

saving, and low-

environmental-

impact materials 

CAC 

Lei Municipal 

(Local Law) 

6.793/2010 

- - Reduces property 

tax by 20% over a 

5-year period if the 

building adopted 

sustainable 

strategies 

TAX 

- No. 

3.5745/2012 

- Promotes 

sustainable 

construction 

through fiscal 

incentives 

IE 

Qualiverde 

(Green Quality) 

certification 

- - Fiscal incentives for 

having Qualiverde 

certification 

IE 

Tax over property 

purchase 

- - Tax over property 

purchase is 4% of 

the property. 

However, it is 

reduced to 2% if the 

TAX 
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Qualiverde 

certification is 

obtained 

Transformative 

Investments for 

Industrial Energy 

Efficiency (TI4E) 

- - Creates energy 

efficiency projects 

on SMEs, including 

building appliances 

IE-NAMA 

9.3 Colombia 

Laws Decrees Standards Description Type of 

Policy 

Ley 145 - - Establishes 

sustainable 

development as a 

priority issue from 

the national 

development plan 

CAC 

Ley 697/2001 

(Law for the 

Promotion of 

Energy Efficiency 

and Renewable 

Energies) 

Decree No. 

3683 

- Establishes energy 

efficiency as a 

national priority 

IE 

Law Project 119 - - Grants fiscal 

incentives to green 

buildings 

IE 

Hipoteca Verde 

(Green Mortgage)  

- - Grants loans for 

green technologies 

in social housing 

IE 
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Local Agreement 

No. 186 

- - Proposes a green 

building code  

IE 

National Savings 

Fund Stamps 

- - Green building 

rating system  

IE 

Programa 

Nacional de 

Cupos 

Transables de 

Emisión de 

Gases de Efecto 

Invernadero 

(Tradable 

Greenhouse Gas 

Emission 

Quotas) (PNCTE) 

- - Carbon Pricing 

Scheme 

MPS 

9.4 Chile 

Laws Decrees Standards Description Type of 

Policy 

Ley 20.402 - - Establishes the 

creation of the 

Chilean Agency of 

Energy Efficiency 

(AChEE) 

CAC 

- No. 74 - Establishes the 

creation of a 

governmental 

interdisciplinary 

committee  

CAC 
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- Ley No. 458 - Includes aspects of 

sustainable urban 

planning 

CAC 

Modification of 

Article 162 

- - Makes mandatory 

to include energy 

efficiency strategies 

in buildings 

CAC 

- - NCh2677:2002 Promotes energy 

efficiency in public 

lighting 

STANDARD 

- - NCh3081:2007 HVAC systems, 

rating, and labelling 

STANDARD 

- - NCh3082:2008 Fluorescent lighting STANDARD 

- - NCh3149:2008 Environmental 

design of buildings 

STANDARD 

- - Nch3184:2010 Minimum standards 

and labelling of 

solar panels 

STANDARD 

- - NCh 3048/1:2007 Establishes 

sustainability 

indicators in 

buildings  

STANDARD 

- - NCh3049/1:2007 Promotes 

sustainability in 

building, methods, 

environmental 

STANDARD 
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performance, and 

materials 

- - NCh3055:2007 Guidelines for 

environmental 

quality  

STANDARD 

- - NCh3149:2008 Energy efficiency in 

buildings 

STANDARD 

Self-Supply 

Renewable 

Energy (SSRE) 

- - Fosters the usage 

of renewable 

energies in SMEs 

IE-NAMA 

9.5 Mexico 

Laws Decrees Standards Description Type of 

Policy 

Federal Law of 

Climate Change 

- - Sets goals for the 

reduction of 

greenhouse gas 

emissions 

IE, CAC, 

Law for 

Sustainable 

Energy Usage 

DOF 28-11-2008 

- - Promotes 

sustainable energy 

production and 

consumption 

IE, CAC,  

Law of Housing 

DOF 23-06-2017 

- - Aims to reduce 

qualitative and 

quantitative 

housing deficit, and 

includes 

IE, CAC 
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sustainable 

features 

- - NOM-007-ENER-

2004 - 

Promotes energy 

efficiency in public 

lighting 

STANDARD 

- - NOM-008-ENER-

2001- 

Building envelope 

and energy 

efficiency in 

nonresidential 

buildings 

STANDARD 

- - NOM-009-ENER-

1995 

Promotes energy 

efficiency and 

thermal 

transmittance in 

industrial buildings 

STANDARD 

- - NOM-011-ENER-

2006 

HVAC systems STANDARD 

- - NOM-018-ENER-

2011 

Characteristics of 

insulation materials 

STANDARD 

- - NOM-020-ENER-

2011 

Building envelope 

and energy 

efficiency in 

residential buildings 

STANDARD 

- - NOM-021-

ENER/SCFI-2008 

Building envelope 

and energy 

efficiency in rooms 

with HVAC systems 

STANDARD 
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- - NOM-023-ENER-

2010 

Promotes energy 

efficiency in HVAC 

systems 

STANDARD 

- - NOM-24-ENER-

2012 

Thermal 

characteristics of 

glass for building  

STANDARD 

- - NMX-AA-164-SCFI-

2013 

Minimal criteria for 

sustainable 

buildings. Voluntary 

standard 

STANDARD 

Code for 

Sustainable 

Housing 

- - Economic 

incentives that 

suggest various 

sustainable 

strategies at the 

design and 

construction stage 

IE-NAMA 

Energy Efficiency 

in SMEs as a 

Contribution to a 

Low-Carbon 

Economy 

- - Scheme that aims 

to reduce the 

energy 

consumption of all 

the aspects related 

to SMEs (including 

building) 

IE-NAMA 

Articles 293 and 

294 of the 

Financial Code of 

Mexico City 

- - Establishes fiscal 

incentives that 

promote 

CAC 
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sustainable 

construction 

Local Council of 

Zapopan 

- - Offers 100% 

discount on land 

property tax, to all 

LEED (Leadership 

in Energy & 

Environmental 

Design) projects 

IE 

Secretary of 

Finance 

- - Offers fiscal 

incentives to 

companies that 

produce renewable 

energies 

IE 

NADF-008-AMBT-

2005 

- - Companies with 

more than 51 

employees must 

have solar panels 

CAC 

Ley del impuesto 

especial sobre 

producción y 

servicios (tax law 

over goods) 

- - Excise tax on the 

additional CO2 

emission content 

MPS 

Mexico Pilot 

Emissions 

Trading System 

(ETS)  

- - Two-phase project 

to establish a fully 

developed ETS  

MPS 

9.6 Peru 
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Laws Decrees Standards Description Type of 

Policy 

Law No. 28245 - - Establishes the 

creation of a 

National Strategy 

for Climate Change 

CAC 

Law 28611 - - General law of the 

environment. 

Establishes a right 

for a healthy 

environment 

CAC 

Law 27345 - - Declares efficient 

use of energy as a 

national priority 

CAC 

Law 27867 - - Establishes 

regional strategies 

for climate change 

and biological 

diversity 

conservation 

CAC 

Law 26821 - - Establishes targets 

for the sustainable 

use of natural 

resources 

CAC 

Law No. 27345 - - Aims to reduce the 

negative 

environmental 

CAC 
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impact of energy 

consumption 

Law 28611 - - All constructions 

are subjected to 

environmental 

impact evaluation 

CAC 

- Decreto 

Supremo No. 

018-2006-

VIVIENDA 

(housing) 

- Promotes 

sustainable urban 

development 

CAC 

- National 

Policy of 

environment 

- Sets methods for 

achieving the goals 

set on Ley 28611 

CAC 

- Supreme 

Decree No. 

053-2007-EM 

- Sets targets, 

methods, and 

evaluation for 

energy efficiency 

schemes 

CAC 

- Supreme 

Decree No. 

053-2007 

- Promotes efficient 

energy use in 

residential buildings 

IE 

- Supreme 

Decree No. 

015-2012 

- Establishes the 

right for housing  

IE 

- - D.S. No. 015-

VIVIENDA(housing) 

Guarantees right 

for green housing 

TS 
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- - D.S. No. 003-2013-

VIVIENDA (housing) 

Handles efficient 

waste management 

during construction 

and demolition 

TS 

9.7 Guatemala 

Laws Decrees Standards Description Type of 

Policy 

- K´atun, 

Nuestra (our) 

Guatemala 

2032 

- Establishes the 

construction sector 

as a source of 

growth for the 

country 

CAC 

- Decree No. 

52-2003 

- Promotes the 

development of 

renewable energy 

projects as well as 

fiscal incentives 

CAC, IE 

Efficient Use of 

Fuel and 

Alternative Fuels 

in Indigenous and 

Rural 

Communities 

- - Provides financial 

and technical 

mechanisms to 

replace traditional 

appliances (i.e., 

firewood stoves) 

with “energy-

efficient” ones 

IE-NAMA 

9.8 Panama 

Laws Decrees Standards Description Type of 

Policy 
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Law 69 - - Promotes 

sustainable 

strategies from the 

design stage  

CAC 

Política Nacional 

de Cambio 

Climático 

(National Policy 

for Climate 

change) 

- - Establishes general 

guidelines for 

climate change 

mitigation 

strategies 

CAC, IE 

9.9 Costa Rica 

Laws Decrees Standards Description Type of 

Policy 

Law No. 7447 - - Promotes rational 

use of energy 

CAC 

- Decree No. 

25584 – 96 

- Establishes the 

minimum levels of 

energy efficiency 

CAC 

- - INTE/ISO 15392 General principles 

in sustainable 

construction in 

buildings 

STANDARD 

- - INTE/ISO 21929 Establishes 

indicators for an 

energy efficiency 

labelling system on 

buildings 

STANDARD 
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- - INTE/ISO 21930 Deals with 

construction 

materials 

STANDARD 

- - ISO/TR 21932 Establishes 

definitions of 

sustainable 

construction 

STANDARD 
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Appendix B– Map of the reviewed policies 

 

Figure 52 - Map of the policies reviewed in this paper, framed according to our framework to classify green building 

regulations. 
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Appendix C – Translation Survey results 

Results of the Survey made to translate the ASHRAE 55 7-point to Mexican Spanish 

 

Figure 53 -Results of ASHRAE 55 Translation survey to Spanish (Mex). Every bar chat shows the most common 
answers to each definition. Below every bar, we placed the answers from more (top) to less (bottom) common. The 
answer with two asterisks “**” next to it is the selected word 
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Appendix D – Monitored temperatures 

 

Table 35 - Minimum, maximum, average temperatures, and diurnal range for each dwelling monitored, separated by 
season. 

Spring temperatures (°C) 

House ID Min Max Average Diurnal Variation 

range 

   Mean Standard 

Deviation 

Mean Standard 

Deviation 

2 16.8 20.2 18.8 0.1 0.3 0.2 

3 15.4 23.4 18.5 0.8 2.5 0.8 

4 17.6 24.2 20.5 0.6 2.1 1 

6 16.6 24.3 20.2 0.3 1 0.5 

7 15.6 23.9 19.2 0.3 1.2 0.4 

9 17.5 25.1 21.2 0.6 2.2 1.2 

11 20.3 31 26.1 1.7 5.1 1.1 

14 23.6 32 27.6 0.9 3.2 1.2 

16 16.7 28 22.2 0.7 2.6 0.9 

17 17.4 28.1 21.5 1.2 3.9 1.3 

18 18.9 24.8 21.5 0.5 1.5 0.5 

20 nan nan nan nan NaN NaN 

22 15.7 24.3 19.1 0.6 2.1 0.8 

24 13.1 29.8 20.9 1.9 6.2 2.1 

26 16.2 22.5 18.8 0.5 1.6 0.7 

27 18.2 26.4 21.5 0.8 2.5 0.8 

28 14.6 26.2 20.1 1 3.3 1.3 

29 19.3 22.2 20.8 0.2 0.5 0.4 

30 18.3 24.9 21.2 0.4 1.1 0.5 
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31 19 30.8 24.8 0.9 2.8 1.2 

33 14.3 25.2 20.2 0.7 2.4 0.9 

36 17.5 35.4 24.9 2 6.3 1.8 

37 19.1 30.8 26.1 1.3 4.1 1.5 

38 14.1 35 23.5 1.1 3.8 1.3 

39 16.1 21.2 18.4 0.2 0.8 0.3 

40 17.4 24 20.5 0.6 2 0.8 

Summer temperatures (°C) 

House ID Min Max Average Diurnal Variation 

range 

   Mean Standard 

Deviation 

Mean Standard 

Deviation 

2 15 22.3 18.4 1.4 0.6 0.4 

3 14.5 20.9 17.5 1.1 2.2 0.6 

4 16.1 21.4 18.8 0.7 1.8 0.6 

6 15.1 22.3 19.3 1.5 0.9 0.4 

7 15.4 20.5 17.5 0.8 1.1 0.3 

9 16 22.9 19.1 1 2.4 0.9 

11 24.4 37.6 30.2 1.9 5.4 0.9 

14 21 29.5 25.4 1.2 2.6 0.7 

16 12.6 22.2 18.7 1.4 2.3 0.6 

17 17.2 25.2 20.5 1.4 4 1 

18 18.8 23.2 20.7 0.8 0.9 0.3 

20 12.9 22.3 19.1 1.2 2.8 1.2 

22 15 21.1 17.7 0.9 1.9 0.5 

24 12.5 29.1 19.2 2.8 5.3 1.7 

26 13.9 22.9 18.3 1.3 2.8 1.5 
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27 10.8 25.3 20.7 1.8 2.5 1.1 

28 14 27 20.2 2.4 3.5 1.3 

29 15.7 22.3 19.3 1.7 0.7 0.5 

30 17.4 22.1 19.1 0.8 1.1 0.5 

31 15.2 30.9 24.7 2.1 5 2.2 

33 14.9 22.9 18.8 1.1 2.2 0.7 

36 16.3 30.1 22.2 2.5 5.3 1.2 

37 23.3 33.3 27.7 1.9 3 1 

38 18.9 31.2 24 2.3 3.5 0.9 

39 16.3 18.9 17.6 0.5 0.6 0.3 

40 17.1 22.9 19.4 0.8 1.7 0.5 

Autumn temperatures (°C) 

House ID Min Max Average Diurnal Variation 

range 

   Mean Standard 

Deviation 

Mean Standard 

Deviation 

2 14.4 24.4 18.5 2.5 0.7 0.5 

3 10.8 19.4 15.9 1.4 2.2 1.1 

4 13.5 21.7 18.1 1.3 2 0.6 

6 14.1 21.9 18.8 1.6 1.3 0.7 

7 12.5 18.9 16.5 1.3 0.7 0.3 

9 14 20.3 17.4 1.3 1.9 0.6 

11 19.4 33 27.6 2.6 4.9 1.2 

14 15.2 27.2 22.9 2 4.2 1.4 

16 13.6 26.6 21.2 1.7 3.3 1 

17 13.3 26.6 19.1 2.3 5.4 1.5 

18 15.5 21.5 18.9 1.5 0.8 0.3 
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20 9 21.5 17.1 1.9 3.1 1.4 

22 11.9 21 16.4 1.4 2.5 0.9 

24 4.4 22.5 14.6 2.8 4.3 1.3 

26 6.8 20.2 15.8 2.1 3.2 1.7 

27 13.1 25.1 19.2 2.4 2.7 0.9 

28 12.6 24.8 18.5 2.1 3.4 1.2 

29 15 19 17.1 0.8 1 0.3 

30 15.7 22.3 18.8 1.1 1.4 0.6 

31 13.5 28.5 22.4 2.9 5.6 1.7 

33 11.9 21.9 17.1 1.7 2.3 0.8 

36 10.5 26.7 18.8 2.7 5.6 1.4 

37 15.6 32.2 26.1 2.9 5.1 1.1 

38 10 25.7 17.4 3.5 3.2 1 

39 11.9 19.5 17 1.2 0.9 0.6 

40 13 20.4 17.3 1.6 1.5 0.6 

Winter temperatures (°C) 

House ID Min Max Average Diurnal Variation 

range 

   Mean Standard 

Deviation 

Mean Standard 

Deviation 

2 14.4 24.4 18.5 2.5 0.7 0.5 

3 10.8 19.4 15.9 1.4 2.2 1.1 

4 13.5 21.7 18.1 1.3 2 0.6 

6 14.1 21.9 18.8 1.6 1.3 0.7 

7 12.5 18.9 16.5 1.3 0.7 0.3 

9 14 20.3 17.4 1.3 1.9 0.6 

11 19.4 33 27.6 2.6 4.9 1.2 
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14 15.2 27.2 22.9 2 4.2 1.4 

16 13.6 26.6 21.2 1.7 3.3 1 

17 13.3 26.6 19.1 2.3 5.4 1.5 

18 15.5 21.5 18.9 1.5 0.8 0.3 

20 9 21.5 17.1 1.9 3.1 1.4 

22 11.9 21 16.4 1.4 2.5 0.9 

24 4.4 22.5 14.6 2.8 4.3 1.3 

26 6.8 20.2 15.8 2.1 3.2 1.7 

27 13.1 25.1 19.2 2.4 2.7 0.9 

28 12.6 24.8 18.5 2.1 3.4 1.2 

29 15 19 17.1 0.8 1 0.3 

30 15.7 22.3 18.8 1.1 1.4 0.6 

31 13.5 28.5 22.4 2.9 5.6 1.7 

33 11.9 21.9 17.1 1.7 2.3 0.8 

36 10.5 26.7 18.8 2.7 5.6 1.4 

37 15.6 32.2 26.1 2.9 5.1 1.1 

38 10 25.7 17.4 3.5 3.2 1 

39 11.9 19.5 17 1.2 0.9 0.6 

40 13 20.4 17.3 1.6 1.5 0.6 
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Appendix E – Monitored relative humidity 

 

Table 36 - Percentage of relative humidity data of the homes monitored. 

% Relative Humidity  Spring Summer Autumn Winter 

Mean 

Std 

32.7% 

6.1% 

37.5% 

3.7% 

37.7% 

4.3% 

31.2% 

4.1% 

Min 5.3% 16% 8.2% 6.6% 

Max 63% 69.20% 71.84 65% 
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Appendix F – Regression plots 

Regression plots of the Operative Temperature in ºC against the recorded TSV’s. Seasonal 

charts are included, as well as annual. 

 

 

Figure 54 - Regression plots of the TSV's against the Internal Operative Temperature (T_op) split by season covering 
Spring, Summer, Autumn 2018 and Winter 2018- 2019. 

 

Appendix G - Statistical learning Linear regression – Model Validation 

Figure 55 below shows a scattered plot of the (actual) validation set matched against the 

predicted values created by our model. We ran a Shapiro distribution test to measure the 

normality of the residuals, and it gave a P-value of 0.628. 
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Figure 55 - Predictions provided by the linear regression model plotted against the real values (right) and the residual 
histogram of the difference between the real values and the predicted (right) 

 

Figure 56 - Histogram of residuals of the statistical model described in 5.4.4. 

 

 

 

Table 37 - Validation of the linear regression model where MAE is Mean Absolute Error, MSE is the Mean Squared 
Error, and the RMSE is the Mean Squared Error 

Validation  

MAE 0.46 

MSE 0.32 

RMSE 0.57 
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Appendix H - Questionnaire’s data reduction methods 

a) Self-reported health problems  

 

The distinct options of response that each subject could provide to the questions in this section 

(Health_problems_vision; Health_problems_ear; Health_problems_artritis; 

Health_problems_cardiovascular; Health_problems_hypertens; Health_problems_respiratory; 

Health_problems_neurodegenerative; Health_problems_depression; 

Health_problems_circulatory) as well as the scores assigned to each response are described 

in Table 38. 

  

Table 38 -Scores assigned to the different answer options in the group of questions regarding self-reported health 

problems. 

Option Score Assigned 

Yes 1 

No 0 

 

A single home/respondent could obtain a maximum of 9 “points” for its answers (i.e., when its 

answers were all “Yes” in the nine questions). Thus, we obtained the total score per 

home/respondent by adding the values of each question into a single score per home or 

respondent per season. Furthermore, we calculated a single mean for each home or 

respondent across the three seasons and obtained the “Average total health problems score”. 

 

b)  Life satisfaction and self-worth 

 

The distinct options of response that each subject could provide to these seven questions 

(Last_month_felt_happy; Last_month_felt_confident; Last_month_felt_excited; 

Last_month_felt_loved; Last_month_felt_content; Last_month_felt_joyful; 
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Last_month_felt_healthy) as well as the scores assigned to each response are described in 

A2. 

 

 

Table 38      -  Scores assigned to the different answer options in the group of questions regarding “Life-satisfaction 
and worth” 

Option Questionnaire 

label 

Score Assigned 

Never 1 0 

Rarely 2 2 

Sometimes 3 3 

Often 4 4 

Very often 5 5 

Rather not say 6 1 

 

We obtained a total score per home or respondent across these seven questions per season 

by adding the values of each into a single score per home/respondent. Thus, a single response 

could obtain a maximum of 35 “points” in seven questions (i.e., if its answers were all “Very 

often” in all seven questions). Afterwards, we calculated the median value for each home or 

respondent across the three seasons, obtaining a single “Median Life satisfaction and worth 

self-reported score”. 

 

c)  Life anxiety 

 

The distinct options of response that each subject could provide to these six variables 

(Last_month_felt_nervous; Last_month_felt_hopeless; Last_month_felt_worthless; 
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Last_month_felt_restless; Last_month_felt_powerless; Last_month_felt_lonely) as well as the 

scores assigned to each response are described in Table A3. 

 

Table 39 - Scores assigned to the different answer options in the group of “Life anxiety” questions. 

Option Questionnaire 

label 

Score Assigned 

Never 1 0 

Rarely 2 2 

Sometimes 3 3 

Often 4 4 

Very often 5 5 

Rather not say 6 1 

 

We obtained the total score per home or respondent across these six questions by adding the 

values of each into a single score per home or respondent. Thus, a single home or respondent 

could obtain a maximum of 30 “points” for its answers in these six questions (i.e., if its answers 

were all “Very often”, in all six questions). Later, we calculated the mean across the values of 

all three seasons, obtaining a single “Mean Life Anxiety self-reported score” for each home or 

respondent. 

 

d)  Adaptation style 

 

The distinct options of response that each subject could provide to the questions of these eight 

variables (Adaptation_UseBlankets; Adaptation_Wear_Extra_layers; Adaptation_drink_hot; 

Adaptation_Excercise; Adaptation_heating: Adaptation_StayBed; Adaptation_Take_Shower; 

Adaptation_Leave_ColdRooms), as well as the scores assigned to each response are 

described in Table A4. 
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Table 40 - Scores assigned to the different answer options in the group of questions regarding “Adaptation 
measures”.  

Option Score Assigned 

Rarely 1 

Sometimes 2 

Often 3 

Always 4 

Never 0 

Do not know 0 

 

A single home or respondent could obtain a maximum of 32 “points” for its answers in these 

eight questions (i.e., if its answers were all “always” in the eight questions). Thus, first, we 

obtained the total score per home or respondent in each season by adding the values of each 

of these eight questions into a single score per home or respondent. Second, we calculated a 

median value across all three seasons and thus obtained a single “Median added adaptation 

score” per home or respondent. 

 

e)  Self-perceived physical capacity 

 

The distinct options of response that each subject could provide to the questions of these nine 

variables (WalkhalfK; climb_10_steps; stand_2_hours; bend_over_kneel; 

reach_something_aboveheadLevel; carry_supermarkt_Bag; pulling_furniture; go_out_socials; 

doing relaxing activity), as well as the scores assigned to each response are described in Table 

A5. 

 



 

302 
 

 

 

Table 41 - Scores assigned to the different answer options in the group of questions regarding “Physical capacity”. 

Option Score Assigned 

Extremely difficult 1 

Moderately 

difficult 

2 

Easy 3 

Manageable 4 

Very easy 5 

 

A single home/respondent could obtain a maximum of 45 “points” for its answers in these nine 

questions (i.e., if its answers were all “very easy” in the nine questions). Thus, first, we obtained 

the total score per home or respondent in each season by adding the values of each of these 

questions into a single score per home or respondent. Afterwards, we calculated the mean of 

these values for each home or respondent, obtaining the “Average physical self-perception 

score”. 
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Appendix I - Results of the Underheating Criteria 2 applied to the 

simulations 

 

 

Figure 57 - Results of the underheating criteria 2 applied to the calibrated models. X axis shows the months, and Y 
axis shows the house ID. The intersection of both shows the number of underheated light (left), medium (middle), 
and severe (right) days in that month. 

 

 

Figure 58 - Results of the underheating criteria 2 applied to the models with double glazing. X axis shows the months, 
and Y axis shows the house ID. The intersection of both shows the number of underheated light (left), medium 
(middle), and severe (right) days in that month. 
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Figure 59 - Results of the underheating criteria 2 applied to the models with only insulation. X axis shows the months, 
and Y axis shows the house ID. The intersection of both shows the number of underheated light (left), medium 
(middle), and severe (right) days in that month. 

 

 

Figure 60 - Results of the underheating criteria 2 applied to the models with insulation and double glazing. X axis 
shows the months, and Y axis shows the house ID. The intersection of both shows the number of underheated light 

(left), medium (middle), and severe (right) days in that month. 
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Figure 61 - Results of the underheating criteria 2 applied to the models simulated under the NOM-020 standard. X 
axis shows the months, and Y axis shows the house ID. The intersection of both shows the number of underheated 
light (left), medium (middle), and severe (right) days in that month. 
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Appendix J - Graphical check of the calibration of the design builder 

models. 

 

 

Figure 62 - Visual results of the calibration of the models used for simulation – page 1 
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Figure 63 - Visual results of the calibration of the models used for simulation – page 2 
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Figure 64 -  Visual results of the calibration of the models used for simulation – page 3 
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Figure 65 - Visual results of the calibration of the models used for simulation – page 4 
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Figure 66 - Visual results of the calibration of the models used for simulation – page 5 
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The end. 

 

  



 

312 
 

 

 

 

 

ALBADRA, D., VELLEI, M., COLEY, D. & HART, J. 2017. Thermal comfort in desert refugee 
camps: An interdisciplinary approach. Building and Environment, 124, 460-477. 

BERGNER, M., BOBBITT, R. A., POLLARD, W. E., MARTIN, D. P. & GILSON, B. S. 1976. The 
sickness impact profile: validation of a health status measure. Medical care, 57-67. 

BONFIGLI, C., CHORAFA, M., DIAMOND, S., ELIADES, C., MYLONA, A., TAYLOR, B. & 
VIRK, D. 2017. TM59: Design methodology for the assessment of overheating risk in 
homes. CIBSE, London. 

CALLAHAN, D. 1973. The WHO definition of'health'. Hastings Center Studies, 77-87. 
CAREY, P. 2018. Data protection: a practical guide to UK and EU law, Oxford University Press, 

Inc. 
COUSINS, S. O. B. 1997. Validity and reliability of self‐reported health of persons aged 70 and 

older. Health Care for Women International, 18, 165-174. 
CRABBÉ, A. & LEROY, P. 2012. The handbook of environmental policy evaluation, Earthscan. 
DIAZ LOZANO PATIÑO, E., VAKALIS, D., TOUCHIE, M., TZEKOVA, E. & SIEGEL, J. A. 2018. 

Thermal comfort in multi-unit social housing buildings. Building and Environment, 144, 
230-237. 

GUIDELINE, A. 2002. Guideline 14-2002, Measurement of energy and demand savings. 
American Society of Heating, Ventilating, and Air Conditioning Engineers, Atlanta, 
Georgia. 

HÖPPE, P. & MARTINAC, I. 1998. Indoor climate and air quality. International journal of 
biometeorology, 42, 1-7. 

HUGHES, C. & NATARAJAN, S. 2019. Summer thermal comfort and overheating in the elderly. 
Building Services Engineering Research and Technology, 40, 426-445. 

INDRAGANTI, M., OOKA, R. & RIJAL, H. B. 2013. Thermal comfort in offices in summer: 
Findings from a field study under the ‘setsuden’conditions in Tokyo, Japan. Building and 
Environment, 61, 114-132. 

INSTITUTE, R. M. 2020. LADDER [Online]. https://bigladdersoftware.com/projects/elements/.  
[Accessed]. 

JANDA, K. 2009. Worldwide status of energy standards for buildings: a 2009 update. 
Proceedings of the ECEEE Summer Study, June, 1-6. 

KANG, M., ROWE, D. A., BARREIRA, T. V., ROBINSON, T. S. & MAHAR, M. T. 2009. 
Individual Information-Centered Approach for Handling Physical Activity Missing Data. 
Research Quarterly for Exercise and Sport, 80, 131-137. 

MEXICO 2010. LEY FEDERAL DE PROTECCIÓN DE DATOS PERSONALES EN POSESIÓN 
DE LOS 

PARTICULARES. In: UNIÓN, C. D. D. D. H. C. D. L. (ed.). Mexico City. 
OPENSTREETMAP. 2022. Map of Toluca. Open Data Commons Open Database License 

(ODbL) of the OpenStreetMap (OSMF) foundation. [Online].  [Accessed]. 
ORMANDY, D. & EZRATTY, V. 2012. Health and thermal comfort: From WHO guidance to 

housing strategies. Energy Policy, 49, 116-121. 
SHIELDS, M. & SHOOSHTARI, S. 2001. Determinants of self-perceived health. Health reports, 

13, 35-52. 
SHRESTHA, M., RIJAL, H., KAYO, G. & SHUKUYA, M. 2021. A field investigation on adaptive 

thermal comfort in school buildings in the temperate climatic region of Nepal. Building 
and Environment, 190, 107523. 

VELLEI, M., NATARAJAN, S., BIRI, B., PADGET, J. & WALKER, I. 2016. The effect of real-
time context-aware feedback on occupants’ heating behaviour and thermal adaptation. 
Energy and Buildings, 123, 179-191. 

https://bigladdersoftware.com/projects/elements/


 

313 
 

 

VELLEI, M., RAMALLO-GONZÁLEZ, A. P., COLEY, D., LEE, J., GABE-THOMAS, E., LOVETT, 
T. & NATARAJAN, S. 2017. Overheating in vulnerable and non-vulnerable households. 
Building Research & Information, 45, 102-118. 

WASILOWSKI, H. A. & REINHART, C. F. Modelling an existing building in 
DesignBuilder/EnergyPlus: Custom versus default inputs.  Eleventh International IBPSA 
Conference, 2009. 1252-1259. 

ZEPEDA-GIL, C. & NATARAJAN, S. 2021. Thermal comfort in naturally ventilated dwellings in 
the Central Mexican Plateau. 

 




