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Abstract

Of Ecuador’s 3.75 million households, 33% live in poor-quality and substandard dwellings. Con-

struction standards provide metrics and criteria for energy and comfort performance evaluation;

that plays a significant role in designing adequate and affordable dwellings. Due to a lack of

supporting evidence, the thermal comfort criteria have been adopted from international standards,

such as ASHRAE 90.2:2018. In the absence of accurate contextualised comfort models, building

standards can trigger a combination of wasting energy and exacerbating discomfort. Furthermore,

householders’ environmental perception may be affected by particular weather and geographical

conditions. Therefore, this research aims to define thermal comfort criteria, aligned with resi-

dents’ perception in subtropical highlands, to be used for the thermal performance assessment in

dwellings in the Ecuadorian Andes.

The research combined cross-sectional thermal comfort surveys and thermal performance

simulation. Data was collected in three locations between 2400 and 3000 meters above sea level.

This thesis’s main outcomes add knowledge on why and how people adapt to high-altitude loca-

tions. Thermal comfort temperatures are significantly different across the study locations due to al-

titude. Moreover, the comfort temperature differences also rely upon the broader limits of comfort

acceptability for lower altitudes and acclimatised subjects. On the contrary, the range is narrower

at higher altitudes and non-acclimatised residents. The derived high-altitude thermal comfort al-

gorithm for the Ecuadorian Highlands resulted from the regression of the comfort temperature and

the 24-hour mean outdoor air temperature. Over 80% of comfort hours were estimated for the

study archetypes based on the high-altitude comfort model. International comfort models consis-

tently overestimate the percentage of hours of discomfort for all the study archetypes. Moreover,

the discomfort could increase up to 30% for dwellings in compliance with the thermal insula-

tion requirement of the Ecuadorian construction standard (NEC11). The research outcomes are

expected to contribute with grounded evidence to the development of local construction policy.
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The thesis advances understanding of thermal comfort and the adaptation and behavioural strate-

gies of residents in high-altitude locations in the Ecuadorian Highlands. The knowledge, expertise,

and results in this thesis aimed to benefit both thermal comfort research audience and public policy

design in Ecuador. The key theoretical, methodological, and practical contributions of this thesis

are:

• The primary outcome in this research is the definition of contextualised thermal comfort al-

gorithms and acceptability comfort limits for high-altitude regions in the Ecuadorian Andes.

Although the model was developed with data from three locations nearby Quito, the algo-

rithms could be used as a reference for other high-altitude regions in Ecuador and South

America due to similarities in contextual and cultural background. Furthermore, the re-

search extends knowledge regarding the applicability of existing thermal comfort models

and highlights the limitations to use the models in areas located 3000m above sea level.

Furthermore, the thermal comfort algorithm is a crucial addition of knowledge towards

policymaking in Ecuador. The high-altitude algorithms could guide the determination of

the minimum thermal insulation requirements for free-running dwellings in local building

codes. The method used allows for the contextualisation and tailoring of indices and param-

eters to the Ecuadorian Highlands’ climatic and socio-cultural conditions.

• Two of the main methodological contributions of this research relates to a) the design and

validation of data collection instruments and b) the definition of a simplified calibration

process for the simulation of free-running buildings. On the one hand, the data collection

instruments were designed and reshaped to overcome the inherent requirements, limita-

tions, and constraints for conduction thermal comfort research in developing countries. The

thermal comfort surveys used in the current research are helpful for the broader research

community, particularly in Latin American countries. The structure and wording of en-
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vironmental assessment questions were tested and piloted to be used in this research and

the international project ’Annex 69: Strategy and Practice of Adaptive Thermal Comfort in

Low Energy Buildings’. In addition to the basic set of questions for thermal comfort studies,

further questions were designed and evaluated in this research as an initial step to define a

proxy to measure adaptation in high-altitude environments.

On the other hand, another significant contribution of this thesis is the comprehensive

methodology for the calibration of free-running dwellings based on a detailed uncertainty

and sensitivity analysis of input parameters where the indoor temperature is the key output

for validation of models accuracy. Although the proposed calibration method was tested

on a small number of cases with simple geometry, the methodological approach could be

transferred and scaled up to other more complex free-running buildings.
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Chapter 1

Introduction

1.1 Overview

Thermal comfort international standards are a key component to tackle the ongoing challenge

of providing adequate and affordable housing in Ecuador and Latin America. So far, construc-

tion guidelines and codes have focused on providing minimum criteria for functional, structural

and safety requirements in buildings. Energy ef�ciency and thermal comfort models are only

now being implemented in local codes, adopting criteria and recommendations from international

standards. However, the real impact of energy ef�ciency and comfort criteria relies on tailoring

performance criteria to the local context. In the absence of accurate models, building standards

can trigger a combination of exacerbating discomfort and increasing resource use.

1.2 Housing de�cit in Ecuador

A global action call to end poverty, protect the planet and ensure people's well-being has been

integrated into the Sustainable Development Goals. Goal 11 – Sustainable cities and communities

centred on providing adequate, safe and affordable housing for millions of people worldwide who

live in overcrowded slums, health-threatening circumstances, and poor conditions (Funaro, 2011).

Housing and neighbourhood conditions have a signi�cant role in population welfare, quality of

life, and development (Bouillon, 2012; Duryea and Robles, 2016). In most Latin American coun-

tries, the provision of adequate and affordable dwellings for the low-income population is one of

the most signi�cant challenges (Rojas, 2001). Adequate housing has been de�ned by UN-Habitat

as a shelter that includes characteristics such as security of tenure, affordability, habitability, ac-

cessibility, cultural adequacy, and the availability of suitable services, materials, facilities and

infrastructure (OHCHR, 2009). In 2012, one in three families in the region lived in unsuitable
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dwellings for habitation or units built with poor quality materials. Finding solutions to mitigate

the shortage of affordable and adequate housing in a context of accelerated urban growth is a

common concern.

In Ecuador, 52% out of 3.8 million households confront either a quantitative or qualitative

de�cit (INEC, 2010). Quantitative de�cit refers to the shortage of units in relation to the num-

ber of households. However, Ecuador's qualitative de�cit refers to dwellings under the minimum

criteria for habitability1, basic residential services2, and envelope materials3 (INEC, 2006). It is

estimated that 19% of Ecuadorian families live in precarious housing units that require replace-

ment. Moreover, 33% of the housing stock is classi�ed as substandard, characterised by poor

quality of buildings materials and lack of basic services. The situation is especially alarming in

rural areas where more than two-thirds of the population face either a qualitative or quantitative

housing de�cit (INEC, 2010). In rural areas, 95% of the housing stock is built with poor qual-

ity materials (INEC, 2006). These precarious housing conditions tend to provide a poor indoor

environment and unhealthy conditions (Habib et al., 2009).

Along with other countries in the region, the housing shortage is aggravated by the

lack of affordable housing units, socio-economic inequalities, low-social investment and land

scarcity (Alova and Burgess, 2017). Increasing population growth rates and rapid urban expan-

sion exacerbate the problem (Acosta Paredes, 2003). The approach to tackle the housing problem

centred on a national goal of securing access to adequate, safe and decent housing has been de-

�ned in the National Plan of Good Living 'Plan Nacional de Buen Vivir' (Senplades, 2014) The

most important initiatives from the Ecuadorian government consist of increasing the number of

direct housing subsidies and developing policies and technical standards. Housing subsidies are

provided to construct new units and improve existing ones (Libertun de Duren et al., 2012).

Regarding policies and technical standards, until 2018, building codes only provided mini-

mum criteria for functional, structural and safety requirements (Municipio del Distrito Metropoli-

tano de Quito (DMQ), 2003). Energy ef�ciency criteria has only now been included in the last

update of the Ecuadorian construction standard (Norma Ecuatoriana de la Construccion - NEC11)

in the 2018 (Norma Ecuatoriana de la Construcción, 2018). Health and comfort are partly ac-

1The Habitability Index is de�ned as the square metres of usable �oor space per person (Municipio del Distrito
Metropolitano de Quito (DMQ), 2003).

2Minimum basic residential services refer to water supply connection, sewage network connection and electric
power supply (Torres et al., 2002).

3Poor envelope materials or poor condition of the �oor (i.e. cement screed, untreated wood/bamboo, earthen �oor,
raw stone), walls (adobe, bahareque, bamboo, plastic, and zinc) and roof (i.e. palm, straw, wood, sailcloth and plas-
tic) (INEC, 2006).
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counted for in this new section in the construction code, including recommendations for the min-

imum envelope thermal insulation requirements and indoor environmental quality criteria. The

effort should be welcomed as it is the �rst attempt to incorporate energy, comfort, and health

criteria in the national codes, but these require further review. Due to a lack of supporting ev-

idence, the minimum requirements for the envelope thermal insulation and thermal comfort as-

sessment have been adopted from the ASHRAE90.2:2018 standard for low-rise residential build-

ings (ANSI/ASHRAE/IES, 2018). When adopting existing policy from international standards,

it is crucial to adapt the package of measures and requirements to the needs of a speci�c con-

text (Thomas et al., 2013). The signi�cant impact of energy ef�ciency does not rely only on

the implementation of policy and regulations but on tailoring performance criteria and indices,

particularly thermal comfort indices, to the local context's climatic, economic and socio-cultural

conditions.

1.3 The role of thermal comfort models in energy ef�ciency stan-

dards

Energy ef�ciency plays a crucial role in mitigating the climate impact of buildings while ensuring

high performance and reducing emissions. Several building standards, policies, and incentives

have been created to tackle the concerns of energy performance. Most of these provide a conven-

tional approach for assessing the environmental impact of building performance based on primary

energy consumption orCO2 emissions equivalent units (Grove-Smith et al., 2018). The great

challenge comes with maintaining comfortable and healthy inhabited environments while reduc-

ing resources demand (D'Oca et al., 2016). In recent decades, the urgent need to reduce energy

consumption's economic and environmental effects turned research attention towards the study

of thermal comfort. Research in the �eld has concentrated primarily on addressing topics such

as developing models and indices and establishing thermal comfort international standards and

evaluation methods (Djongyang et al., 2010).

Thermal comfort models adopted at international standards, such as ASHRAE standards and

the European Standard (EN), are based on studies conducted mainly in the global north to respond

to a particular context and cultural background. It is estimated that half of the energy consumption

in buildings is used for heating and cooling purposes in those countries. Consequently, energy

targets are closely linked to the provision of thermal comfort for mechanically conditioned build-

ings. Herein lies the importance of current thermal comfort models to accurately predict subjective



34 Chapter 1. Introduction

responses to the thermal environment in real buildings. Based on the methodological and funda-

mental approach, existing thermal comfort models are classi�ed as heat balance (Fanger's heat

balance model and Pierce two-node model) and adaptive comfort models (ASHRAE55:2017 and

ISO15251:2007). The heat balance models are built on the principles of heat balance and human

thermoregulation physiology to determine a range of comfort temperatures at which most occu-

pants will feel comfortable. The adaptive comfort model was derived from �eld studies analysing

the acceptability of a real-world thermal environment, which strongly depends on the context and

occupant behaviour and expectations.

Current thermal comfort models, both the heat balance and adaptive comfort models, fail to

fully explain the wide range of observed thermal responses in �eld studies. The adaptive comfort

model predicts comfort temperature from the correlation between comfort votes and environmental

parameters. The model summarises useful information observed on the scattered data on thermal

comfort graphics representing the population's diversity of responses (Schweiker et al., 2018). In

contrast, the Fanger's heat balance model is based on individuals exposed to climate chambers

or uniform conditions, ignoring real-world natural variable conditions. Besides, Fanger's heat

balance model applies only to environments up to 3000m above sea level; hence, it cannot be

used for some high-altitude locations in the Andes. In comparison, the adaptive comfort stan-

dards are recommended when the running mean or prevailing mean temperature is above 15 °C

(ISO15251:2007) or 10 °C (ASHRAE55:2017). Therefore, considering those constraints, neither

comfort standard should be applied to predict comfort in high-altitude locations. A variety of ther-

mal comfort models have resulted for different regions as a response to the existing discrepancies

between recommended thermal comfort models and subjective votes of participants in �eldwork

studies.

Furthermore, thermal sensation differs between individuals, even under the same environ-

mental conditions, due to the complex interaction between the indoor environment and occupants.

Six main factors are considered to affect thermal sensation, four physical variables (air tempera-

ture, air velocity, relative humidity, mean radiant temperature) and two personal variables (clothing

insulation and activity level, i.e. metabolic rate). Moreover, several physiological, psychological

and behavioural adaptation factors affect thermal perception (de Dear et al., 1997). Despite broad

evidence concerning human thermal comfort from physiological, adaptive, and social convention

paradigms, little is known about the complex interaction between these adaptation factors. Global

and local challenges exacerbate the urgent need to understand these individual differences and in-
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corporate the effect of diversity to enhance thermal comfort predictions. In the absence of accurate

models for a particular climatic and cultural context, building standards can trigger a combination

of wasting energy, exacerbating discomfort and losing the bene�t of existing ways in which people

adapt to their local climate.

1.4 Problem statement

To create adequate and affordable dwellings while reducing and optimising resource demands re-

quires a tailored de�nition of metrics and evaluation criteria according to the particular context,

climate and socio-cultural conditions requirements for the dwellings' performance assessment.

Thus, there is the need to research the applicability of ASHRAE90.2 recommendations to the

Ecuadorian Andes. Figure 1.1 summarised the region's housing problem and the possible conse-

quences of adopting non-contextualised thermal comfort models.

Figure 1.1: Problem statement and proposed research approach

The existing housing stock corresponds to uninsulated units that operate under free-running

conditions throughout the year. Adopting minimum requirements for building envelope thermal

insulation and thermal comfort models might increase construction costs exacerbating housing

affordability. In addition, enhancing the envelope thermal insulation requirements and minimising

airtightness might generate unexpected discomfort, leading to a previously non-existent heating

or cooling energy demand. Lastly, considering that there is no energy consumption associated

with dwellings conditioning and that users rely on adaptation to restore comfort, thermal comfort

models become the main criteria for thermal performance evaluation.

The Andes regions' subtropical climate is characterised by narrow annual temperature os-

cillation, diurnal temperature variation, low atmospheric pressure and high solar radiation levels.

Current thermal comfort models result from experiments and �eldwork conducted across various
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climate zones, including temperate, hot-humid and cold weather. Nevertheless, little research has

been conducted to evaluate the subject's assessment of the thermal comfort of dwellings located in

subtropical highland climates, particularly in the Andes. Evidence from studies conducted in other

high-altitude regions, like the Himalayas, has highlighted the adaptation of long-term residents in

dwellings where lower comfort temperatures and broader temperature ranges are acceptable for

inhabitants.

Lastly, local inhabitants' adaptation to the cold and low-pressure environment may lead to

differences in the indoor environment perception. Thus, it is important to study the singularities

of residents and their thermal preferences. A deeper understanding of the main factors driving

differences in thermal perception might allow the enhancement of thermal comfort acceptability,

diversi�cation of mechanisms to provide comfort and energy demand and consumption reduction.

Based on the abovementioned, the question that arises is whether current thermal comfort

models are appropriate for predicting thermal comfort and evaluating the thermal performance of

dwellings in the Ecuadorian Andes. Otherwise, is there scope for adjusting the existing thermal

comfort models to maintain thermally satis�ed occupants while optimising resource demand?

1.5 Aim and objectives

The importance of this research lies in the necessity to provide grounded evidence for the de�ni-

tion of thermal comfort criteria for the evaluation of dwellings' performance, and informing the

construction codes for the Ecuadorian Andes. In response to the need for research and the lack

of evidence of thermal comfort �eldwork studies, this research formulates one research aim and

three speci�c research objectives.

Research aim:

• To de�ne thermal comfort criteria, aligned with residents' perception in subtropical high-

lands, to be used for the thermal performance assessment in dwellings in the Ecuadorian

Andes.

Research objectives:

• To investigate the drivers leading to diverse thermal responses of subjects exposed to high-

altitude environments in a subtropical highland climate.

• To de�ne a thermal comfort model that better predicts residents' subjective responses from

free-running dwellings in Ecuador's subtropical highlands.
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• To evaluate the applicability of thermal comfort models in the subtropical highlands in as-

sessing the thermal performance of housing archetypes in the Ecuadorian Andes.

The research aims to study thermal comfort perception and the thermal performance assess-

ment of dwellings in high-altitude environments. Thus, the study sites were restrained to locations

between 2400 and 3000 meters above sea level. For this purpose, the research combined meth-

ods for collecting objective and subjective data. Fundamentally, the research used cross-sectional

thermal comfort surveys and dwelling audits and building performance simulation (BPS). The

cross-sectional thermal comfort survey for investigating drivers of diversity and informing the de-

velopment of a thermal comfort model for the highlands. Meanwhile, dwellings audit (interviews

and monitoring) and BPS for assessing the thermal performance of representative archetypes and

evaluating the applicability of the thermal comfort models.

1.6 Research scope

This research's scope is the development of a thermal comfort equation aligned to the percep-

tion of residents in the Ecuadorian Andes. The adaptive comfort approach, used to derive the

high-altitude comfort model in this research, clearly de�ne the indoor temperature in relation to

the outdoor temperature assuming subjects adapt to the prevailing conditions. However, little is

know about the adaptation process in low pressure environments. Thus, the proposed research

approach seeks to understand the thermal preferences and behavioural strategies of acclimatised

and non-acclimatised residents in high-altitude regions in the Ecuadorian Andes. For this purpose,

the proposed research combines a cross-section thermal comfort survey in different high-altitude

locations in Ecuador and thermal performance simulation to evaluate the high-altitude thermal

comfort model's applicability.

The thermal comfort survey aims to collect the subjective assessment from acclimatised and

non-acclimatised residents in the studied locations. Besides, other key demographics to consider

for thermal comfort studies are age and gender. This research's sample was limited to participants

aged between 18 and 65 years old due to ethics and social constraints, keeping as close as pos-

sible a proportional male-to-female ratio. Furthermore, testing the high-altitude thermal comfort

model's applicability in local dwellings was restrained to archetypes representing the study re-

gion's main archetypes. The selected dwellings belong to the de�ned high-altitude locations. The

selected archetypes correspond to uninsulated and free-running dwellings based on the studied

region's dominant housing stock patterns. Only single-family detached homes were selected to
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simplify data collection, calibration and modelling for thermal performance assessment.

1.7 Overview of the thesis

The thesis contains seven further chapters, as seen in Figure 1.2.Chapter 2 provides an overview

of the study context and climate in the highlands. The systematic literature review focuses on

thermal comfort models and drivers of diversity in thermal perception in high-altitude regions.

The methodological approach inChapter 3 is described in �ve main sections. The �rst section

describes the theoretical approach and research design implemented in this research. The second

section describes the site selection process of the three study locations. The methods used for the

design and implementation of the thermal comfort survey are detailed in the second section. The

third section describes the methodological approach used for the thermal performance assessment

of the selected archetype. Lastly, the chapter concludes with a summary of the approach followed

to address ethics, risk assessment and data protection implications.

Figure 1.2: Overview of the thesis structure

The results from this research are presented in four chapters.Chapter 4 andChapter 5 ex-

plore the different drivers of diversity from the context and individuals, respectively. Both chapters
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discuss the effect of diversity factors in thermal sensation due to physiological, psychological, be-

havioural, social, cultural and contextual conditions.Chapter 6 focuses on analysing the subjec-

tive responses collected for the studies and compares the results with the current thermal comfort

models from international standards. Furthermore, the chapter describes the implications and de-

velopment of the high-altitude thermal comfort model derived from the collected data.Chapter 7

evaluates the applicability of the novel thermal comfort model for high-altitude regions on the

annual thermal performance of dwellings in the Andes. The analysis employs calibrated energy

models from the studied archetypes. Finally,Chapter 8 discusses the main research �ndings and

annotates the conclusions drawn from this research. The chapter �nalises by describing the limi-

tations of this work, implications for policy guidance, and future research recommendations. Sup-

plementary material is organised into �ve appendices includes additional literature review material

(Appendix A), data collection instruments (Appendix B), evaluation of participant's simultaneous

response (Appendix C), ethics, risk assessment and data protection (Appendix D), and monitoring

and calibration data (Appendix F).

1.8 Publications from this thesis

One peer-reviewed journal paper and one peer-reviewed conference paper have been published.

Furthermore, four additional peer-reviewed journal papers are in progress to publish the most

relevant �ndings from this research.

Peer-reviewed journal paper

• Mino-Rodriguez, I. Naranjo-Mendoza, C. Korolija, I. (2016) 'Thermal assessment of low-

cost rural housing — A case study in the Ecuadorian Andes'.Buildings, 6, 36.

The relevant PhD chapters: Chapter 2 (Literature review) and Chapter 3 (Methodology).

Peer-reviewed conference paper

• Mino-Rodriguez, I.; Korolija, I.; Altamirano, H, (2018) 'Thermal comfort in dwellings in

the subtropical highlands - Case study in the Ecuadorian Andes'.Conference Proceeding:

10th Windsor Conference - Rethinking Comfort, Windsor, UK.

The relevant PhD Chapters: Chapter 2 (Literature review), Chapter 5 (Effect of individu-

als factors on thermal comfort) and Chapter 6 (Thermal comfort model for high-altitude

locations).
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Peer-reviewed journal paper - In progress

• Mino-Rodriguez, I. Korolija, I. Altamirano, H. Raw, Gary. (In progress) 'Explaining the

diversity of subjective thermal performance assessment of residents in the Subtropical high-

lands'.

The relevant PhD chapters: Chapter 2 (Literature review), Chapter 4 (Effect of high-altitude

contextual factors on human thermal comfort) and Chapter 5 (Effect of individuals factors

on thermal comfort).

• Mino-Rodriguez, I. Korolija, I. Altamirano, H. Raw, Gary. (In progress) 'An adaptive

comfort model for residential buildings in subtropical high-altitude regions – Study in the

Ecuadorian Andes'.

The relevant PhD chapters: Chapter 2 (Literature review), Chapter 3 (Methodology), and

Chapter 6 (Thermal comfort model for high-altitude locations).

• Mino-Rodriguez, I. Korolija, I. Altamirano. (In progress) 'Evaluating the applicability of

the adaptive comfort model for dwellings in the Subtropical highlands'.

The relevant PhD chapters: Chapter 2 (Literature review), Chapter 3 (Methodology), Chap-

ter 6 (Thermal comfort model for high-altitude locations) and Chapter 7 (Archetypes ther-

mal performance assessment).

• Mino-Rodriguez, I. Korolija, I. Altamirano. (In progress) 'Calibration method for simple

free-running buildings based on indoor air temperature'.

The relevant PhD chapters: Chapter 2 (Literature review), Chapter 3 (Methodology), and

Chapter 7 (Archetypes thermal performance assessment).



Chapter 2

Literature review

2.1 Overview

It is estimated that 81.6 million people live permanently in environments located at altitudes

above 2500m (Tremblay and Ainslie, 2021). People live under the constant stress of low at-

mospheric pressure in high-altitude regions, increasing solar radiation and diurnal temperature os-

cillation. When the atmospheric pressure is signi�cantly lower than the standard value at sea level

(101.33kPa), the evaporative heat transfer increases, and the convective heat transfer decreases.

Therefore, besides the effect of temperature and solar radiation on thermal balance, the total heat

exchange between the human body and the environment increases as atmospheric pressure de-

creases (ASHRAE, 2009; Wang et al., 2010). The impact of these physiological strain and human

adaptation in thermal perception needs to be understood to improve high-altitude comfort pre-

diction. Despite some background adjustments to the models recommended by some guidelines,

evidence from existing research highlights the importance of contextualising thermal comfort cri-

teria to socio-cultural and climatic conditions.

The literature review in this chapter aims to gain insight into thermal comfort studies and the

diverse means of adaptation in high-altitude regions. The chapter has been structured into three

sections. The �rst section introduces high-altitude regions in the world and the weather in these

regions. The second and central part of the review focused on thermal comfort studies in high-

altitude regions. The section provides an overview of thermal comfort models incorporated in

current international standards and a thorough description of thermal comfort studies' main �nd-

ings in low-pressure environments. Lastly, the third section provides an overview of the contextual

(climate and buildings physical conditions) and individuals (behavioural, physiological, and psy-

chological adaptive processes) drivers of diversity affecting occupants' thermal perception.
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2.2 High-altitude regions

High-altitude regions are not only one of the most threatening environments for human health,

survival and reproduction but are also the least economically developed regions (Bigham, 2016;

West et al., 2012). High-altitude population resilience and adaptability results in a lower feeling of

discomfort or irritation even in extreme conditions. Resilience and tolerance to thermal extremes

are even higher among inhabitants with low socio-economic backgrounds (Shastry et al., 2016).

The term 'high-altitude' refers to the vertical distance above sea level and stand for environ-

ments located at a high elevation. Nevertheless, the de�nition of a high-altitude threshold differs

between high and low latitudes (Inouye and Wielgolaski, 2003). Although no threshold has been

de�ned as altitude boundaries, physiologically high altitude refers to the limit where humans expe-

rience symptoms related to low-pressure environments. Hence, based on the physiological effect

of high altitude, three altitude ranges have been de�ned as follows: high-altitude (1500 to 3500m),

very high altitude (3500 to 5500m) and extreme altitude (above 5500m) (Paralikar and Paralikar,

2010). Three regions hosting high-altitude populations are the Tibetan plateau and Himalayan val-

leys (Southwest Asia), the Ethiopian Highlands (Africa) and the Andes (South America), shown

in Figure 2.1.

Figure 2.1: High-altitude regions

The Andes Region extend continuously near the west coast of South America from Colombia

in the north to the southern part of Chile in the south. The mean maximum altitude at the tropics

and subtropics is over 4000m above sea level, altitude decrease as the Andes runs south (Garreaud,

2009). Ecuador, the area of interest in this research, is located in the western part of South America

and is divided into three continental regions: Coastal, Andean and Amazon regions, as seen in

Figure 2.2.
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Figure 2.2: Ecuador's location and geographical regions

The Andean region is home to over 45% of the population of the country. The major cities

in the highlands, such as Quito (Capital city), Cuenca, Ambato and Riobamba, are located above

2600m above sea level (See Appendix A.1).

2.2.1 Climate in high-altitude regions

The effect of mountains own mass on the air circulation patterns, precipitation, and radiation cre-

ate a great variation of climate. However, some general patterns differentiate high altitude from

low altitude climate (Inouye and Wielgolaski, 2003). The effect of the altitude above sea level and

soil relief produce multiple microclimates over short horizontal distances. As altitude above sea

level increases, temperature, atmospheric pressure, absolute humidity, and dust content decrease.

The thinner atmosphere enhances the incidence of solar radiation, especially of ultraviolet wave-

length. Precipitation increases above 4000m, and intensity differs between windward and leeward

mountain slopes. Similarly, wind speed increases considerably in the valleys, where mountains

act as barriers and funnel the air movement. According to the latitude, high mountains collect

permanent snow and ice on their peaks and ridges (Inouye and Wielgolaski, 2003; West et al.,

2012). The major physical changes in atmospheric pressure, air temperature, humidity and solar

radiation are described below:

• Atmospheric pressuredecreases with increasing elevation from sea level; the higher the

altitude, the less air overhead. Barometric pressures variation depends on altitude, latitude

and seasonality. The fall of barometric pressure does not affect the oxygen (O2) concentra-

tion that remains unchanged. However, the human body adjusts to overcome the reduction

of the partial pressure of oxygen (PO2) of the inspired air.
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• The decrease inair temperature (DB) is roughly linear with altitude ascent in the tropo-

sphere. Although the �gure of 1.0 °C per 150m is usually given as lapse rate, there is no

uniform rate for the decline. At any given latitude, the monthly temperature variation is less

at high altitude than at sea level and virtually disappear at the equator. Because of the effect

of high solar radiation, a considerable diurnal variation in the range of 30.0 °C is observed

under clear sky condition. The daily temperature oscillation is lower under overcast sky

conditions (West et al., 2012).

• Absolute humidity (H) - the mass of water vapour per unit volume of gas at the prevailing

temperature - is low at high altitude where the water vapour pressure is depressed at the

reduced temperature (West et al., 2012) However,relative humidity (RH) is the metric of

humidity used in thermal comfort studies and the available one to describe the water vapour

concentration present in the air. RH represents the relationship between the actual vapour

concentration and the saturation concentration at the same temperature.

• The incidence ofsolar radiation increases noticeably with altitude as the thinner atmo-

sphere reduces the sunray absorption. The reduced density of the air causes increases radi-

ation up to 100% at an altitude of 4000m compared to sea level. Besides, water vapour in

the atmosphere absorbs substantial amounts of solar radiation (West et al., 2012). A 4% per

300m increment of ultraviolet radiation is observed in altitude due to less water vapour and

particulate matter in the atmosphere (Parsons, 2014).

2.3 Thermal comfort models in high-altitude regions

Few thermal comfort studies have been conducted to investigate the low-pressure effect on ther-

mal comfort and thermal performance assessments. This section reports the current knowledge

and �ndings from a systematic literature review and theoretical (see Appendix A.2) and method-

ological contribution to thermal performance in high-altitude regions.

2.3.1 Thermal comfort models in current international standards

Thermal comfort has been de�ned as' that condition of mind that expresses satisfaction with the

thermal environment and is assessed by subjective evaluation'(ANSI/ASHRAE/IES, 2017). Ther-

mal comfort occurs when the body's temperature is within narrow ranges, the skins' moisture is

low, and thermoregulation effort is minimal. However, cognitive judgement is also in�uenced by

physiological, psychological, and behavioural adaptations (ASHRAE, 2009). Different thermal
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comfort models have been developed for understating and predicting satisfaction with the ther-

mal environment. Based on the methodological and fundamental theory, the models have been

classi�ed as a) classic heat balance models, b) adjusted heat balance models, c) adaptive com-

fort models, d) thermophysiological models (Schweiker et al., 2018). Despite the large number

of existing thermal comfort models, the ones commonly used in thermal comfort research are

the models incorporated in current international standards, Fanger's heat balance model and the

adaptive comfort model (ANSI/ASHRAE/IES, 2017; EN ISO, 2005, 2007a).

Fanger's heat balance model, derived from research conducted in a controlled climate cham-

ber, combines the heat balance theory and thermal regulation physiology. This model asserts that

human satisfaction or dissatisfaction with the thermal environment results from four environmen-

tal parameters and two personal variables. The environmental parameters are air temperature (tin),

mean radiant temperature (tr ), airspeed and, relative humidity (RH). Additionally, the two per-

sonal variables correspond to the activity level (Met) and clothing insulation (Clo). Fanger's heat

balance model, or simply referred to as the PMV model, uses two main indexes for estimating

comfort conditions, the predicted mean vote (PMV) and the predicted percentage of dissatisfac-

tion (PPD). PMV predicts the mean value of thermal votes of a group of subjects exposed to

the same steady-state environment according to the ASHRAE seven-point thermal sensation scale

(Table 2.1). The recommended limits for comfort zone are� 0:5< PMV < + 0:5, and those voting

outside these limits are counted as dissatis�ed. PPD de�nes the percentage of people predicted to

be dissatis�ed due to uncomfortably warm or cold conditions (ASHRAE, 2009; EN ISO, 2005).

Table 2.1: ASHRAE seven-point thermal sensation scale

-3 -2 -1 0 +1 +2 +3

Cold Cool Slightly cool Neutral Slightly warm Warm Hot

The adaptive comfort model asserts that'if a change occurs, which produce discomfort, peo-

ple react in ways which tend to restore their comfort'(Humphreys and Nicol, 2002). Thus, occu-

pants play an essential role in achieving their thermal preferences through their interaction with

the context. When the adaptive opportunities are insuf�cient, deviation from thermal neutrality

occurs, leading to thermal discomfort. Furthermore, occupants' expectations about the indoor en-

vironment are greatly in�uenced by prevailing outdoors conditions, behaviour modi�cations, and

habituation (Brager and De Dear, 1998; Djongyang et al., 2010). The index used to express the

effect of the surrounding thermal environment in the human body is the operative temperature
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(to) (Nicol and Humphreys, 2010). Based on the results of several �eld studies in free-running

buildings, the optimalto is predicted by a simple regression of indoor temperature with the pre-

vailing outdoors conditions as in Equation 2.1 (Humphreys et al., 2007).

tn = b� tout + a (2.1)

Wheretn is the neutral indoor temperature,tout is the outdoor reference temperature. The

function slope (b) is proportional to the degree of adaptation to the different climatic conditions,

anda is the y-intercept. Values fora andb might differ among studies due to cultural background,

climate and other contextual factors (Carlucci et al., 2018). The linear regression coef�cient and

the outdoor reference temperature calculation constitute the main differences not only between

�eldwork studies but between thermal comfort standards.

On the one hand, the adaptive comfort model used to determine the correlation between

comfort votes and environmental parameters is based on one or more independent variables. The

linear model disregard useful information observed on the scattered data in thermal performance

graphics representing the diversity of responses within the population (Schweiker et al., 2018).

The adaptive comfort standards applies to free-running buildings where occupants interaction with

the environment and adaptation are dominant in restoring comfort. The human adaption to the

surrounding environment is mainly related to three main drivers a) psychological, b) physiological,

c) and behavioural (Brager and De Dear, 1998). Nevertheless, the model does not include in the

calculation any adaptation factor or other environmental parameters. Little is known about the

complex interaction between adaptation factors, making it dif�cult to attribute the thermal comfort

status to a particular adaptation category (Liu et al., 2012).

On the other hand, the PMV model is based on individuals' responses to climate chamber

or uniform conditions, ignoring the real world's natural variable conditions. The fundamental

difference between the PMV model and adaptive comfort model relies on the thermal accept-

ability for users in air-conditioned buildings compared to users of the free-running buildings, re-

spectively (Frontczak and Wargocki, 2011). The PMV model is primarily intended for thermal

assessment in mechanically conditioned and steady-state environments with negligible adaptive

opportunities (Carlucci et al., 2018; de Dear, 1998). Although the model partly accounts for be-

havioural adjustments (clothing) and environmental interventions (adjusting airspeed), predictions

overestimate or underestimate occupants' discomfort in free-running buildings. One of the main

arguments against the PMV model is that occupants are considered passive thermal stimuli re-
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cipients. Besides, the model ignores contextual and background differences affecting subjective

responses (de Dear, 1998).

Current thermal comfort models, both the PMV and adaptive comfort models, fail to fully

explain the wide-ranging of observed thermal responses in �eld studies. The effect of low at-

mospheric pressure is partially accounted for in the existing guidelines. In order to account for

atmospheric pressure signi�cantly different from the standard value (101:33kPa), the convective

and evaporative heat transfer equations should be adjusted (ASHRAE, 2009). These corrections

consequently affect the calculation of operative temperature and clothing insulation. Furthermore,

although solar radiation levels are higher at high-altitude, heat transfer mechanisms are accounted

for when considering the mean radiant temperature for thermal balance (Parsons, 2014).

2.3.2 Thermal comfort studies in high-altitude regions

A few thermal comfort models resulted from thermal comfort studies conducted in mid and high-

altitude in the Tibetan plateau and Andes mountains. Despite the research focused on residential

buildings, studies in educational and of�ce buildings were included in the review due to the little

existing evidence of thermal comfort studies in high-altitude regions. Research studies in the

Tibetan plateau have been mainly conducted in residential buildings in China (Yan and Yang,

2014; Yang et al., 2013; Yu et al., 2017)and Nepal (Rijal and Yoshida, 2006; Rijal et al., 2010).

Thapa et al. (2018c) performed several thermal comfort �eld studies in Nepal assessing the effect

on elevation educational (Thapa et al., 2016), of�ce (Thapa et al., 2018b), and residential buildings

in India (Thapa et al., 2018a). In the subtropical highlands in the Andes, there is evidence from

thermal comfort studies in of�ce buildings in Colombia (Garc�́a et al., 2019; Natarajan et al., 2015)

and in educational (Guevara et al., 2021), of�ce (Gallardo et al., 2016b), and residential buildings

(Molina and Yaguana, 2018) in Ecuador.

In most of the studies, the respondents are residents that have lived in the studied location

for at least one year (Thapa et al., 2018c) but more often for over �ve years (Gallardo et al.,

2016b; Garć�a et al., 2019; Natarajan et al., 2015; Rijal and Yoshida, 2006; Rijal et al., 2010;

Thapa et al., 2018a; Yan and Yang, 2014; Yang et al., 2013; Yu et al., 2017). Thus, the subjects

are well adapted to the prevailing outdoor environmental conditions. Permanent residents in high-

altitude regions experience a broad outdoor temperature oscillation regularly, which appease their

expectation regarding the indoor environment's conditions. Despite the low indoor air temperature

registered, most of the studies reported high acceptance of the indoor temperature and a mean

thermal sensation vote (AMV) close to neutrality. For instance, in Nepal (150–2600m), Rijal et al.
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(2010) reported over 93% (AMV=0.2) of comfort votes during winter and 97% (AMV=-0.4) during

summertime when individuals were exposed to indoor temperatures of 17.8 and 32.0 °C, and 6.5

and 13.3 °C in summer and winter respectively.

Residents at higher elevation were more adapted to cold than residents at lower elevations and

voted accordingly. Interestingly, the author reported experiencing more extreme thermal sensation

as the altitude increases compared to the ones reported by the residents (Rijal et al., 2010). Simi-

larly, a high percentage of neutral votes were registered by Thapa et al. (2018a) in two locations in

Nepal. In Kurseong at 1420m, 93.7% (AMV=-0.3) of the votes belong to the central categories in

the seven-point ASHRAE scale (+1 to -1). In Tiger Hills (2656m), 95.1% of occupants reported

being comfortable (AMV=-0.1). Despite the prevailing cold conditions, there were no votes reg-

istered for cold (-3). The difference in TSV between locations was statistically signi�cant (Thapa

et al., 2018a). Besides, there is a signi�cant difference in TSV by gender. Female subjects tend

to vote towards the cold side of the scale compared with the males' counterpart (Thapa et al.,

2018a,c; Yan and Yang, 2014).

Yu et al. (2017) reported 74% of neutral votes at residential buildings in the Tibetan plateau.

Whereas in Lhasa-China (3650m), over 62% (AMV=-1.27) of neutral votes were registered despite

the mean indoor temperature was only 10.9 °C (Yan and Yang, 2014). The high percentage of

comfort votes even at low indoor temperature could be partly explained by heavy clothing, reduced

ventilation, and hot drinks intake. On the other hand, high solar radiation might affect the thermal

sensation of residents. Furthermore, due to cultural and economic facts, long-term residents have

low expectations regarding their indoor environment (Yu et al., 2017).

2.3.3 Neutral temperature in high-altitude �eld studies

A range of neutral temperature (tn) has been derived for high-altitude regions as a response to

different expectations and adaptation of users (Table 2.2).tn corresponds to the temperature at

which the thermal sensation is neutral (zero in the ASHRAE scale). Comfort �eld studies derive

tn by regressing the mean thermal sensation votes against the indoor temperature (AMV = b:tin �

a). Nevertheless, due to the limited number of observations or the narrow range of operative

temperature, the regression is of low precision (Gallardo et al., 2016b) When the TSV is far from

the neutral point, the regression method produces odd values (Thapa et al., 2016). Thus, in order to

get reliable results, most of the reportedtn employed Grif�ths' method using a standard coef�cient

derived from pooled surveys (Humphreys et al., 2016).

Thetn reported for locations between 1350m and 1700m lies between 20.4 °C and 26.7 °C
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Table 2.2: Comfort temperature derived form AMV and PMV

AMV = b:tin � a PMV = b:tin � a
Loc Altitude Per ta tn b a r2 tn b a r2 Ref

Np 1350 An tg 20.4�� - - - - - - - (Rijal et al., 2010)
Ind 1420 An tg 22.4 0.130 2.91 0.23 - - - - (Thapa et al., 2018a)
Np 1500 An tg 26.7�� - - - - - - - (Rijal et al., 2010)
Np 1700 An tg 20.7�� - - - - - - - (Rijal et al., 2010)
Ec 2560 An tin 20.0 0.331 6.64 0.62 - - - - (Molina and Yaguana, 2018)
Ind 2565 An tg 17.8 0.138 2.45 0.13 - - - - (Thapa et al., 2018a)
Np 2600 Wi tg 17.3�� - - - - - - - (Rijal et al., 2010)
Cn 3650 Su tin 23.2 0.183 4.25 0.75 - - - - (Yang et al., 2013)
Cn 3650 Wi tin 18.9 0.141 2.67 0.64 - - - - (Yang et al., 2013)
Cn 3650 Wi1 tin 16.2 0.147 2.38 0.70 - - - - (Yan and Yang, 2014)
Cn 3650 Wi2 tin 20.3 0.137 2.78 0.64 - - - - (Yan and Yang, 2014)
Cn 3650 An tin 19.3 0.129 2.50 0.70 - - - - (Yan and Yang, 2014)
Np 3705 Wi tg 22.9 0.085 1.94 0.26� - - - - (Rijal and Yoshida, 2006)
Ind 1420-2565 An tg 20.6 0.088 1.82 0.09 26.1 0.139 3.63 0.35(Thapa et al., 2018a)
Cn - Su to 21.8 0.192 4.19 0.87 23.8 0.279 6.64 0.99(Yu et al., 2017)
Cn - Wi to 14.5 0.122 1.76 0.92 17.7 0.161 2.84 0.99(Yu et al., 2017)

Residential buildings 19.8 0.152 22.5 0.193

Ind 1950 An tg 20.8 0.194 4.04 0.36 - - - - (Thapa et al., 2016)
Ec 2800 - to 21.8 0.293 6.41 0.88� 23.7 0.220 5.22 0.87� (Guevara et al., 2021)
Ind 135-1950 An tg 25.9 0.091 2.36 0.17 22.3 0.204 4.55 0.84(Thapa et al., 2016)

Educational buildings 22.9 0.193 23.0 0.212

Ind 1640 An to 22.0 0.130 2.87 0.54� 24.1 0.135 3.26 0.76 (Thapa et al., 2018b)
Co 2600 Wa to 23.0 0.663 15.24 0.05 22.2 0.175 3.90 0.83(Natarajan et al., 2015)
Ec 2850 Wa to 23.1 0.074 1.71 0.16 24.1 0.231 5.56 0.85(Gallardo et al., 2016b)

Of�ce buildings 22.7 0.289 23.5 0.180

Ind 135-2565 Wa to 23.9 0.070 1.67 0.38� - - - - (Thapa et al., 2018c)
Ind 135-2565 Co to 27.0 0.060 1.62 0.24� 23.0 0.199 4.57 0.77 (Thapa et al., 2018c)

Combined buildings 25.4 0.065 23.0 0.199

All buildings 21.3 0.170 23.0 0.194

Location (Loc) = China (Cn), Colombia (Co), Ecuador (Ec), India (Ind), Nepal (Np)
Period (Per) = Warm (Wa), Cool (Co), Winter (Wi), Summer (Su), Annual (An)
1Heating,2No-heating
ta = Indoor air temperature (tin), Globe temperature (tg), Operative temperature (to)
tn = �� meantn derived from reported data
� = Correlation coef�cient (r)

while at higher altitudes, from 2560m to 2600m, the derivedtn is 17.3 °C and 20.0 °C. Lastly,

in Lhasa– China (3650m) and Mustang-Nepal (3750m),tn is 16.2 °C in free-running dwellings

and 22.9 °C in heated spaces. Thetn for high-altitude regions is consistently lower as the altitude

above sea level increases. Thapa et al. (2018c) observed that this relation is not linear but closely



50 Chapter 2. Literature review

follows a second-order polynomial regression.

At one of the dwellings analysed by Rijal and Yoshida (2006), the meantn is 10.7 °C, high-

lighting people's adaptation to traditional houses' thermal environment. The mean clothing in that

location is 5.96Clo for females and 2.87Clo for males. However, that clothing level would be

outside the thresholds for the applicability of PMV and the adaptive comfort model. Some studies

reported that the difference intn between locations is signi�cantly different (Rijal and Stevenson,

2010; Thapa et al., 2018c). The lowertn at higher altitudes could be explained by the fact that res-

idents are exposed to lower temperatures than those residing at lower locations. Hence a decrease

in comfort temperature could be expected with an increase in elevation. Comfort temperatures

also vary with seasonality and gender (Thapa, 2020). Furthermore, when comparingtn from �eld-

work in different buildings type, one can notice that the meantn for dwellings (19.8 °C) is lower

than the one for educational (22.9 °C) or of�ce buildings (22.7 °C), denoting the greater adaptive

opportunity at home.

The neutral point on the ASHRAE scale is not necessarily the optimum condition (Yang

et al., 2013). The preferred temperature (tpCool=20.3 °C,tpWarm=22.0 °C) estimated by regressing

preference vote intin is higher thantn (tpCool=15.5 °C,tpWarm=18.3 °C). Even though subjects are

adapted to high-altitude regions, their preference is towards warmer conditions (Thapa, 2020). The

difference betweentn and the preferred temperature from several �eld studies in different countries

have been reported to be up to 3.0 °C (de Dear, 1998).

The regression coef�cient (b) of the equation of the actual thermal sensation votes (AMV)

on indoor temperature (tin) allows estimating the subjects' sensitivity to any change in the indoor

temperature (Humphreys et al., 2016). In residential buildings, the lower slope (b=0.152) observed

in the linear regression correlatingAMV with tin denotes that occupants are better adapted to the

indoor environment and therefore have a minor change in warmth sensitivity. On the other hand,

the slightly higher regression coef�cient (b=0.193) in the linear regression of thePMV with tin

reveals the fact that the PMV model is more sensitive to the change in indoor temperature. Thus,

the overestimation of neutral temperature as reported by Yu et al. (2017), where the derivedtn for

summer is 21.8 °C and 14.5 °C for winter whilePMV estimate 23.8 °C and 17.7 °C for summer and

winter correspondingly. The overestimation oftn for high-altitude regions has been consistently

reported regardless of the building type (Gallardo et al., 2016b; Guevara et al., 2021; Thapa et al.,

2018a,b; Yu et al., 2017).

Furthermore, the high correlation obtained fromAMV regression withtin shows that thetn
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closely follows the indoor condition (Table 2.2). The change of warmth sensitivity in of�ce and

educational spaces is considerably higher than the one at dwellings, most likely due to lower means

of adaptation in those environments. Besides, differences in warmth sensitivity are also noticeable

when analysing the regression coef�cient by gender. Yan and Yang (2014) found that females are

more sensitive to cold environments when comparing to male participants. The heavier clothing

reported by female participants denotes the adaptive response to the indoor temperature.

2.3.4 Relation of comfort temperature with the indoor and outdoor temperature

Neutral temperature is also derived through a linear regression over the indoor temperature (tn =

b:tin � a). The high regression coef�cient in residential buildings (b=0.776) observed in Table 2.3

represents the fact that the neutral temperature is closely related to the indoor environment. At

educational and of�ce buildings, the relation betweentn andtin is even higher, denoting the indoor

conditions' considerable effect on the comfort temperature, which may be attributed to the lesser

adaptive opportunity in these buildings.

The adaptive comfort model estimates the comfort temperature from the prevailing outdoor

temperature and the indoor temperature (tn = b:tout � a). The mean regression coef�cient (b=0.532)

from the studies in high-altitude regions is higher than the one established in ASHRAE55:2017

(b=0.31) and ISO15251:2007 (b=0.33). The equation's steeper slope suggests quicker adaptive

behaviour with changes in the outdoor environment (Thapa et al., 2018c).

The high coef�cient (b=0.776) in the residential buildings equation highlight that comfort

temperature closely followed the indoor environmental condition, which could be associated with

the adaptation level of subjects with the indoor environment (Thapa et al., 2018b). Besides, the

high and signi�cant correlations reported from the comfort temperature with the indoor and out-

door environmental conditions support the statement that in naturally ventilated buildings, the

change in outdoor temperature triggers occupants' reaction to restore comfort. Consequently, sub-

jects that are continuously reacting tend to be more permissive with indoor conditions.

2.3.5 Comfort range in high-altitude regions

Broader ranges of acceptability of the indoor thermal environment have resulted from �eld studies

in the highlands. Comfort temperatures derived from the abovementioned studies depict that the

comfort zone for the occupants of residential buildings in high-altitude is much different to the

one prescribed by the international standards (i.e. ASHRAE55:2017, GB/T 50785-2012) (Thapa,

2020; Yu et al., 2017). Yan and Yang (2014) reported 13.0 °C as an acceptable lower boundary

of the indoor temperature for 80% of the occupants, suggesting that residents are acclimatised
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Table 2.3: Regression of comfort temperature on indoor and outdoor temperature

tn = b:tin � a tn = b:tout � a
Loc Altitude ta b a r2 tout b a r2 Reference

Np 1350-2600 tg 0.827 3.93 0.99 - - - - (Rijal et al., 2010)
Cn 3650 - - - - tout 0.474 13.80 0.74 (Yang et al., 2013)
Ind 1420 to 0.739 5.81 0.71 tout 0.587 9.78 0.66 (Thapa et al., 2018a)
Ind 2565 to 0.737 4.65 0.51 tout 0.466 11.67 0.58 (Thapa et al., 2018a)
Ind 1420-2565 to 0.827 3.56 0.69 tout 0.527 10.90 0.64 (Thapa et al., 2018a)
Ind 1420-2565 - - - - trm 0.532 11.01 0.70 (Thapa et al., 2018a)
Ind 2565 to 0.752 4.42 0.72 trm 0.605 10.41 0.74 (Thapa, 2020)

Residential buildings 0.776 0.532

Ind 135-1950 tg 0.817 4.71 0.80 trm 0.654 10.65 0.78 (Thapa et al., 2016)

Educational buildings 0.817 0.654

Ec 2850 to 0.903 2.29 0.95 - - - - (Gallardo et al., 2016b)
Ind 1640 to 0.739 5.73 0.88� tout 0.639 9.02 0.82� (Thapa et al., 2018b)
Ind 1640 - - - - trm 0.747 7.12 0.84� (Thapa et al., 2018b)
Co 2600 - - - 0.05 tout 0.41 16.00 0.41 (Garć�a et al., 2019)

Of�ce buildings 0.821 0.599

Ind 135-2565 to 0.849 3.58 0.91� trm 0.694 8.91 0.87� (Thapa et al., 2018c)

Combined buildings 0.849 0.694

All buildings 0.799 0.576

Location (Loc) = China (Cn), Colombia (Co), Ecuador (Ec), India (Ind), Nepal (Np)
ta = Indoor air temperature (tin), Globe temperature (tg), Operative temperature (to)
tout = Mean outdoor temperature (tout), Running mean temperature (trm)
� = Correlation coef�cient (r)

to Lhasa's cold weather conditions Plateau (3650m). On the other hand, when the temperature

exceeds 28.0 °C, the Tibetan plateau residents feel hot (Yu et al., 2017).

The continuous exposure to a wide oscillation of outdoor and indoor temperatures affects

subjects who adjust their comfort range (Thapa et al., 2018c). Thapa (2020) proposed extending

the limits of the comfort zone predicted by the model of the ASHRAE55:2007. He suggests

shifting the acceptable temperature towards the left (lower indoor temperature) and extending the

relative humidity towards 80% for the upper and 20% for the lower boundary (Thapa, 2020).

Similarly, Yu et al. (2017) suggested shifting the comfort range established in the GB/T 50785-

2012 towards lower temperature based on the Tibetan plateau's �ndings. The comfort zone for

dwellings in this region suggests an acceptable temperature range between 10.2 °C and 22.9 °C

for a low relative humidity (30%) and between 9.8 °C and 21.7 °C for high relative humidity

(70%) (Yu et al., 2017). In the Andes, Molina and Yaguana (2018) propose a comfort temperature
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range from 16.6 °C to 23.6 °C for dwellings in Cuenca-Ecuador (2560m) for 80% of acceptability.

2.3.6 Other thermal comfort models for the highlands

Besides the thermal comfort models adopted in the international standards, several models have

been developed to enhance comfort temperature estimation. Several authors have proposed differ-

ent thermal comfort models based on Fanger's heat balance and adaptive comfort theories. Based

on data collected in Lhasa, Shigatse, Qamdo, Nagqu, Nyingchi, Lhoka and Ngari, Yu et al. (2017)

derive al value (0.34) to be used with the adaptive PMV (aPMV = PMV
(1+ l � PMV) ).

Thapa et al. (2018c) proposed a second-order polynomial regression (Equation 2.2) based on

a compilation of the results from the �eld studies conducted in 10 buildings located at a different

elevation (135 to 2565m).tnG is the neutral temperature predicted from elevation,0x0is the elevation

(in km) of the studied location.

tnG = 0:959x2 � 6:854x + 28:83 (R = � 0 :783; N = 2574; p < 0:001) (2.2)

Lastly, Singh et al. (2015) proposed a thermal comfort model for north India locations based

on multiple regression analysis for predictingtn from indoor temperature, outdoor temperature,

relative humidity and clothing. The model is developed using data from summer and winter and

validated with pre-summer and pre-winter data, correspondingly. Limitations of the proposed

models are related to the few locations included for developing the model and the diverse building

typologies. Both models have been proposed for a particular context, China and India, where indi-

viduals adaptation and contextual conditions differ from those in the Andes region. Furthermore,

data includes locations (135m) where human beings are not under low atmospheric pressure strain

and combine residential and non-residential (of�ce and educational) buildings.

2.4 Factors driving diversity in thermal perception

Heat balance and adaptive comfort models fail to explain the scattered comfort votes observed

in high-altitude �eld studies. Overall, differences observed between occupant's thermal com-

fort votes could be attributed to numerous drivers of diversity. Until now, little is known about

the complex interaction of individual and contextual adaptation factors, making it dif�cult to at-

tribute a thermal comfort status to a particular adaptation category (Liu et al., 2012). The ongoing

challenge relies on understanding these interactions to enhance thermal comfort models' accu-

racy (Schweiker et al., 2018). However, consensus exists on the practical and scienti�c implica-

tions of a better understanding of diversity factors and their in�uence on thermal perception. From
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the practical point of view, identifying diversity factors would allow personalised and dynamic

models and the diversi�cation of mechanism and opportunities to restore comfort. Furthermore,

the scienti�c challenge relies on integrating diversity factors effect in the models to enhance ther-

mal comfort prediction (de Dear, 1998; Schweiker et al., 2018; Shipworth et al., 2016).

The main factors that promote diversity in thermal perception have been broadly de�ned

in the literature as behavioural adjustment, physiological adaptation, and psychological habitua-

tion (de Dear, 1998). A more recent conceptual model differentiated between human and con-

textual drivers, and short-term' states' (seconds to hours) and long-term' properties' (months to

years) (Shipworth et al., 2016). Figure 2.3 summarised a conceptual model of drivers of diver-

sity used in this review to explain the difference between contextual and individual responses in

high-altitude regions. The contextual factors known to affect occupants' perception are buildings'

physical conditions and the indoor and outdoor environment. Besides, individuals preference and

responses to climate, culture and personal experiences may arise one or a combination of physi-

ological, psychological, and behavioural responses. Some factors are intrinsic to each individual,

and others re�ect the availability and variability of controls.

Figure 2.3: Diversity factors on human thermal comfort

2.4.1 Contextual factors - Outdoor conditions

Contextual factors on thermal comfort are related to environmental control mechanisms and the

indoor and outdoor environment. These factors are known to have physiological and psychological

effects on occupants. The physical environment is observable and measurable; thus, it is the most

studied when assessing human thermal comfort. There is strong evidence that thermal perception

depends on the climatic background, both short and long-term. In high-altitude regions, the con-

stant stress of reduced atmospheric pressure, high solar radiation and daily temperature oscillations

may elicit several physiological responses in humans, further detailed in Section 2.4.3. As men-

tioned previously, the main challenge relies on distinguishing between physiological (adaptation

and acclimatisation) processes and non-physiological ones (Shipworth et al., 2016).
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2.4.2 Contextual factors - Dwellings physical conditions

Environmental control mechanisms provided in buildings allow occupants to take action over their

given indoor environment. However, control effectiveness relies not only on controls availability

but the actual exercised control. In other words, to what extend occupants can adjust their occu-

pied thermal environment (Liu et al., 2012). In most cases, the properties of buildings that provide

opportunities to occupants to adjust the environment range from the regulation of ventilation (me-

chanical and natural) and adjusting heating and cooling systems. However, most cities and towns

in high-altitude regions in the subtropics are developing countries where mechanical condition-

ing systems are not a common practice. Hence, buildings' thermal performance relies on passive

methods to reach acceptable indoor temperatures (Chen et al., 2015; Liu et al., 2016; Yan and

Yang, 2014). Several studies reported the impact of design strategies or interventions aiming to

reduce heat loss and increase thermal storage to improve the indoor thermal environment. Due to

the high intensity of solar radiation, active solar heating systems have drawn much attention as an

effective design approach for these regions.

Studies conducted in Nepal's high-altitude regions (Fuller et al., 2009; Rijal and Yoshida,

2006) and China (Huang et al., 2016; Yang et al., 2013) have shown the implication of solar pas-

sive strategies for cold climates in the mountains above 2000m. Cost-effective and simple strate-

gies such as reduction of external in�ltration, increasing roof insulation (reduce heat loss), and

the incorporation of sunspace considerably improved the indoor environment of low-cost housing

in Humla–Nepal (2942m) (Rijal and Yoshida, 2006). The focal solar passive design strategies,

the thick dry brick walls (450mm) and small windows of traditional dwellings in Lomangtang

(3705m) provide acceptable indoor environmental conditions (Rijal and Yoshida, 2006). Simi-

larly, in the Tibetan Plateau (3600m), the minimisation of heat loss and in�ltration, increased solar

heat gain and storage and optimised natural ventilation were effective solutions to improve the

indoor environment in winter (Huang et al., 2016). By ef�ciently capturing solar heat, an increase

between 2.0 °C to 5.0 °C in the indoor temperature could be achieved in existing dwelling in

the Qinghai Tibetan plateau (2367m) (Liu et al., 2017). The thermal performance of traditional

dwellings (mud) compared to modern construction (concrete) have also been studied in Saudi

Arabia (� 2200m). Mohamed et al. (2019) highlight the higher mean indoor temperature of tra-

ditional dwellings (22.7 °C) compared to the indoor environment of a concrete house (20.8 °C).

Other solutions such as sunspaces and Trombe walls have been designed and optimised based on

monitoring and simulation studies. An optimal sunspace design in the Qinghai-Tibetan plateau
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(2367m) proposed a ratio of 1.5m depth and 45% window to wall ratio (WWR) to maximise the

gains during the daytime and minimise the heat loss at night (Liu et al., 2019). Results from one-

year monitoring of a Trombe wall used as a low-tech retro�tting passive solution implemented in

a hot arid climate region showed reduced heating and cooling demand (Dabaieh et al., 2019). The

same author has presented similar studies regarding vernacular strategies for high-altitude regions

in Egypt, focusing on indoor environmental enhancement using passive strategies and local ma-

terials (Dabaieh and Elbably, 2015). Besides building design, other control mechanisms reported

are �rewood and electric heaters or similar to keep warm (Rijal et al., 2010; Yu et al., 2017).

The thermal performance of vernacular dwellings has been assessed in the Andes Region in

Ecuador (Gallardo et al., 2016a; Mino-Rodriguez et al., 2014, 2016), Peru (Ninaquispe-Romero

et al., 2012) and Chile (Palme et al., 2014). These studies reveal that the critical buildings' parame-

ter affecting indoor thermal performance are the roof, �oor, and airtightness. Earthen constructions

have higher thermal stability when comparing to the modern uninsulated lightweight construction

used in the region. However, an appropriate selection of envelope materials does not guarantee

a comfortable thermal environment in existing dwellings. Nevertheless, the appropriate selection

of passive strategies such as heat storage and passive solar heat gain will enhance the dwellings'

thermal performance (Gallardo et al., 2016a; Mino-Rodriguez et al., 2014). Fuller et al. (2009)

reach similar conclusions after monitoring and simulating vernacular dwellings in Simikot-Nepal

(� 2900), he concludes that indoor thermal conditions could be signi�cantly enhanced more effec-

tively by reducing in�ltration than by increasing insulation levels (Fuller et al., 2009). Regarding

modern uninsulated construction typology in the Andes, Rodr�́guez et al. (2019) achieve a 2.1 °C

increase in the daily mean indoor temperature by reducing heat losses from external walls (add

internal insulation) and windows (add a second layer) (Rodr�́guez et al., 2019). A similar research

by Dietz et al. (2020) optimised the building envelope (increase insulation) and windows area to

take advantage of the solar heat gains in a mining camp in Chile (4000m) (Dietz et al., 2020).

It is worth noticing that the implementation of hermetically sealed buildings in mild climate as

is Bogota-Colombia (2600m) might produce undesired overheating (Gonçalves and Fernández,

2015).

2.4.3 Individual factors - Physiological adaptation

People in the highlands have developed speci�c physiological responses to restore internal heat

balance (Tompkins, 2011). Understanding the effect of climate stressors, diurnal temperature

oscillation and low atmospheric pressure, and human adaptation to restore balance would provide
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insights into factors in�uencing thermal perception in high-altitude. Opposite to temperature,

humidity and solar radiation, low atmospheric pressure is the only hazard that cannot be avoided

by behavioural mechanism or appropriate shelter (West et al., 2012).

The human body's physiological responses to compensate for low pressure and temperature

oscillation can be classi�ed according to the duration (acute and chronic) and exposure intensity

(rate of ascent). Figure 2.4 illustrate the time-span period required for the progressive reduction in

physiological strain when exposed to repeated stress (Moore, 2017; Taylor, 2006).

Figure 2.4: Time course of acute responses and chronic physiological adaptations

An acute physiological response is an immediate reaction of one or more systems in the

human body to a stressor; conversely, chronic adaptations are the long-term adjustments in one

or more body systems to sustain stressors. The physiological strains intensify with time and are

known as acclimatisation or acclimation. The difference between acclimation and acclimatisation

is related to the environment's conditions rather than the responses developed after repeated expo-

sure. Acclimation refers to responses developed to a simulated environment, while acclimatisation

corresponds to those elicited in natural environments (Gibson et al., 2017; Périard et al., 2015).

Lastly, the adjustments taking place during a lifetime are referred to as developmental responses,

and those occurring across generations are termed genetic adaptation (Castellani and Young, 2016;

Moore, 2017). As this research focused on long-term residents adaption, the overview below cen-

tred on chronic adaptation among highlanders.

Physiological response to reduce atmospheric pressure

At high-altitude, humans risk is not related to reduced atmospheric pressure but the low oxygen

pressure. The partial pressure of intake oxygen at the lungs decreases at low-pressure environ-

ments; consequently, less oxygen is transported to the cells. The physiological responses of native
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high-altitude populations, such as Andean (South America), Tibetan (Central Asia) and Ethiopian

(Africa), are mainly observed in the pulmonary, cardiac, renal and hematologic systems (Johnson

and Luks, 2016), summarised in Table 2.4.

Table 2.4: Physiological adaptation of high-altitude population to high-altitude

Physiological adaptation Andean Tibetan Ethiopian

Resting ventilation No increase 50% higher NR
Hypoxic ventilatory response Blunted (low) Similar to sea-level NR
Arterial oxygen saturation Elevated No increase Elevated
Haemoglobin concentration Elevated Lowered Minimal increase
Birth weight Elevated Elevated NR

NR = No register

Findings highlight considerable differences between Andean (South America) and Tibetan

(Central Asia) altitude residents. As for the third group, little evidence exists regarding Ethiopians'

long-term adaptation (Africa) (Bigham et al., 2013; Moore, 2017). Furthermore, the physiological

response of born and raise high-altitude residents varies from that of well-acclimatised lowlanders.

The most important responses are related to breathing (ventilatory response) and haemoglobin

concentration.

• Highlanders have lower total ventilation at rest and exercise, and blunted hypoxic ventilatory

response, although in Tibetans this is less than in South Americans. Blunting mechanism is

an important factor in the adaptability of species to high-altitude. Besides, highlanders have

higher lung diffusing capacities when comparing to their counterparts in the lowlands.

• Increased haemoglobin concentration at altitude is one of the most acknowledge adaptations

to hypoxia. Aymara (Indigenous from Bolivia) and Andean high-altitude natives have higher

haemoglobin concentration than Tibetans and are signi�cantly higher than lowlanders (West

et al., 2012).

Furthermore, population adaptation differences have been found in metabolism, body tem-

perature and composition, age, and gender. Findings reported improved metabolism at work; in

other words, reduced energy expenditure at workloads compared to low-altitude residents. Re-

garding subjects' temperature, there is no signi�cant fall of core temperature, but there is a lower

temperature in high-surfaced extremities. The basal metabolic rate is slightly elevated in high-

altitude residents; this mechanism may be explained as the combined effect of hypoxia and cold.

Highlanders are lighter in weight than Europeans, but this difference is negligible compared with
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people of similar race and living standards. Lastly, despite notorious differences between high-

land and lowland population, there is not much evidence on distinct acclimatisation due to age or

gender groups. Research on adaptation come together with unexplained differences at the indi-

vidual's level, degree of acclimatisation and response rate to ascent. Two recurrent issues identi-

�ed when studying acclimatisation and adaptation are the diversity of metrics for assessment and

the dif�culty to disentangle the effect of low atmospheric pressure from other climate variables.

Low-pressure environments elicit diverse physiological changes, and thus different methods are

required to evaluate each of the processes. Furthermore, investigating adaptation requires dis-

cerning the effect of high-altitude from racial, nutritional, social or economic factors (West et al.,

2012).

Physiological response to temperature oscillation

Thermoregulation is the vital and dynamic process that allows the human body to restore or regu-

late the core temperature by balancing heat production and heat loss and minimising heat exchange

with the environment(Tansey and Johnson, 2015). Hot and cold environment elicit different acute

or chronic responses. Due to the highlands' inherent climate conditions, residents are exposed to

diurnal thermal oscillation rather than extreme temperatures. The human response to heat stress

depends on the type and severity of cold or hot environment exposure (Castellani and Young,

2016). Heat acclimatisation, or reduction of heat stress impact, occurs over the �rst two weeks of

exposure. The primary acclimatisation responses are reduction in sweat salt concentration, sweat-

ing response triggering at a lower temperature, and increased plasma volume and cardiac output.

The latest mechanism allows a signi�cant increase in skin blood �ow, increasing heat transfer to

the skin and, consequently, increased heat loss (West et al., 2012). Cold exposure induces three

progressive physiological adjustments: habituation, metabolic adjustments, and insulative adjust-

ment, as described in Figure 2.5.

Figure 2.5: Progressive patterns of human acclimatisation to cold
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Acclimatisation depends on the rate of temperature change (skin and core temperature) and

the exposure duration. In comparison, the attenuation of cutaneous vasoconstriction to chronic

or repeated cold exposure is habituation. Hence, shivering and vasoconstriction will be triggered

at a lower temperature in habituated subjects than in the non-habituated. Thapa et al. (2018c)

provided some insights into long-term adaptation to cold environments due to reducing shivering.

Residents in Nepal were asked to report shivering; interestingly, participants in a lower location

reported a higher rate of slightly shivering (15.7%) compared to the ones at a higher and colder

location (13.%), highlighting the increased adaptation of permanent residents' to colder conditions

in mountainous regions (Thapa et al., 2018c).

Metabolic acclimatisation is the response to repeated exposure to mild or moderate cold en-

vironments, resulting in exaggerated shivering or non-shivering thermogenesis. Higher resting

metabolic rates enable acclimated residents to maintain warmer skin temperatures and less shiv-

ering during cold exposure. Nevertheless, an increased metabolic rate may also result from a

speci�c diet or lifestyle rather than an adjustment to chronic cold exposure. There is little evi-

dence to prove that the enhancement of shivering and non-shivering responses provide relevant

bene�ts to cold thermoregulation. Lastly, insulative acclimatisation is the enhance mechanism to

conserve heat as a response to severe cold exposure. This process is characterised by decreased

skin temperature during cold exposure and is usually accompanied by a rapid and pronounced

cutaneous vasoconstriction. Improved insulation at the body surface is only observed after long

acclimatisation periods (cold water immersions) (Castellani and Young, 2016).

Subjects frequently exposed to cold environments enhance tolerance to that stressor, but sig-

ni�cantly cold acclimatisation is not achieved. Humans residing or working in cold environments

exhibit strong cold-induced vasodilatation. This fact suggests that thermal response to local cold

exposure can be systematically improved by acclimatisation (Cheung and Daanen, 2012). This

statement is supported by Taylor form studies on acclimated aborigines showing that the metabolic

rate remained unchanged as the air temperature falls but the body and skin temperature decrease.

A lower thermal conductance may be associated with enhanced peripheral shell insulation of the

body (Taylor, 2006).

Physiological effect of low-pressure in thermal comfort studies

The effect of low-pressure environment in thermal comfort has been investigated at simulated

environments with reduced oxygen concentration, rather than reduced air pressure (normobaric

hypoxia) and with reduced air pressure at high-altitude regions or in variable pressure experi-
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mental chambers (hypobaric hypoxia). It is essential the differentiation, as some studies have

reported signi�cant differences in human response for hypobaric and normobaric hypoxia (West

et al., 2012). The effect of physiological responses to low-pressure and temperature have been

studied under controlled conditions in decompression chambers. Wang et al. (2010) observed that

the increase of evaporative heat transfer resulted in lower skin temperature and higher clothing

temperature than those found in subjects at sea level. While the reduction in heat transfers ham-

pered heat dissipation from the clothing surface to the ambient environment, hence elevating the

clothing temperature. However, no noticeable change in mean skin temperature was observed

when comparing subjects exposed to normobaric hypoxia and hypobaric hypoxia (Wang et al.,

2010). Besides, Ohno et al. (1991) observed higher skin temperature at the face and trunk than the

extremities skin temperature, and higher heart rate apparently related to low pressure (Ohno et al.,

1991).

Furthermore, these authors reported differences in subjects' thermal responses to the human

body's physical response to compensate for the heat loss. Under moderate hypobaric conditions

equivalent to 2300 meters above sea level, the mean thermal sensation rating drops, and people

become more sensitive to draught, expecting lower air velocity (Wang et al., 2010). When the

air velocity goes above 0.2m=s, heat will be mainly transferred by convection, leading to in-

creased overall heat loss and decreased thermal sensation rating. Besides the effect of thermal

sensation, Wang et al. (2010) reported higher sensitivity to female subjects' cooler environments.

Further studies by Golja et al. (2004) reported decreased cold sensitivity during hypoxia exposure.

Such alteration may affect the individual's perception of thermal comfort and consequently atten-

uate thermoregulatory behaviour during cold exposure to altitude. Nevertheless, further studies

suggested no signi�cant effect of acute hypoxia on humans' thermal comfort zone (Golja et al.,

2005).

Besides physiological differences due to acclimatisation and adaptation, individual factors

such as age, gender, body composition, ethnicity, among others, affect signi�cantly thermal com-

fort (Daanen and Van Marken Lichtenbelt, 2016). The combination within stressors and with other

climate variables might intensify the experienced effect. For instance, the combined effect of cold

and wind produce a cooling effect of a much lower temperature than still air on exposed skin.

Wind also has the effect of reducing the insulation of clothing by causing an increased exchange

of air within and underclothing layers (Parsons, 2014; West et al., 2012). Moreover, high humid-

ity and cold might freeze clothing, reducing the insulation effect (Parsons, 2014). The combined
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effect of the low-pressure and cold environment has been investigated for sports and athlete's per-

formance. However, there is little evidence on the combined physiological effect in long-term

residents from the highlands. That is to say, the combined effect of adaptation to low-pressure en-

vironments (increase ventilatory response and haemoglobin concentration), enhanced blood �ood

and increased metabolic rate resulting from adaptation to cold environments. In terms of human

thermoregulation, it is unclear if hypoxia signi�cantly alters this mechanism (Gu and Jun, 2018).

2.4.4 Individual factors - Psychological responses

Psychological adaptation refers to altered perception and reaction to sensory information con-

structed from past thermal experiences and expectations. The constant exposure to a repeated

thermal stimulus tends to diminish an evoked sensation (de Dear, 1998). The combined effect of

past thermal experience and the socio-economic background is regarded as habituation (Liu et al.,

2012).

People's long and short-term thermal history affects their thermal perception according to

their personal (i.e. social conditions, economic consideration) and current contextual background

(i.e. other people's responses and environmental conditions). Recent experiences may affect the

thermal response to the experimented environment. For instance, subjects who experience a cool

thermal environment the previous day reported warmer thermal sensations in summer and slightly

cooler thermal sensations in winter (Liu et al., 2012). As Gauthier (2015) mentioned, the intensity

of an initial stimulus will affect the subsequent ones, and the residual effect in a person's memory

form the basis of expectations. Differences between individuals might arise even when experienc-

ing the same thermal environment due to their particular cognitive or emotional state. Besides, an

individual highly concentrated in a task will be less aware of the environmental conditions than

one engaged in undemanding tasks. Psychological adaptation cannot be observed directly; rig-

orous research is required to identify if an in�uencing factor is mediated through a cognitive or

emotional system (Shipworth et al., 2016).

Psychological factors affect subjects adaptation; hence, it is expected that the residents in

the highlands who are frequently exposed to low-pressure environments and diurnal temperature

oscillation are habituated and more resilient than lowlanders (Rijal and Stevenson, 2010; Thapa

et al., 2018c; Yang et al., 2013). In the subtropical highlands, the diurnal temperature oscillation is

broader than the seasonal variation. Thus, subjects developed different thermal expectation com-

pared to subjects experiencing higher seasonal variation(Thapa et al., 2016). Furthermore, thermal

expectations for warmer environments can increase or decrease based on contextual factors such
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as environmental parameters or control mechanisms. For instance, due to solar radiation level in

Lhasa, the mean daily indoor air temperature was 18.0 °C and 7.4 °C respectively in a southern

and northern heated space in the house when the mean outdoor temperature was -0.6 °C. People

reported being satis�ed with the southern space's higher temperature, increasing users' thermal

expectations for other spaces in the house (Yan and Yang, 2014).

Furthermore, Yan and Yang (2014) reported the effect of perceived control in dwellings with

and without heating systems. The meantn in dwellings with heating systems (16.2 °C) was lower

to the one derived for occupants in dwellings without a heating system (20.2 °C). These differ-

ences intn could be attributed to psychological factors of perceived control. Although heating

systems (electric heater or stove heater) were insuf�cient to warm-up space, the sense of having

control alleviates the user's thermal expectations (Yan and Yang, 2014). Findings from previous

studies reported that having control over aspects of the local thermal environment can increase

satisfaction with a broader temperature range (Shipworth et al., 2016). Besides, occupants may

be less bothered by an unwanted stressor when they perceived to have control over it (Liu et al.,

2012).

2.4.5 Individual factors - Behavioural adaptation

Behavioural feedback involves all the conscious or unconscious acts that a person can take to

induce or attempt to induce a change in the human body's heat balance. The conscious feeling

of heat distress will trigger corrective actions - behavioural adjustments - as the most immediate

feedback to the thermal environment (de Dear, 1998). Adaptive behaviour is a dynamic process

where multiple factors in�uence the actions and their frequency. The availability, variability and

control level - particularly of the environment and clothing - re�ects the extent to which occupants

can adjust their thermal conditions (Liu et al., 2012). Behavioural adjustments allow people to play

an active role in preserving their comfort and can be observed in a real environment. Therefore, it

is the most studied category of adaptation and is classi�ed as follows (de Dear, 1998):

• Technological adjustments correspond to any change to the environment when control is

available. This means of adaptation has been addressed in Section 2.4.1 and 2.4.2.

• Personal modi�cations are associated with any change in activity, body posture, food or liq-

uid intake, and microclimate selection through clothing and shelters or locations. Adding or

removing clothing layers is one of the most common behavioural adjustment used by a par-

ticipant to restore heat balance. Humans have developed excellent cold-weather clothing,
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homes, and behavioural adjustments, which tend to be much more important than our phys-

iological mechanisms for surviving in severe environments (Daanen and Van Marken Licht-

enbelt, 2016).

• Cultural adjustments widely relate to activities such as schedule, dress code adaptation,

among others.

Because the feeling of (dis)comfort is connected to skin temperature, behavioural and phys-

iological responses are intertwined, and this feeling of (dis)comfort drives behavioural adjust-

ments (Daanen and Van Marken Lichtenbelt, 2016). The adaptations of inhabitants in mechani-

cally conditioned buildings are predominantly driven by behavioural adjustment of clothing and

airspeed. Whereas in naturally ventilated buildings, physiological (acclimatisation) and psycho-

logical (shifting expectations) adaptive processes superimpose behavioural adjustments (de Dear,

1998).

The main behavioural adjustments observed in the Tibetan Plateau residents are wearing

warming clothes, changing rooms, moving around for sunbathing, and dietary custom based on

high-calorie and high-protein meals (Rijal et al., 2010; Yan and Yang, 2014; Yang et al., 2013).

For instance, during the cool season, the consumption of hot beverages like tea, coffee, or hot soup

increases. In high-altitude regions in Mustang-Nepal (3705m), subjects drank as much as 4–35

cups of buttersweet tea, a high-caloric hot drink to keep themselves warm (Rijal et al., 2010).

Clothing level is the primary means of adaptation reported in �eld studies, particularly in

residential buildings where more �exibility is expected. Subjects tend to adapt their clothing to the

environmental conditions to which they are exposed. Lower clothing insulation limits are usually

constrained by culture, tradition or dress code (Thapa, 2020). Similarly, some regions' upper limits

of clothing are determined by traditions, as in the Tibetan plateau. The heavy Tibetans robes offer

�exibility to adapt to extreme weather conditions by draping sleeves to gain heat from direct solar

radiation on a sunny day and unwrapping once the temperature drops (Yan and Yang, 2014).

At lower temperature, for instance, below 26.0 °C, subjects have a greater opportunity to ad-

just their clothing by adding or removing garments (Thapa et al., 2016). Clothing insulation levels

decrease when indoor temperature increases. The clothing change rate varies across different

temperature ranges; whentin ranges between 16.0 and 25.0 °C, the clothing insulation �uctuates

between 2.3 and 2.0Clo. Moreover, whentin is higher than 25.0 °C, clothing level ranges between

1.1 and 0.8Clo (Yu et al., 2017). Clothing levels above 0.8 even when the temperature is 25.0 °C
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partly explain the subjects' adaptation to the prevailing outdoor conditions. The signi�cant differ-

ence observed in clothing levels due to gender, season, and altitude level in high-altitude studies

has been summarised in Table 2.5.

Table 2.5: Clothing insulation by gender and location from �eld studies

Warm - Summer Cool - Winter Annual - Mean
Loc Altitude Male Fem All Male Fem All Male Fem All Reference

Np 1350 0.36 0.64 0.5� 0.88 1.28 1.08� 0.62 0.96 0.79� (Rijal et al., 2010)
Ind 1420 - - - - - - - - 0.70 (Thapa et al., 2018a)
Ind 1420 - - - - - - 0.70 0.73 0.72� (Thapa et al., 2018c)
Np 1500 0.49 0.79 0.64� 0.67 1.15 0.91� 0.58� 0.97� 0.78� (Rijal et al., 2010)
Np 1700 0.39 1.1 0.75� 0.67 1.06 0.87� 0.53� 1.08� 0.81� (Rijal et al., 2010)
Ind 2565 - - - - - - - - 0.90 (Thapa et al., 2018a)
Ind 2565 - - - - - - 0.78 0.97 0.88� (Thapa et al., 2018c)
Ind 2565 - - - - - - 0.97 0.78 0.88� (Thapa, 2020)
Np 2600 0.84 1.12 0.98� 1.38 2.02 1.7� 1.11� 1.57� 1.34� (Rijal et al., 2010)
Np 2600 - - - - - - - - - (Rijal et al., 2010)
Cn 3650 - - - - - - 1.47 1.63 1.55� (Yan and Yang, 2014)
Cn 3650 - - 0.46 - - - - - - (Yang et al., 2013)
Cn 3650 - - - - - 1.44 - - - (Yang et al., 2013)
Cn 3650 - - - - - 1.481 - - - (Yan and Yang, 2014)
Cn 3650 - - - - - 1.592 - - - (Yan and Yang, 2014)
Np 3705 - - - 2.87 5.96 4.42� - - - (Rijal and Yoshida, 2006)
Ind - - - - - - - 0.86 0.74 0.80� (Thapa et al., 2018a)
Np - 0.48 0.86 0.67� 0.88 1.28 1.08� 0.68� 1.07� 0.875� (Rijal et al., 2010)

Residential buildings 0.51 0.90 0.67 1.23 2.13 1.64 0.87 0.98 0.90

Ind 1950 - - - - - - 1.01 1.09 1.05� (Thapa et al., 2016)
Ec 2800 - - - - - - - - 0.85 (Guevara et al., 2021)

Educational buildings 1.01 1.09 0.95

Ind 1640 - - 0.76 - - 1.2 - - 0.98� (Thapa et al., 2018b)
Ind 1640 - - - - - - 1.01 0.90 0.96� (Thapa et al., 2018c)
Co 2600 - - - - - 0.85 - - - (Garć�a et al., 2019)
Ec 2850 - - 0.87 - - - - - - (Gallardo et al., 2016b)

Of�ce buildings 0.82 1.025 1.01 0.90 0.97

Ind - - - - - - - 0.83 0.87 0.85� (Thapa et al., 2018c)

Combined buildings 0.83 0.87 0.85

All buildings 0.51 0.90 0.70 1.23 2.13 1.50 0.89 0.97 0.91

Location (Loc) = China (Cn), Colombia (Co), Ecuador (Ec), India (Ind), Nepal (Np)
1 Heating,2 No-heating
� Mean clothing value calculated by the author from the data reported in the publications

Overall, in residential buildings, female participants' mean clothing is higher than their male

counterparts (Table 2.5). Considering that females are more sensitive to cold conditions, a higher
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clothing level shows behavioural adaptation to the environmental conditions. In other words, fe-

males adjust their clothing as the indoor air temperature changes (Yan and Yang, 2014). Besides,

heavier clothing could also be attributed to social and cultural differences. Only one study reported

the opposite, where higher variation occurs in males clothing (Thapa, 2020). The authors reported

that males have more opportunities to modify their clothing by folding or unfolding sleeves, wear-

ing or removing socks.

In contrast, women clothing remains constrained to cultural and traditional factors (Thapa,

2020). Besides, females spend more time indoors, thus, are better adapted to indoor condi-

tions (Thapa et al., 2018a). Furthermore, besides the �ndings already reported, differences have

also been identi�ed between dwellings with heating (Clo=1.48) and without heating systems

(Clo=1.59) (Yan and Yang, 2014). As seen in Table 2.5, the clothing level increases as the al-

titude above sea level increases. The reported differences in clothing insulation across locations

are statistically signi�cant in several studies (Thapa et al., 2018a,c), same as the variation between

seasons (Thapa et al., 2018a). At the higher location Mustang-Nepal (3705m), residents wear the

traditional heavy costumes equivalent to aClo of 2.87 for males and aClo of 5.96 for female. At

lower locations (warmer conditions), clothing may be restricted to social and cultural constraints.

In comparison, broader clothing variation is possible at higher and cooler locations, mainly in the

inner wears (Thapa et al., 2018c).

2.5 Summary

The literature review presented in this chapter collects and synthesises relevant �ndings in thermal

comfort research in high-altitude regions and drivers that might explain the diversity in thermal

perception. Weather is one of the most signi�cant factors in�uencing thermal comfort and ther-

mal performance assessment. People in the highlands live under the constant stress of reduced

partial pressure of oxygen, high diurnal variation, increased wind speed, lower absolute humidity,

and increased solar radiation levels. In order to overcome these constant strains, humans have

undergone certain physiological responses to restore internal balance. Physiological responses

to low-pressure environments may also elicit emotional changes and certain adaptive behaviours.

However, how people adapt to low-pressure environments is not yet fully understood. The chal-

lenge of investigating adaptation in high-altitude environments requires the ability to disentangle

the effect of low pressure from other climate variables. Furthermore, modern populations' mo-

bility makes the study of long-term or genetic adaptation more dif�cult or even impractical to
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conduct (Liu et al., 2012). What is clear is that reduced pressure will in�uence the interaction

between physical, physiological, psychological and behavioural adaptation, and hence the human

thermal response (Parsons, 2014). Besides, local inhabitants' adaptation to cold and hypobaric

environments may also lead to differences in the indoor environment's perception.

Research into long-term thermal performance in high-altitude dwellings reveals that besides

the high diurnal temperature oscillation, solar radiation and wind signi�cantly impact dwellings'

thermal performance in these regions. High-altitude residents tend to prefer lower indoor tem-

perature than those predicted by PMV or adaptive comfort models. The adaptive comfort model

is based on empirical results, mainly from conditioned and non-conditioned low-altitude non-

residential buildings. Hence, the applicability of the adaptive model in the highlands is ques-

tionable as people there have adapted to the particular conditions than those of subjects. More-

over, householders usually have more adaptive opportunities to restore comfort than people in

non-residential buildings. The Fanger's heat balance model seeks to account for changes in at-

mospheric pressure by replacing the convective and evaporative heat transfer coef�cients in the

calculation of the PMV. Even so, results from �eld studies consistently report the overestimation

of neutral temperature when using the PMV model. Furthermore, �ndings from the research in the

highlands highlight that long-term residents have endured tolerance to cooler temperatures. Thus,

the neutral temperature is signi�cantly lower when compared to people at lower altitude in the

same region.

In conclusion, the literature suggests that thermal comfort models used in the current interna-

tional standards may not accurately predict residents' thermal comfort or preferences in the high-

lands. High-altitude residents have environments and adaptive opportunities that differ from those

of the people on whom the international standards are based. Thus, the necessity of investigat-

ing the diverse range of contextual stressors and individuals adaptation factors that affect thermal

perception. The integration of high-altitude drivers of diversity could enhance the prediction of

the indoor environment's comfort and acceptability. From the practical point of view, enhanced

models would allow the de�nition of adequate thermal comfort indices to reach the ultimate goal

of improving dwellings thermal performance in high-altitude regions.





Chapter 3

Methodology

3.1 Overview

The chapter describes the methodological approach used in this thesis to get the necessary back-

ground for addressing the research aim and objectives. The research seeks to gain insights into

thermal comfort and thermal performance assessment and investigating the weather and residents'

adaption in high-altitude regions. For this purpose, the main methods used in this thesis were

cross-sectional thermal comfort surveys and thermal performance simulation.

The chapter is structured into �ve sections. The �rst sections described the theoretical frame-

work and the proposed research design. The de�nition of the research's scope and applicability

is detailed in the second section; in other words, the study's location's delimitation. The third

section described the design and implementation of the cross-sectional thermal comfort surveys

intended for collecting subjective data and objective measurements for thermal comfort analyses.

The fourth section described the archetypes' thermal performance assessment, which included

thermal performance simulations and monitored data for calibration purposes. The input data

for the archetypes models were collected through archetypes' audit and monitoring. Finally, the

chapter concludes with an overview of the approach to address this research's main practical and

ethical, risk assessment and data protection implications.

3.2 Theoretical framework and research design

Thermal comfort research involves a vast array of concepts ranging from values of subjective eval-

uation of the environment to the physical measurement of the indoor and outdoor environmental

parameters. Besides, as in other thermal studies, the four environmental parameters and two per-

sonal variables for estimating the PMV model were collected. Additionally, this research seeks
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to describe and infer relationships between contextual and individual diversity drivers in thermal

perception in high-altitude regions. In free-running buildings, occupants are active agents who

respond to the changing indoor environments through different behavioural, physiological and

psychological means. Thus, the thermal responses from high-altitude residents might differ from

those of residents in low-altitude environments. Figure 3.1 expands the framework of diversity

factors on human thermal comfort evaluated in this research.

Figure 3.1: Diversity factors on human thermal comfort in high-altitude locations

Regarding contextual factors, outdoor and indoor environments were explored to gain insight

into thermal perception differences. The analyses also extended to dwellings characteristics such

as construction typology, position within the dwelling and any permanent modi�cation. In terms of

individuals' characteristics, differences in thermal perception were assessed based on demograph-

ics, adaptation level and perceived discomfort. Furthermore, to understand residents' interaction

with the environmental conditions, behavioural adjustments to keep themselves warm or cool and

clothing insulation were investigated.

Adaptation level of permanent resident and behavioural adjustments are two additional key

concepts to be measured in this research. In terms of behavioural adjustments, several thermal

studies have de�ned sets of questions as a proxy to identify adaptive actions as detailed in Sec-

tion ??. Little research focused on the adaptation of residents in high-altitude locations. Adap-

tation cannot be directly estimated, and it is dif�cult or even impractical to measure due to the

mobility of the modern population. However, a set of questions was designed to differentiate be-

tween acclimatised participants from the non-acclimatised ones (Section 3.4.3.2). In this research,

acclimatised residents are those living in high-altitude regions under similar weather conditions

for more than three years, mid-acclimatised those between 1 to 3 years, and non-acclimatised (low

acclimatised) the ones living in the studied areas less than a year.

The research design proposed three phases, as detailed in Figure 3.2. The inputs, main pro-

cedures and expected outcomes for each phase are described below:
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Figure 3.2: Proposed research design

1) The de�nition of the high-altitude locations aims to delineate the research's scope and ap-

plicability. The temporal and geographical applicability de�nes the overall scope of the

research. In other words, it tells when and where the results are applicable.

2) The cross-sectional thermal comfort survey aims to gather subjective votes from a range

of high-altitude residents at a point in time. In addition, other expected outcomes from

the survey are a) to identify contextual and behavioural adjustments that could explain the

diversity of thermal responses and b) to enhance thermal comfort prediction in the highlands.

Last but not least, a contextualised high-altitude comfort model was derived from �eldwork

data.

3) The applicability of the high-altitude thermal comfort model was evaluated through

archetypes thermal performance simulation. The models' calibration applied a thorough

uncertainty and sensitivity analysis of input parameters. Besides, monitored indoor temper-

ature was used as the main output for the models' accuracy validation. The archetypes' ther-

mal performance assessment was evaluated following the criteria of current thermal comfort

models in the international standards (ASHRAE55:2017 and ISO15251:2007). Further-

more, to assess the impact of the minimum requirements for the envelope thermal insula-

tion established in - Ecuadorian construction standard (NEC11), hypothetical simulations in

compliance with the code were performed (Norma Ecuatoriana de la Construcción, 2018).
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3.3 Locations of study

The selection of geographical scope described below focused on selecting locations at different

altitude ranges while also assuring historical weather data availability. The data collection period

corresponds to September 2017 to January 2018. However, the formulation of the study seeks into

an annual temporal scope. Due to the condition of high-altitude locations near the equator, the

annual variability is minimum. Thus, data collected within the de�ned period could be extended

for the annual thermal performance evaluation.

3.3.1 Criteria for the selection of study locations

The context of the study corresponds to the high-altitude regions in the Ecuadorian Andes. The

basis for de�ning the speci�c locations was the availability and suitability of weather data, the

similarity of climate conditions, and altitude level above the sea level.

• Availability and suitability of historical weather data were the �rst criteria considered to

de�ne the research locations. Historic hourly data are available from INAMHI (Span-

ish acronym for National Institute for Meteorology and Hydrology), REMMAQ (Spanish

acronym for Metropolitan network for environmental monitoring network Quito), and other

private and public meteorological weather station. These monitoring stations collect data of

the main environmental variables such as air temperature, humidity, atmospheric pressure,

wind speed and direction. However, solar radiation, which changes considerably as altitude

increase, is available only from the REMMAQ network. On the other hand, the suitability

and applicability of the weather data to the territory were de�ned based on the criteria used

to select suitable weather �les for simulation. The National Renewable Laboratory (NREL)

recommends that the location of analysis should be within a 30 - 50km radius and within

few meters (100m) of elevation from the meteorological weather station (NREL, 2016).

Hence, the selection of reference locations was limited to parishes situated within the stated

distance and altitude range nearby REMMAQ meteorological weather station.

• The climate conditions were the second evaluated criteria seeking to reduce weather condi-

tions variability due to mountain slope orientation. In mountainous regions, mountain slope

orientation highly affects the weather parameters such as humidity, precipitation, and veg-

etation coverage (Emck, 2007; West, 1996). Hence, locations in the same mountain slope

tend to have similar weather conditions. A mountain slope could be delimited by drainage

basins that correspond to the land area that absorbs and drains precipitation into the same
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hydrological outlet. Therefore, to assure similar weather conditions, the study locations

should be established on the same mountain slope.

• Altitude above sea level is the �nal parameter considered. The research aims to evaluate the

effect of high altitude in thermal comfort assessment. Therefore, the study locations should

be situated at different altitudes above sea level.

3.3.2 High-altitude study locations

Based on the criteria mentioned above, the selection of locations in this research limited to the

parishes situated in the same mountain slope (or drainage basin) and within a distance between 30

and 50km and an altitude range of 100m elevation from an existing weather station.

The delimited area of study corresponds to the country's capital city (Quito) and surround-

ings. Quito was selected because of the availability of historical weather data and higher popula-

tion density than other possible locations. Quito lies in the north of the country; the average alti-

tude across the city is 2850m above sea level and has approximately 2.2 million inhabitants (INEC,

2010). The geographic coordinates and altitude above sea level of the weather stations and the

study's potential locations are detailed in Table 3.1. As one could notice, the existing meteorolog-

ical stations in Quito are located within a broad range of altitude levels ranging from 2330m to

3070m. That is within the range where humans are likely to feel the effect of hypobaric hypoxia

(approx 2440m) and to the threshold where over three-quarters of the population present mild

symptoms of acute mountain sickness (approx 3050m) (Cena et al., 2003).

Table 3.1: Location and altitude level of weather stations nearby Quito

Weather station reference Latitude Longitude Altitude Location

Tumbaco -0.21 -78.40 2330 A
Los Chillos -0.30 -78.46 2450
Calderon (Carapungo) -0.10 -78.45 2660 B
Cotocollao -0.11 -78.50 2740
Belisario -0.18 -78.49 2835
El Camal -0.25 -78.51 2840
Cutuglagua (Guamani) -0.33 -78.55 3070 C

The research aims to study thermal comfort at high-altitude locations; thus, three parishes

located at different altitude were selected for this research. The locations selected are Tumbaco

(A), Calderon (B) and Cutuglahua (C), highlighted in Table 3.1. Locations A and C are parishes

where the weather stations are located at the lower and highest points nearby Quito, respectively.

At an intermediate altitude, Location B was selected according to the second criterion: a high
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percentage of the low-income population. The parishes are situated within or surrounding the

Metropolitan District of Quito, as seen in Figure 3.3. Although the locations are situated within

a 20km distance radius, the weather conditions vary due to altitude. The limits for each study

location correspond to the administrative boundaries of the parish.

Figure 3.3: Geographical positioning of the research locations

Location A is 182km2 in the inter-Andean basin, at the east of Quito. The settlement

was originally a rural area; however, due to urban expansion, the parish is now part of Quito's

Metropolitan District. According to the latest population census in 2010, 49,944 inhabitants live

in Tumbaco. Due to the existing infrastructure and land availability, this location is one of the de-

velopment hubs in the city. The climate is a subtropical temperate or Cwb, according to Köeppen-

Geiger (KG) climate classi�cation (Beck et al., 2018). Location B is located northeast of Quito at

2610m above sea level. It is in the basin of Calderon, which has a dry subtropical climate (Csb).

The population reached 152,242 inhabitants in an area of 79.17km2 (GAD - Caldeŕon, 2015). Lo-

cation C is a parish of Mejia Canton in the Cutuglagua basin. The population in 2010 was 16,746

inhabitants. The climate is this area is humid temperate (Cfb).
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3.3.3 Weather data processing

Weather data served three main purposes,a. to provide an overview of the weather study locations,

b. outdoor measurements for thermal comfort analysis, andc. weather �le for building simulation.

In order to ful�l these requirements, weather data were retrieved from REMMAQ network from

February 2017 to January 2018. The weather data set include hourly values for dry-bulb tem-

perature (DB), relative humidity (RH), global solar radiation (GHR), precipitation (PRE), wind

direction (WD) and speed (WS). Humidity (W) and atmospheric pressure (Pa) were not available;

hence, estimated from the other environmental variables.

An essential quality control procedure was applied to the raw data retrieved from the local

meteorological stations, prior processing, and new variables. Common errors and inconsistencies

in weather data were corrected through a two-step procedure for basic data quality control and

assurance (Zahumenský, 2004). The �rst step was a plausible value check to control if the values

of instantaneous data (generally one-minute data) were within acceptable range limits. The second

step checked for time consistency to verify any unrealistic rate of change of instantaneous data (a

step test) from the prior recording by more than a speci�c limit (Maximum step variability). Table

3.2 summarises the acceptable range limits for instantaneous values and the maximum variability

to verify instantaneous data rate (time consistency) were de�ned based on the guidelines on qual-

ity control procedures for data from automatic weather stations from the World Meteorological

Organisation (Zahumenský, 2004).

Table 3.2: Acceptable �xed-limit values and limits of maximum variability for instantaneous weather data

Variable Unit Lower limit Upper limit Maximum step variability

Air temperature °C -80 +60 3
Relative humidity % 0 100 10
Atmospheric pressurekPa 500 1100 0.5
Wind direction Degrees 0 360 -
Wind speed m=s 0 75 20
Solar radiation W/m2 0 1600 1000

Besides, REMMAQs' technicians recommended removing checking for outliers, particularly

dry-bulb temperature values below 6.0 °C and global horizontal solar radiation registered between

7:00 p.m. and 5:00 a.m. were corrected to zero. The whole data set was transformed into hourly

values for each variable and organised as an EnergyPlus weather �le for the thermal performance

simulation.

The standard atmosphere has been widely used to predict the barometric pressure (Pa in
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mmHg), Equation 3.1, from altitude measure inkm (h). This model was developed for aviation

purposes; hence, the method underestimates the barometric pressure due to latitude variation,

particularly in high mountains (West, 1996).

Pa = exp(6:63268� 0:1112h � 0:00149h2) (3.1)

Although the atmosphere equation model provides a reasonable estimation of barometric

pressure, higher accuracy was obtained by a multiple regression model between temperature and

altitude. The available pressure data from two locations were used for the regression model; the

data set consisted of 18127 observations where 50% of the data were used to train the model and

50% for validation, achieving a correlation (r2) of 0.99. The regression model is described in

Equation 3.2 wheret is the dry-bulb temperature (°C) andh is the elevation (m).

Pa = 98649:17� 13:21t � 9:05h (3.2)

The second calculated variable is the humidity ratio (W) that allows the comparison of mois-

ture content in the air regardless of the air temperature.W is de�ned as the ratio of the mass of

water vapour to the mass of dry air and was calculated as described in ASHRAE (2009).

After weather data was processed, annual weather data on an hourly basis was used for the

purposes described at the beginning of the section. Typically, weather data �les used for simu-

lation correspond to historical weather data; however, actual weather data were preferred for the

calibration and simulation of thermal performance models for this research. Hence, a weather

data �le in standard EnergyPlus format was created from the hourly data sets for each location

following the procedure described in the auxiliary programs manual from EnergyPlus (U.S. De-

partment of Energy, 2019). Description of the weather data, as well as the main descriptive statics

are detailed in Section 4.3.

3.4 Cross-sectional thermal comfort study

Figure 3.4 described the different inputs used for the cross-sectional thermal comfort survey, the

main procedures of analysis, and the expected outcomes. The design and implementation of the

thermal comfort survey are thoroughly detailed in the following sections, while only an overview

of the data analysis is presented in this chapter. The analyses performed to identify the drivers

of diversity in thermal comfort, both in term of contextual and individual drivers, are detailed in
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Chapter 4 - Effect of high-altitude contextual factors on human thermal comfort and Chapter 5

- Effect of individuals factors on thermal comfort. Furthermore, Chapter 6 - Thermal comfort

model for high-altitude locations described the procedure followed to compare the actual thermal

responses with standard thermal comfort models and the de�nition of a thermal comfort model to

predict thermal comfort in high-altitude locations.

Figure 3.4: Cross-sectional thermal comfort survey input, procedure and expected outcomes

3.4.1 Surveyed occupants

As in most thermal comfort studies in housing, non-probabilistic sampling techniques were used

due to unavailability and a widely spread population. Other factors constraining the sample were

the limited availability of resources (i.e., time on site and budget). The research focused on the

analysis of thermal comfort of residents living in three different high-altitude regions. In ther-

mal comfort studies, 100 subjects for each location is a reasonable sample size in a transverse

survey (Nicol et al., 2012).

The sample size considered a total of 128 complete surveys at each location and kept as

close as possible to a proportional male-to-female ratio to produce results with enough power

and validity. The target audience was limited to healthy adults between 18 and 65 years old.

Older people and children were excluded from the sample since these two groups' physiology and

health status might affect their thermal sensibility and perception. Besides, those two groups are

considered to include vulnerable population groups1, and the research sought to minimise potential

ethical issues.

1Based on the Common Rule, Vulnerable groups could be: children, prisoners, pregnant women, fetuses, mentally
disable persons and economically and educationally disadvantaged persons (Gordon, 2020). In this research, vulnerable
groups include children, prisoners and mentally disable persons.
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3.4.2 Thermal comfort survey

A thermal comfort survey was designed in a standardised form to gather subjective and factual

data from occupants required as input for the evaluation of thermal comfort models. The designed

survey seeks to identify individual and contextual factor that might explain the differences in

subjective assessment and the de�nition of a suitable thermal comfort model for residents in the

highlands, as previously explained in Section 3.2.

In terms of individual factors, the variables to be collected for further analysis are demograph-

ics (age, gender and body composition), clothing insulation and activity level. Besides, in order to

gain gain insight into participants adaptation level to high-altitude locations questions were framed

to inquire about respondents' birthplace, exposure to other climate and mechanically conditioned

buildings (further detail in Section 3.4.3.2). Finally, additional information to understands occu-

pants coping strategies (behavioural adjustments - Section 3.4.3.2 and main sources of discomfort

at home (Section 3.4.3.2). The survey was intended to collect data at one point in time to de-

termine relationships between variables at the study time. The materials were developed mainly

in English and translated into Spanish (see data collection instruments in Appendix B.1). The

translation account for Spanish variation in Ecuador; as in other languages, Spanish varies with

the nationality of the native speakers. Herein lies the special attention placed on the translation,

wording validation and questionnaire piloting.

3.4.2.1 Layout and content

The de�nition of the questionnaire's content involved an iterative process that started with an in-

depth literature review of surveys design, thermal comfort questionnaires and scales. The differ-

ent scales for the subjective assessment were de�ned based on previous studies and international

guidelines (EN ISO, 2007a).

The designed questionnaires have �ve sections to collect data on participants demographics,

adaptation factors, symptoms and discomfort at home, behavioural adjustments to restore heat

balance, and subjective assessment of the indoor environment. The layout includes an introduction

to the questionnaire followed by topic-related sections organised to allow for an intuitive and

reasonable �ow. Each section includes concise instructions about the questions' aim and content.

The questions were numbered individually, visibly spaced and distinct from each other. In order

to allow measurement devices enough time to stabilise, the questions related to the environment

perception were left at the end of the questionnaire. A closing statement was included to thanks

respondents and acknowledged their participation.



3.4. Cross-sectional thermal comfort study 79

3.4.2.2 Questionnaires validation and piloting

A three-step process was employed to validate wording and questionnaire piloting: a) wording

and questions translation with experts, b) wording and questions meaning tested with potential

participants and, c) questionnaire pilot testing.

The subjective judgement scales' wording was discussed with seven bilingual (Native Span-

ish speakers and English) peers working in the building physics �eld. The experts provided

feedback about the judgement scales wording and general comments about the survey structure

and content. 'discomfort' was among the words discussed with experts. The literal translation

to Spanish is 'incomodidad'2 or 'molestia'3 that would have a different interpretation than 'dis-

comfort'.Instead, the word used for the comfort scale was in this study was 'agradable'. Worth

mentioning that the structure and wording, particularly for the subjective assessment of the indoor

environment, was not only tested and piloted to be used in this research but for the cross-national

project 'Annex 69: Strategy and Practice of Adaptive Thermal Comfort in Low Energy Build-

ings' (Schweiker et al., 2020). Besides the discussion with experts, the questionnaires was revised

by a sociologist working with low-income and vulnerable groups in Ecuador. The feedback pro-

vided was related not only to the document's content and structure but also to building trust with

the participants.

Furthermore, wording meaning and syntax equivalence were tested with potential participants

to verify comprehension, �ow and timing. The testing focused on checking the comprehension of

speci�c questions and the whole questionnaire overall. The comments and feedback from this

stage were incorporated in the �nal version of the questionnaire. Laslty, the questionnaire pilot

test focused on checked the overall survey process, including sensors positioning and the survey's

timing. Besides, the piloting procedure checked the questionnaires' layout, response variation,

redundancy, and non-response options. After piloting, structural modi�cations included adding

options for non-response, rearranging sections, and grammar check. The feedback gain included

several recommendations to improve the �eldwork activities related to survey administration, doc-

ument identi�ers, and additional required information. Several documents were designed for the

survey; hence, facilitating the identi�cation of each of them is crucial. Finally, it was decided

to provide additional information to the participants about notes taken during the survey to avoid

insecurity and discomfort.

2Like in 'inconvenience' (something which causes) trouble or dif�culty
3Like in 'bother' something that causes bother
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3.4.2.3 Administration

This survey's data collection mode was verbal – interviews, face-to-face, using traditional paper

and pencil interview (PAPI) questionnaires. Face-to-face surveys allowed the researcher to get

more familiar with the participants and allowed respondents to ask for clari�cation if necessary.

The interviewer read the questionnaire to ensure that respondents were asked the same questions

under similar circumstances. Auxiliary showcards were used to help participants visualise the

different response options, particularly for multiple choice answers and scales.

3.4.3 The thermal comfort questionnaire

The aim, questions and answer levels in the questionnaire are described in the following sections.

The description included an explanation of the rationale behind each set of answers and scales.

The �nal versions of the questionnaire in Spanish and English are available in Appendix B.1.2 and

Appendix B.1.3. In addition, Appendix B.1.4 contains the observation sheets and Appendix B.1.6)

the auxiliary showcards .

3.4.3.1 Introduction section

The questionnaire begins with the identi�ers section and introduction text. The survey identi�ers

include survey and participant code and date. Personal or dwelling identi�ers, such as participants

name or dwelling address, were not included in the survey. The introduction text provides a brief

overview of the project, the duration, the monitored environmental parameters and the plans to

disseminate results. Besides, the introduction states participants right to withdrawal at any point,

non-response to any question, voluntary participation and anonymity. The section �nalised with

an active con�rmation of consent for voluntary participation.

3.4.3.2 Section A: Participant Information

Demographics data collection included age, gender, weight, height, garments and activity level.

Age was collected in ranges in order to reduce participants' sensibility or uneasy situation. Be-

sides, the section collects the parameters required to estimate the two personal variables, clothing

insulation and metabolic rate. The type of data collected and the different response levels are

summarised in Table 3.3.

Standard tables and screening are the most practical methods described in the international

standards for collecting clothing insulation levels (Clo) and metabolic rate (MET) and provide

a reasonable accuracy of 20% (CIBSE Guide A, 2015).Clo was estimated for each participant

from individual garments; this method was used to allow the varied garments observed during
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Table 3.3: Questionnaire data and answer levels - Section A: Participant information

Variable Description Levels

Age Age group 1:< 20;
2: 20 – 29 years;
3: 30 – 39 years;
4: 40 – 49 years;
5: 50 – 59 years;
6: 60 – 65 years;
7: > 65 years;
8: Prefer not to disclose

Height Height of the participant -
Weight Weight of the participant -
Gender The gender of the participant 1: Male

2: Female
Garment Code of garments during the survey List in Figure 3.5
Current activity Observed current activity List in Table 3.4;
Previous activity Activity within the last 30 minutes As previous (List in Table 3.4)

the surveys. The question included four different boxes for listing all garments used at the upper

and lower body, as well as footwear and accessories. As a guideline for participant responses and

answers coding, an auxiliary showcard provided a list of commonly used garments, as shown in

Figure 3.5. In case a different garment not included in the list was reported, the researcher anno-

tated it for further inclusion in the data processing step. Participants' posture and, when applicable,

the chair or sofa's material was annotated during the survey in the researcher observation sheet as

described in Section 3.4.3.2.

Participants are usually involved in a combination of activities of work and rest periods.

Hence, the metabolic rate was estimated from the activity observed during the survey, usually

seated quiet, and the activity performed within the last 30 minutes. Participants selected the ac-

tivity from a showcard (Figure 3.6), the correspondingMet and metabolic rate were de�ned as

shown in Table 3.4 (ASHRAE, 2009) .

Table 3.4: Metabolic rate andMet units for activities in the questionnaire

Code Activity Description Met units Metabolic rate (W=m2)

1 Reclining 0.8 45
2 Seated, quiet 0.9 55
3 Standing, relaxed 1.2 70
4 Light activity standing 1.6 95
5 Moderate activity standing 2.0 115
6 High activity 2.4 140
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Figure 3.5: Individual garments and codes used in the auxiliary card for clothing data collection

Figure 3.6: List of activities and codes used in the auxiliary card for data collection

Section B: Adaptation

This section collected relevant information to understand participants levels of exposure to high-

altitude environments. Questions focused on participants' exposure to different environmental

conditions due to their previous dwellings and daily commuting experiences. The collected vari-

ables and the answers' level are detailed in Table 3.5. This section inquired about participants'

exposure to different altitudes, climates and mechanically conditioned buildings, as follows:

• Birthplace and living place refers toa.place where the participant was born,b. how long the

respondent lived in the current home, andc. where they lived during the past three years?

• The hours at home and outdoors intended for capturing the level of exposure to indoors and
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outdoors environments.

• Places visited and frequency refers to a) places to which participants commute within the

city or outside the city and b) numbers of days commuting within a week.

• Frequency (number of days within a week) participants are exposed to mechanically condi-

tioned spaces.

Table 3.5: Questionnaire data and answer levels - Section B: Adaptation

Variable Description Levels

Birth location City/country of birth -
ActDwelling Time living in the current dwelling 1:< 1 year

2: 1 - 3 years
3: > 3 years

PreDwelling In case previous is< 3 years, 1:< 1 year
time at the previous one 2: 1 - 3 years

3: > 3 years
PreDwelling location Parish and city of the previous dwelling -
PreDwelling roof Predominant roof's material of the previous dwelling -
PreDwelling walls Predominant walls' material of the previous dwelling -
PreDwelling systems Any system for conditioning the dwelling -
Hours at home Average hours a day spend inside the house -
Hours outdoors Average hours a week spend outdoors -
Days at other location Days a week spend in a different parish or city -
Other location Parish or city visited weekly -
Days HVAC Days a week exposed to HVAC systems -

The data collected were tabulated and transformed into adaptation indexes to explore thermal

perception differences due to residents experiences at different altitude environments, thermal

history from different regions, and different thermal expectations from exposure to mechanically

conditioned buildings.

Section C: Symptoms and discomfort at home

This section collected responses of the frequency participants perceived symptoms and discomfort

associated with poor indoor environmental quality in dwellings. A list of health and discomfort is-

sues experienced in buildings was derived from guidelines and existing questionnaires (Andersson

and Fagerland, 1988; Butcher and Craig, 2015). The included symptoms are fatigue, headache,

nausea, irritated eyes, runny nose, dry throat, cough, itching ears, dry skin on the face and hands.

Discomfort issues in this research refer to inconveniences or disturbances experiences because of

the indoor environment such as draught, room temperature too high or too low, highly oscillating

room temperature, stuffy 'bad' air, humidity, and dry air. In both cases, symptoms and discomfort,
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an empty box was left to include any other issues the residents would like to report.

Instead of a direct question inquiring about any perceived symptoms and discomfort, partic-

ipants were asked how often they experience any stated disturbances. Often (once/twice a week),

sometimes (once/twice every two weeks) and never were the three levels used to describe the oc-

currence frequency. Participants were also asked if they consider the experienced symptoms are

associated with the dwellings' indoor environment. Furthermore, the closing questions aimed to

investigate if the indoor temperature (hot or cold environments) impairs the ordinary course on

residents' activities at home such as house chores or sleeping and the frequency of the problem's

occurrence. The �ve variables to be extracted from this section are summarised in Table 3.6.

Table 3.6: Questionnaire data and answer levels - Section C: Symptoms and discomfort at home

Variable Description Levels

Symptoms Perceived symptoms and frequency 1: Never;
2: Sometimes;
3: Often.

Symptoms at home If symptoms are associated with the 1: Yes
indoor environment at home 2: No.

Issues at home Frequency of environmental issues 1: Never;
experienced at home 2: Sometimes;

3: Often.
Problem to sleep Problems to sleep due to 1: None

uncomfortable temperature 2: Little
3: A lot

Problem in household Problems to perform house chores 1: None
due to uncomfortable temperature 2: Little

3: A lot

Section D: Control strategies

This section aims to gather information about the individual's behavioural and environmental ad-

justments. Behavioural adaptations correspond to the voluntary control strategies that household-

ers currently use to keep themselves warm or cool as a response to discomfort. The environmental

adjustment relates to the available controls provided at the dwellings for temporal adjustments or

permanent modi�cations conducted to control the indoor environment.

Permanent changes are adaptations done to the room or house to improve thermal perfor-

mance (i.e. redistribution of spaces, openings modi�cations). An open question was used to

enquire about any permanent change done in the dwellings. Participants were asked to report any

performed modi�cation to improve the indoor temperature, so the spaces do not get too hot or too

cold.
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In contrast, temporary adjustments are the ones that can easily revert. Participants were asked

about any actions taken to keep themselves warm or cool. Those questions formulated queries such

as: on a typically cold day (hot day), what do you usually do to keep yourself warm (or cold)?

For this case, a list of potential responses was established considering the most recurrent actions to

keep warm and cool at home (operation of doors, windows and curtains, modifying clothing, intake

of drinks or food, and switching on/off mechanical conditioning systems) (Gauthier, 2016). The

researcher used the list to collect and codify the answers. The list was not available to participants

to minimise in�uencing their responses. A blank space was left to annotate any response not listed.

The variables and answer levels extracted from each question in this section are summarised in

Table 3.7.

Table 3.7: Questionnaire data and answer levels - Section D: Control strategies

Variable Description Levels

Permanent modi�cations Any permanent modi�cation at home -
to enhance or control indoor temperature

Temporary responses Temporary responses to keep themselves warm -
Temporary responses Temporary to keep themselves cool -

Section E: Indoor environment

Environmental assessment questions collected sensation and preference votes for temperature, hu-

midity, air movement and air quality. Thermal comfort surveys collect votes in terms of thermal

sensation (from 'cold' to 'hot'), level of discomfort ('comfortable' to 'very uncomfortable'), ther-

mal preference (from 'much colder' to 'much warmer'), and personal satisfaction ('Satis�ed',

'Dissatis�ed') (EN ISO, 2007a). Similar scales are used to assess humidity, air movement, and

air quality (Guerra-Santin and Tweed, 2015a). The air movement sensation scale is a 5-degree

one pole scale with a point of origin indicating the absence of air movement and four degrees of

increasing intensity air movement. The questions and exact wording structure could be checked

in Appendix B.1.2, while the different variables enquired and responses' level are summarised in

Table 3.8.

Table 3.8: Questionnaire data and answer levels - Section E: Indoor environment

Begin of Table

Variable Description Levels

TSV Thermal sensation vote 1: (+3) Hot
2: (+2) Warm
3: (+1) Slightly warm
4: ( 0) Neutral
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Continuation of Table 3.8

Variable Description Levels

5: (-1) Slightly cool
6: (-2) Cool
7: (-3) Cold

TCV Thermal comfort vote 1: (0) Comfortable
2: (-1) Slightly uncomfortable
3: (-2) Uncomfortable
4: (-3) Very uncomfortable
5: (-4) Extremely uncomfortable

TPV Thermal preference vote 1: (+3) Much warmer
2: (+2) Warmer
3: (+1) Slightly warmer
4: ( 0) No change
5: (-1) Slightly cooler
6: (-2) Cooler
7: (-3) Much cooler

HSV Humidity sensation vote 1: (+3) Very humid
2: (+2) Humid
3: (+1) Slightly humid
4: ( 0) Neither humid nor dry
5: (-1) Slightly dry
6: (-2) Dry
7: (-3) Very dry

HPV Humidity perception vote 1: (+3) Much more humid
2: (+2) Humid
3: (+1) A bit humid
4: ( 0) No change
5: (-1) A bit drier
6: (-2) Drier
7: (-3) Much drier

ASV Air movement sensation vote 1: (0) No movement
2: (+1) Still
3: (+2) Just right
4: (+3) Breezy
5: (+4) Too breezy

APV Air movement preference vote 1: (+3) Much more air movement
2: (+2) More air movement
3: (+1) A bit more air movement
4: ( 0) No change
5: (-1) A bit less air movement
6: (-2) Less air movement
7: (-3) Much less air movement

OSV Overall satisfaction vote 1: (0) Satis�ed
2: (-1) Dissatis�ed

End of Table
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Additional contextual observations

Additional annotations in the observations sheet collected data about the rooms' characteristics,

predominant construction materials, and indoor environmental measurements. Participants were

informed about the observations being collected and provide consent before performing any mea-

surements and annotations. The dwellings observations sheet contained �ve sections as follows:

a) identi�ers, b) room context, c) indoor environment observations, d) weather data and e) in-

terviewer comments. Surveys' identi�ers relate to date, study location, survey identi�er, starting

time, vote time and �nishing time. Annotations regarding room context included predominant roof

and walls materials, participants' location and position, and any source of direct heat. Besides the

participants' position, the chair or couch materials were also noted. Any hot or cold sources (e.g.

portable heaters, fans) were observed, as well as any opening or ventilation mechanism. Observa-

tions of the indoor environmental variables were documented at the beginning, voting and end of

the survey. The Spanish and English versions of the template are attached in Appendix B.1.4 and

Appendix B.1.5, respectively.

3.4.4 Survey implementation

Fieldwork supporting team

Two students from a local university assisted during the data collection process on task related to

participants' recruitment and �lling observation sheets. The assistance of students was alternated,

enabling a two-person team each day of surveys to avoid alone �eldwork and at the same time to

minimise the intrusion in participants dwellings.

Recruitment

Different techniques were used to gain access to potential participants; invitations were distributed

at community activities (meetings, religious meetings, others) and individual dwellings. The invi-

tation letter (See Appendix B.1.1) circulated containing information about the project, the survey

and the researcher contact details. Door-to-door invitations had a higher response rate than in-

vitations at community activities; hence that was the primary recruitment method. On average,

three to four people were approached in order to get one participant willing to complete the sur-

vey. In other words, around 1200 potential participants were invited to take part in the study.

Once the participants agreed to participate, they all completed successfully the questionnaire (N

= 398). Recruitment and surveys took place during weekends and weekdays to increase working

and non-working respondents' response rate.
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Data collection

The thermal comfort surveys took place between September 2017 and January 2018, as shown

in the Figure 3.7. The sample corresponds to 287 dwellings across the three locations and 398

complete thermal comfort surveys from residents ageing between 18 years-old and 65 years-old

(Table 3.9). The overall survey lasted around 15 when interviewing a single occupant and around

20 minutes when interviewing two participants. The participants were interviewed independently

(n=180) or simultaneous in pairs at the same dwelling (n=218).

Figure 3.7: Research data collection timeline

Before conducting any analysis, data from simultaneous participants were checked for sim-

ilarities between responses. The effect of non-independent responses was tested between groups

(independent vs non-independent) and for the whole sample. The robust signi�cance observed

from the correlations between subjective and objective data con�rmed that results would be sim-

ilar regardless of the groups. Therefore, the research will use the whole sample (n=398) when

individual subjects are the unit of analysis. In terms of dwelling sample, the unit for analysis cor-

responds to the surveyed dwellings (287 rooms in different dwellings). The analyses performed

and results are described in Appendix C.

3.4.5 Objective spot measurements of the indoor environment

Indoor environmental measurements at each dwelling were collected three times during the survey.

The collected physical variables were the main four environmental variables, dry-bulb air temper-

ature (tin), globe temperature (tg), relative humidity (RH) and airspeed (va). Additional measured
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Table 3.9: Summary of surveyed participants and dwellings by location

Location Dwellings Female Male Total

A 101 68 66 134
B 99 70 62 132
C 87 74 58 132
All 287 212 186 398

parameters includeCO2 concentration levels and atmospheric pressure (Pa).

Table 3.10 summarises the main characteristics of the sensors used in the �eldwork. The

different instruments comply with the minimum characteristics of the equipment recommended

in the international standards (ANSI/ASHRAE/IES, 2017; EN ISO, 2001). A heat stress monitor

was used to measuretin, tg, RH andva. The monitor was �xed to a tripod and collocated nearby a

seated subject at a vertical height of about 0.6m above the �oor and not less than 1m inward from

any wall. The exact position was decided in the light of room geometry and layout, avoiding direct

sunlight, draught and heated or cooled surfaces.

Table 3.10:Technical speci�cations of the monitoring equipment - Spot measurements

Instrument Variable Unit Instrument description Range Accuracy

QUESTemp 36 tin °C The dry-bulb thermometer measures the 0- 120� 0.5
ambient air temperature; shite plates
surround the sensor to shield it from radiant heat.

tg °C An approximation of the radiant heat 0 - 120 � 0.2
exposure on an individual is measured
by a 6inch (15.24 cm) blackened copper
sphere mounted on the equipment case.

RH % Relative humidity sensor is incorporated 20 - 95
in the sensor case; slots allow air to circulate.

Va m=s Omni-directional anemometer measures air �ow 0 - 20 0.1
and is mounted behind the sensor case.

Testo 435 and Pa hPa multi-functional measurement instruments 0 - 2000 0.1
multifunction CO2 ppm 0 - 10000 1.0
probe

The indoor environmental measurements were annotated in the observation sheet. The �rst

measurement was collected �ve minutes after arriving at the surveyed room, the second when

collecting the indoor environment's subjective responses and the �nal one at the end of the survey.

3.4.6 Thermal comfort data processing

Objective and subjective data collected in the research were processed and analysed using RStu-

dio, besides several statistical analysis packages RStudio Team (2020). Data processing included

coding, changing and modifying categories, creation of new variables and construction of scales.
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The proposed research is descriptive by nature, hence, sought into consistency patterns and cor-

relations. For this purpose, the collected data were mainly analysed through graphical and statis-

tical techniques. Due to the different collected type of data, categorical and continuous, different

parametric and non-parametric statistical tests were used to test differences in means, medians,

standard deviation (sd), distributions, correlations, and regressions. The derivation and analysis

process for variables (i.e. operative temperature) used throughout the study are described in this

section. The calculation or derivation of additional variables and scales required for particular

analyses are described in each of the corresponding results chapters.

The thermal comfort data incorporates all the subjective responses collected in the survey and

the indoor environment's spot measurements. All the data was entered into a data set manually,

checked and further processed for calculating new variables or indexes. Data collected include

qualitative and quantitative data; thus, different processes were to check and validate the datasets.

According to the data type, variables were checked for completeness, validity, consistency, and

conformity. The quality control of thermal comfort data checked that all the values were within an

acceptable range (qualitative data) limits and corresponding response options (quantitative data).

In case of missing data, the register was �lled as NA. The dataset corresponding to the thermal

comfort survey consists of 398 observations and 179 variables.

The indoor environmental spot measurements annotated during the thermal comfort survey

were processed for further analysis. Inconsistencies of readings from the indoor environment were

checked, and missing values were coded as NA. An averaged value for each variable was used for

all further analyses. Besides, other calculated indoor environmental variables included radiant

temperature, operative temperature, humidity and barometric pressure. Humidity and barometric

pressure followed the procedure detailed in Section 3.3.3. The mean radiant temperature (tr ) was

derived from the globe temperature (tg), va, tin, globe diameter (D) and globe emissivity (e) as in

Equation 3.3, where thee for the black globe is 0.95 (ASHRAE, 2009).

tr =
�
(tg + 273:15)4 +

1:10 � 108 � v0:6
a

e� D0:4 � (tg � ta)
� 1

4

� 237:15 (3.3)

The operative temperature (to) is usually calculated as the average of the air temperature and

the mean radiant temperature weighted respectively by the convective heat transfer coef�cient and

the linearised radiant heat transfer coef�cient for the occupants. However, in this research, theto

was calculated as described in Equation 3.4 to account for the signi�cant elevation difference com-
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pared to the standard value (101.33kPa) (ASHRAE, 2009).to is the average of the air temperature

and the mean radiant temperature weighted respectively by the convective heat transfer coef�cient

(hc) and the linearised radiant heat transfer coef�cient for the occupants. The effect of altitude is

accounted for into when replacinghc in Equation 3.4 withhcc from Equation 3.5. Wherehcc is

the corrected convective heat transfer coef�cient (W=m2K), hc is the heat transfer coef�cient for

standard atmospheric pressure, andPa is the local atmospheric pressure (kPa). Thehcc was also

used for the PMV calculation PMV as described in Section 6.2.1.

to =
hr � tr + hc � ta

hr + hc
(3.4)

hcc = hc (pt 101:33)0:55 (3.5)

Throughout the analysis, the operative temperature and subjective votes are statistically com-

pared in order to identify signi�cant differences between two or more groups. Signi�cant differ-

ence in the mean operative temperature when participants voted for the three central categories

(TSV = +1, 0, -1) was explored between contextual and individuals groups. The neutral tem-

perature, at which the average person will be thermally neutral, was estimated from the indoor

operative temperature binned into half-degree increments (to� bin) regressed against the bin's mean

thermal sensation responses (mTSV) (de Dear and Brager, 1998). Equation 3.6 correspond to

the weighted linear regression model betweenmTSVandto� bin) for calculatingtn whenmTSVis

neutral. Thus, solving Equation 3.6 whenmTSV= 0, thetn is calculated from Equation 3.7.

mTSV= a+ b� to� bin (3.6)

tn = �
a
b

(3.7)

The central tendency ofto, tn, to� mean and tcom f was statistically compared against refer-

ence values (i.e. thermal comfort standards), or to different groups (i.e. location, demographics).

Table 3.11 summarises the different tests employed to analyse signi�cant differences between

groups. Differences between central tendency (means and medians) were explored for two, three

and more independent groups. The general goal was to use the estimate of the mean, assess the

variation, and use this information to provide the amount of evidence of a difference in means
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or central tendency. T-tests were used for comparing two groups mean when the data complied

with the assumption for normality and variance; when unequal variance was observed, the Welch

t.test was used to compare the groups. In the case of three or more groups, One-way ANOVA

test or Kruskal-Wallis were used to identify signi�cant differences between the studied groups.

Kruskal-Wallis (k � s) test was used to determine whether there was signi�cant variation among

n groups, where n< 2. The test applied the Bonferroni rank to minimise the overall type I error

due to multiple simultaneous tests. The null hypothesis states that the subjective votes come from

an identical population and is accepted at a signi�cantp < 0.05. Wheneverp value results are

signi�cant, a Wilcoxon test was used to test whether there was a statistically signi�cant difference

between pairs of groupsp< 0.05). In case the data did not comply with the assumptions of nor-

mality and variance, alternative tests were used as described in Table 3.11. Whenever evidence

determines that at least one groups' mean differ from the others, follow-up multiple comparison

tests (Tukey's Honestly-Signi�cant Difference or Pairwise Wilcox test) were used to determine

where the differences occur. Thep values were adjusted with Bonferroni, and the hypothesis was

accepted at thep < 0.05 level. In all cases, the tests' hypotheses were con�rmed or rejected for a

p.value of 0.05. The statistics for each analyses, including variables, number of groups, normality,

variance and statistical signi�cance of means are described in detail in Appendix E in Table E.1.

Table 3.11:Summary of statistical tests for comparing variables central tendency

n Groups Normality Variance Central tendency Pairwise comparison

2 Normal Equal t.test
2 Normal Unequal Welch t.test
2 Not normal Equal One-sample Wilcoxon rank test
3 or more Normal Equal ANOVA Tukey (HSD)
3 or more Normal Unequal ANOVA test with no assumption Tukey (HSD)

of equal variance
3 or more Not normal Equal Kruskal-Wallis rank sum test (k� w) Pairwise.wilcox.test
3 or more Not normal Unequal Kruskal-Wallis rank sum test (k� w) Pairwise.wilcox.test

In addition to evaluating differences in central tendency, signi�cant differences in the the cu-

mulative distribution of data were explored through Kolmogorov–Smirnov test (k� s). The scales

used for collecting subjective votes related to the indoor environment are by nature categorical

data. Despite the use of the scales have been challenge by several authors, the subjective votes

are analysed as continuous data under the assumption of being equidistant and linear (Schweiker

et al., 2017). In order to allow consistency of the data throughout the thesis, the subjective scales

have been considered as continuous.
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3.5 Thermal performance assessment of archetypes

The evaluation of performance aims to assess how well the dwellings archetypes provide comfort

to residents compared to a reference value. Among the more than seventy indices reported for

buildings' thermal performance assessment, the majority developed for assessing overheating,

and only a few for assessing winter discomfort. The evaluation's indices depend on the thermal

comfort model used for the evaluation and have been broadly classi�ed as percentages, cumulative

and risk indices. The criteria used in this research is the percentage index, which reports the

percentage of likely discomfort hours concerning the total number of occupied hours. The index

was selected because a) it can be applied to both Fanger's heat balance and adaptive comfort

models and b) allows the evaluation of upper and lower exceedances from comfort temperature

(Carlucci and Pagliano, 2012).

Buildings' performance is mainly done by monitoring, simulation, expert's evaluation, sub-

jective assessments, or a combination of techniques. On the one hand, monitoring allows mea-

suring physical parameters in buildings; however, these campaigns are costly, time-consuming,

invasive, and require professional expertise (Guerra-Santin and Tweed, 2015b). On the other

hand, building performance simulation (BPS) is widely applied for energy and environmental

performance assessments due to the �exibility to investigate the potential impact of speci�c phe-

nomena or buildings alterations through computer-based simulation software. However, uncer-

tainty emerges during the transition from reality to simulation, undermining the model's precision,

hence, the validity of the outcomes. Simulation inaccuracies result from the misuse of energy anal-

ysis methods, de�cient selection of input criteria, software limitations, and external factors.

A combined approach was used in this research for the thermal performance assessment of

dwelling archetypes. A well-established approach to achieve reliable results is the calibration of

the model. The calibration process focuses on reducing the uncertainty of a model by comparing

a predicted indoor temperature with the actual monitored temperature in dwellings. The analysis's

objective was to identify the magnitude and the sources of model prediction uncertainties and the

characterisation of acceptable model properties (Saltelli et al., 2004). For this purpose, a four-

step procedure was de�ned for this research a) data collection and processing, b) evidence-based

modelling, c) sensitivity analysis, and d) iterative model improvement. Further description of the

modelling and calibration procedure is detailed in Chapter 7; the de�nition of dwellings archetypes

and archetypes' audit is described below.
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3.5.1 De�nition of low-cost dwellings archetypes

The selection of dwellings archetypes in the Ecuadorean Andes followed a purposive sampling

technique based on the last census of housing and population and low-cost housing criteria de�ned

by the Ministry of Urban Development and Housing (MIDUVI) for funding the construction of

minimum dwellings (Acosta Paredes, 2003; INEC, 2010). Census data reported the predominant

envelope materials, while low-cost housing criteria de�ned the house type and habitable area, as

described below:

• The predominant construction materials are asbestos or zinc (59.8%), cast concrete (29.7%),

and clay tiles (3.1%) in the roof. The walls built of clay bricks, or hollow concrete blocks,

account for 78.5% of the existing stock, 6.7% wood walls and only 5.7% for adobe (INEC,

2010). The main difference of envelope materials is observed in roof materials and is aligned

with the country's housing typologies.

• Detached single-storey houses are the predominant housing type and around 40m2 is the

minimum habitable area of low-cost housing based on MIDUVI requirements (Gallardo

et al., 2016a).

Detached single-storey houses, built with the predominant constructions' materials, which

habitable is around 40m2, were the de�ned archetypes of low-cost housing for this research. Ac-

cording to roof and wall' predominant materials, three combinations of materials were de�ned

archetypes representing the study locations' predominant construction typologies (Figure 3.8). Ty-

pology 1 corresponds to those dwellings with asbestos/zinc in the roof and hollow concrete blocks

in walls; that is the main typology used to construct low-cost housing in Ecuador. Typology 2

combines cast-concrete roof and hollow concrete blocks. Typology 3 predominant roof's mate-

rial is clay tiles, used almost exclusively in vernacular or traditional architecture in the highlands,

combined with adobe walls. Based on archetypes' relative thermal mass, for further analyses,

Typology 1 is considered as a light, Typology 2 as medium and Typology 3 as high-thermal mass

construction.

3.5.2 Archetypes data collection

Data from nine archetypes were collected through a archetypes' audit used a buildings' survey

(see survey in Appendix B.2) and monitoring campaign. The collected data included physical

characteristics, envelope thermal insulation, internal gains, operation schedules, and indoor envi-

ronment monitoring. Besides, measurements from the dwellings were taken to produce layout,



3.5. Thermal performance assessment of archetypes 95

Figure 3.8: Dwellings' construction typologies

sections, and facade drawings. Monitoring of the indoor conditions was conducted in two stages

between September 2017 and January 2018, as shown in Figure 3.7. The building survey included

the collection of the following variables:

a. Site and dwellings physical characteristics:

Due to being informal construction, which means dwellings have not been subject to build-

ings standards or of�cial checks, most dwellings did not have architectural drawings. Thus,

on-site measurements were collected to produce �oor plans, sections, and facades. The in-

formation collected also included orientation and any signi�cant source of shading. Detailed

dwellings drawings are available in Appendix F.1.

b. Envelope and materials properties:

The constructions and layers for the different envelope elements are relatively standard in the

studied area. Besides, householders are usually involved in the construction process. Thus,

details on the constructions were collected from users and observations. Whenever possible,

the thickness of the overall envelope elements was measured. The different constructions

and layers of materials for each dwelling are described in Appendix F.2.

c. Internal gains and occupant behaviour:

Primary information was collected regarding internal loads and schedule of occupancy by

asking occupants about their regular practices. In the same way, open questions were used

for gathering information about appliances' operation, cooking, lighting, and ventilation.

During the �eldwork, the studied areas were explored to identify archetypes meeting the mon-

itoring and location requirements de�ned in Section 3.3. In case an identi�ed dwelling matched

the de�ned characteristics, the research team approached the householders and provided a quick

overview of the project and a short explanation of the research objectives and the reasons for
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selecting their dwellings. The monitoring equipment to be used was introduced to the potential

participants, and enough time was allowed for clari�cations and questions. Once participants

agreed to collaborate in the research, the data loggers were installed in one or more rooms in a

dwelling, and the building was conducted. Further visits were done to download data or remove

the dataloggers to reduce disturbance to the residents.

3.5.3 Archetypes indoor environmental monitoring

A small data-logger (Tinytag) was installed in one or two rooms per dwelling during the monitor-

ing campaign. The data-loggers collected air temperature (tin) and relative humidity (RH) data in

�ve-minute intervals for a minimum of 10 consecutive days as recommended by EN ISO (2007c)

but also according to participants' availability and preferences. The sensors' precise location was

decided based on the room geometry and layout, avoiding direct sunlight, draught and heated or

cooled surfaces (EN ISO, 2007c). Table 3.12 provides details on the speci�cations of the sensor.

Table 3.12:Technical speci�cations of the monitoring equipment - Monitoring campaign

Instrument Variable Unit Instrument description Range Accuracy

Tinytag tin °C TGU-4500 self-contained sensors -40 to 85� 0:5
Ultra 2 Sensor type - 10K NTC Thermistor

RH % Sensor type - Capacitive 0 to 95 � 3 at 25 °C

3.5.4 Archetypes data processing

Data collected from dwellings archetypes were used as input for dwellings thermal modelling,

as described in Section 7.3.1. The data were processed to generate the archetypes drawings and

models for thermal performance simulation. Besides, archetypes data served as a reference for

the de�nition of materials database, internal loads, and occupancy and operation schedules (Sec-

tion 7.3.4).

Monitoring data were processed and tidied for indoor performance analysis and calibration

purposes. Sensors data were compared against measurements from a controlled environmental

chamber. The process included two reference setpoints, 10.0 °C and 20.0 °C. The mean error for

the lower calibration setpoint was 0.45 °C (� 0.2 °C) and for the higher calibration setpoint was

0.45 °C (� 0.23 °C). The observed error varies between the lower and higher calibration points;

thus, one cannot assume a linear trend. Two points were not suf�cient for applying any correction

to the measurements. Nevertheless, the overall observed measurement error is relatively small for

all the data loggers to produce signi�cant output discrepancies.
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3.6 Ethics, risk assessment and data protection

The nature of thermal comfort research is predominantly �eldwork studies seeking to explore oc-

cupant's interaction in real conditions. Besides the methodological challenges, �eldwork raises

practical and ethical issues. On the one hand, the main practical concerns when conducting �eld-

work are contact and access, participants recruitment, and health and safety. On the other hand, the

main ethical issues identi�ed are informed consent, privacy and con�dentiality, risk and bene�ts,

and power relations.

Ethics considerations were integrated into the research project by considering all the nec-

essary steps to minimise �eldwork hazards and comply with data protection requirements. All

relevant forms and approvals are attached in Appendix D, risk assessment and data protection.

The overall approach toward ethics implications was assessed and approved by the Bartlett School

of Environment, Energy and Resources (BSEER). Ethical approval in Ecuador is only required

when human participants are involved in medical research. Nevertheless, general ethical prin-

ciples applied such as respect for life dignity and biodiversity, informed consent, con�dentiality

and human rights respect and protection (Secretar�́a de Educacíon Superior Ciencia Tecnolog�́a e

Innovacíon and Instituto Ecuatoriano de la Propiedad Intelectual, 2017).

3.6.1 Inform consent

The designed informed consent gave enough information about the research and guaranteed no

explicit or implicit coercion. In other words, to guarantee that prospective participants can make

an informed and free decision on their possible involvement. Information to participants was

provided in a comprehensible written form. Enough time was allowed for them to consider their

choices and discuss their decision with others if appropriate.

The choice for consent differed according to the research method; active consent was used for

the surveys and signed consent for archetypes audits. Active consent was considered appropriate

for surveys due to the socio-cultural background; signing a document would generate insecurity,

thus reducing respondents' involvement. A signed document was used for archetypes' audit as

participants' collaboration was required for a more extended period, and monitoring equipment

was installed in their dwellings.

Besides, the hierarchy roles in the family were considered. For both surveys and archetypes

audit, a senior family member's agreement was always obtained before any participation. As far

as possible, the archetype's audit was conducted only with the responsible adult's involvement.
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3.6.2 Privacy and con�dentiality

Information collected by researchers were treated as con�dential and were not disclosed to third

parties. All personal data collected during the �eldwork were anonymised according to the princi-

ples of the UK Data Protection Act 1998. Anonymised raw data collected from participants were

discussed and analysed within the �eldwork supporting team, and no personal data have been

included in the diffusion of results.

3.6.3 Risk and bene�ts

There was no potential risk identi�ed for the participants associated with this research. The in-

stallation of sensors (Tinytag) on the walls had a small risk of property damage. The risk was

minimised using adhesives or fasteners that do not damage the walls �nishing or painting.

Participants were informed about the potential bene�ts of the research. Special attention was

paid to explain that the research outcomes may not bene�t them as individuals so that they do

not participate in the false expectation. No monetary reward was used in the research. Instead

of monetary incentives, participants received non-monetary compensation, such as sweets and

biscuits, at the end of the survey.

In terms of the risk assessment for �eldwork, one of the potentials hazards identi�ed was

alone work. For this reason, the coordination of teamwork was imperative so that a second person

always accompanied the research. Besides, the research itinerary and contact details were shared

with the supporting research team. Furthermore, the �eldwork activities followed the university's

approved code of practice, and the corresponding approval was obtained (Appendix D.3).

3.6.4 Relation of power

It was emphasised during the data collection process that the participation was voluntary, the

option of non-replying questions and withdrawal at any moment.

3.6.5 Data storage and security

The collected data, particularly any personal data, were stored following UCL's recommendations

and procedures (Data protection number Z6364106 2017 07 84 - Appendix D.4). Personal data,

dwellings' pictures, dwellings measurements and survey responses were stored in a secure cloud

(UCL drive) and accessed through a remote connection to UCL. Personal data, such as participants

names, telephone number and address, were kept according to the Data Protection Act 1998 (DPA)

in a separate encrypted �le. Once the �eldwork activities �nished, personal data were securely

destroyed following the computer security team's guidance (UCL Library Service, 2020).
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Whenever pictures were taken, special attention was paid to avoid revealing any personal or

dwellings identi�ers. The pictures were kept for the data analysis and were used for the presenta-

tion of results. Hard copies of the buildings surveys and thermal comfort surveys were stored in a

secure place and adequately disposed of once the research activities were concluded.





Chapter 4

Effect of high-altitude contextual factors on

human thermal comfort

4.1 Overview

Occupants' thermal perception is a combined response to fundamental buildings' physical con-

ditions and the interaction between behavioural, physiological, and psychological adaptive pro-

cesses. Understanding the factors that lead to differences in high-altitude residents' thermal com-

fort responses could allow the identi�cation of different mechanisms to restore comfort. Besides,

incorporating those factors of diversity in thermal comfort models could enhance the prediction

of comfort responses. The adaptive comfort approach estimate the optimal indoor temperature

according to the prevailing outdoor temperature. One of this study's objectives is to extend the

understanding of contextual and individual factors leading to diversity in thermal comfort in the

study locations. Therefore, besides exploring the drivers already incorporated in the adaptive com-

fort model, additional contextual and individual factors were analysed to inform thermal comfort

predictions in high-altitude regions. This chapter investigated differences in subjective votes and

operative temperature (to) for contextual factors (Figure 4.1), such as outdoor and indoor condi-

tions and dwellings physical conditions. The individual factors are explored in Chapter 5.

Figure 4.1: Contextual factors of diversity in thermal comfort
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In order to identify signi�cant differences between the study locations, objective (i.e. environ-

mental measurements) and subjective data (i.e. subjective votes) were analysed. The investigation

�rst seeks to understand the main discrepancies between the study locations regarding outdoor and

indoor environments and their interaction. In terms of dwellings physical conditions, rooms' con-

struction typologies (thermal mass) and rooms' position within the dwellings were the attributes

investigated to evaluate the effect of the surveyed rooms' physical conditions in the indoor envi-

ronment. Lastly, the distribution of the subjective votes and each interval of the corresponding

environmental variable were explored to identify differences across the study high-altitude loca-

tions.

4.2 Methods

A combination of graphical and statistical methods was used to analyse the differences between

objective indoor and outdoor environmental parameters and subjective environmental votes (ther-

mal, humidity and air movement).

4.2.1 Analysis of indoor and outdoor environment

The analysis of indoor and outdoor environmental variables seeks to provide insight into physical

variables' main differences across the studied locations. The methods used for this purpose are de-

scriptive statistics, graphical analysis (box plots and cumulative distribution plots), and regression

analysis. The differences between the cumulative distribution of observations were compared us-

ing a non-parametric test, Kolmogorov-Smirnov (k� s), to identify differences in the distributions'

dispersion and shape.

4.2.2 Evaluating relation between objective and subjective votes

The distribution and mean sensation and perception votes were analysed for each location. Be-

sides, the relation between subjective votes and objective measurements was investigated by look-

ing at the votes' distribution and correlation analysis. Graphical analyses (boxplots) allowed the

comparison of the votes' distribution and the corresponding indoor environmental variable.

The correlation analysis explores the relations between sensation votes and preference votes,

as well as the relation between subjective votes and objective measurements.In social science, out-

comes may have several causes; thus, the precision and reliability of measurement tend to be lower

than those for objective measurements. Therefore, two variables are likely to be very strongly re-

lated at a correlation coef�cient of 0.30 when it is statistically signi�cant (p< 0.05). Furthermore,

the distribution of subjective votes (temperature, humidity and air movement) according to the cor-
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responding indoor environmental variables was explored to identify any patterns and differences

across locations.

4.2.3 Categorisation of surveyed rooms by typology and levels of exposure

Building properties, such as construction materials, in�ltration, orientation, among other factors,

affect the indoor environment, which has repercussions on thermal comfort. In order to analyse

the potential effect of rooms' thermal mass and direct exposure to the outdoor environment, the

collected data were coded into two new variables room typology and exposure condition. Based on

the rooms' construction materials and the rooms' position within the dwelling, the surveyed rooms

were categorised according to the thermal mass (medium and light) and the level of exposure to

the outdoors (exposed and non-exposed) summarised in Table 4.1. The proposed categorisation

does not account for over-shaded surveyed rooms despite located on the top �oor of the dwelling

(i.e. trees or other buildings shading the property).

Table 4.1: Categorisation of surveyed rooms based on construction typology and level of exposure to out-
door conditions

Variable Description Level Descriptor

Room typology Thermal mass of the room 1. Light Light roof
according to the predominant (i.e. zinc, asbestos)
materials 2. Medium Roof with thermal mass

(i.e. cast concrete)
Room condition Exposure of the room's 1. Exposed

roof/ceiling to the outdoor 2. Non-exposed
conditions

In terms of thermal mass, the rooms were classi�ed based only on the ceiling and roof materi-

als because 97% of rooms walls material is hollow concrete blocks, as presented in Table 4.8. The

second variable, the level of exposure, accounts for whether the room's roof is directly exposed

to the outdoors. In other words, consider whether the rooms were either the ground �oor, a room

located in between two stories or the top roof. This variable was investigated based on previous

studies highlighting a signi�cant impact of the outdoor environment in the indoor environment for

spaces with direct roof's exposure. The effect is evident both during the day and night due to solar

radiation and air temperature (Mino-Rodriguez et al., 2016; Ordóñez et al., 2019).

4.3 Weather conditions in the study locations

Understanding the differences in weather conditions might provide an insight into one of the main

factors affecting thermal comfort and thermal performance assessment. A comprehensive sum-
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mary of each location's outdoor environmental variables' annual descriptive statistics is presented

in Table 4.2. As previously explained in the literature (Section 2.2.1), dry-bulb temperature, atmo-

spheric pressure and humidity should decrease with the corresponding increase in altitude above

sea level. In contrast, higher levels of precipitation and incident solar radiation are expected at

higher locations. As seen in Table 4.2, the outdoor environmental variables in locations A and C

follow the expected pattern. However, the annual solar radiation in Location B is the highest

between the three locations, which re�ects the prevailing arid climate in that area of the city. Lo-

cation C's unusual behaviour could be attributed to the differences in sky conditions and prevailing

wind directions that shift pollution from Quito towards the South-East; however, it is not possible

to corroborate with the available data.

Table 4.2: Annual descriptive statistics of weather parameters by location (Secretary of Environment of the
Municipality of Quito, 2019)

Location Weather variable unit mean sd max min

A dry-bulb temperature °C 16.4 3.8 27.2 7.5
Humidity kg=kg 0.01 0.00 0.02 0.00
Relative humidity % 71.8 20.2 99.6 13.4
Wind speed m=s 1.27 1.09 6.45 0.01
Atmospheric pressure kPa 77.3 0.1 77.5 77.2
Precipitation mm 0.13 0.97 30.60 0.00
Global horizontal radiation W/m2 213 304 1191 0.0
Altitude1 m 2330

B dry-bulb temperature °C 14.8 3.2 23.8 8.9
Humidity kg=kg 0.01 0.00 0.01 0.00
Relative humidity % 73.3 19.2 99.5 14.8
Wind speed m=s 1.65 1.25 8.52 0.01
Atmospheric pressure kPa 74.4 0.0 74.5 74.3
Precipitation mm 0.1 0.7 18.3 0.0
Global horizontal radiation W/m2 219 308 1183 0.0
Altitude1 m 2660

C dry-bulb temperature °C 12.2 2.9 21.4 6.2
Humidity kg=kg 0.01 0.00 0.01 0.00
Relative humidity % 73.2 17.3 99.9 19.3
Wind speed m=s 1.64 1.06 6.44 0.02
Atmospheric pressure kPa 70.7 0.0 70.8 70.6
Precipitation mm 0.21 1.19 43.20 0.00
Global horizontal radiation W/m2 191 279 1107 0.0
Altitude1 m 3070

1 Altitude of the meteorological weather station

Although the data was collected between September 2017 and January 2018, annual data was

described to provide a general overview of the environmental conditions. The monthly comparison
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and the annual average value of the daily maximum, mean and minimum values of the dry-bulb

temperature and other main weather parameters are plotted in Figure 4.2 and Figure 4.3, corre-

spondingly. A small variation of the monthly mean outdoor temperature (boxplots) and the high

oscillation (dash-dotted lines) between locations can be seen in Figure 1.2. The narrowing section

('notch') of the boxplots around the median offers an estimation of the medians' difference. As

one can notice, the boxes' notches overlap across monthly values and the locations. Thus, there

is a difference between the temperature median across locations and, in some cases, between the

monthly means. The higher the altitude, the lower the mean temperature and the narrower the

daily oscillation. The daily mean dry-bulb temperature drops from 16.4 °C (� 3.8 °C) in Loca-

tion A, to 14.8 °C (� 3.2 °C) in Location B and 12.2 °C (� 2.9 °C) in Location C. Besides, the

daily oscillation decreased from 10.8 °C in Location A, to 8.7 °C in Location B and 7.9 °C in

Location C.

Figure 4.2: Monthly temperature (boxplots) and the maximum, mean and minimum annual daily average
variation (dash-dot lines)

The weather conditions differences are evident in the outdoor temperature and humidity lev-

els, solar radiation, and wind speed. Figure 4.3 reports the monthly (boxplots) and the maximum,

mean and minimum annual average daily variation (dash-dot lines) for the other weather variables

by location. There is a signi�cant variation observed on humidity levels; the monthly variation

denotes higher humidity between March and May and lower humidity levels from July to Septem-

ber. The latter corresponds to the warmer season, which also has higher global horizontal radiation
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levels and higher wind speed.

Figure 4.3: Monthly (boxplot) and the maximum, mean and minimum annual daily average variation (dash-
dot lines) of weather variables by location

The difference across locations could be better appreciated in the cumulative distribution

functions in Figure 4.4. Ak� s test was used to identify the differences in the distributions' dis-

persion and shape of the weather variables. Except for precipitation and global horizontal solar

radiation between locations A and B; hence the mean, shape and distribution of humidity, atmo-

spheric pressure, and wind speed vary across the three locations. For further analysis, the unusual

pattern observed in the precipitation and global horizontal radiation in Location B should be con-

sidered. Temperature and wind speed directly affects the occupants' subjective response to the

environment. Nevertheless, it is not clear to which extent the observed differences in humidity and

atmospheric pressure could affect subjects' thermal comfort and dwellings' thermal performance.
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Figure 4.4: Cumulative distribution of outdoor environmental variables

4.4 Indoor environment in the surveyed dwellings

The central tendency and dispersion of the indoor environmental variables of the 287 surveyed

dwellings are summarised in Table 4.3. The described indoor environmental variables are air

temperature (tin), globe temperature (tg), relative humidity (RH), airspeed (va), CO2 concentration

levels, atmospheric pressure (Pa) and altitude above sea level. The analysed data correspond to

spot measurements during the thermal comfort survey at `time-t'; hence, the data correspond to

the speci�c circumstances only (Guerra-Santin and Tweed, 2015b).

The indoor temperature follows a similar oscillation pattern as observed in the outdoor tem-

perature, a higher oscillation in Location A (11.4 °C) and the narrower oscillation in Location C

(8.1 °C). The temperature distribution (Figure 4.5) in Location C is concentrated at 20.0 °C, in Lo-

cation B at 22.0 °C, and in Location A at 24.0 °C. It is necessary to emphasise that the minimum

temperature at which subjects are exposed are not registered in the data set as the thermal surveys

were collected during the daytime only. Besides, when comparing the medians across locations,

the mean indoor temperature of the surveyed dwellings is signi�cantly different across locations

A, B and C (Figure 4.5).tg is highly correlated withtin, highlighting that if the measurements

are truly representative of the participants' location, there is no immediate direct radiation source
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Table 4.3: Descriptive statistics of indoor environmental conditions in the surveyed rooms at `time-t' by
location

Location Variable Unit mean sd max min

A Air temperature °C 23.9 2.1 28.6 17.2
Globe temperature °C 23.9 2.1 29.3 17.4
Relative humidity % 44.8 8.6 64.0 27.5
Humidity kg=kg 0.011 0.002 0.015 0.007
Air speed m=s 0.287 0.075 0.650 0.100
CO2 ppm 629 211 1683 379
Altitude m 2353 26 2462 2324

B Air temperature °C 22.1 1.8 27.6 18.6
Globe temperature °C 22.1 1.8 28.0 18.2
Relative humidity % 46.7 7.0 61.5 29.5
Humidity kg=kg 0.011 0.001 0.014 0.007
Air speed m=s 0.312 0.059 0.450 0.100
CO2 ppm 643 190 1340 420
Altitude m 2672 50 2784 2609

C Air temperature °C 19.6 1.6 24.2 16.1
Globe temperature °C 19.7 1.6 24.8 16.1
Relative humidity % 53.3 8.7 73.5 35.0
Humidity kg=kg 0.011 0.001 0.015 0.008
Air speed m=s 0.311 0.084 0.600 0.100
CO2 ppm 730 345 2023 394
Altitude m 3073 21 3126 3020

affecting the participants (r2=0.96, df = 285,p< 0.001). Besides, the mean altitude of surveyed

dwellings is 2353m (� 26m) in Location A, 2672m (� 50m) in Location B and 3073m (� 21m) in

Location C.

The indoor environmental variables differ across the three locations, not only the mean values

but also the distribution. Based on Figure 4.6, a clear difference in the medians is only observed

for tin. The indoor airspeed is similar for the three locations. A higher rate ofCO2 concentration

is observed in Location C than locations A and B. Unfortunately, outdoor values ofCO2 are not

available to check if the higher concentration is due to the pollutant concentration in the outdoor

environment or a proxy of reduced ventilation. Regarding humidity, the mean values are similar

across locations; still, a slightly narrow distribution is observed in Location C. The cumulative

distribution (Figure 4.6) and the k-s test results con�rm a signi�cant difference in the distributions'

dispersion and shape for air temperature across the three locations.

Therefore, one can conclude that the difference in indoor air temperature between the three

locations is signi�cantly different in their means, shape and distribution. The mean indoor airspeed

differs signi�cantly across the locations, while the humidity ratio difference is not signi�cant. The
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Figure 4.5: Variation of indoor variables at survey at `time-t' by location

Figure 4.6: Cumulative distribution of indoor environmental variables by location

higher levels ofCO2 in Location C suggest reduced ventilation in those dwellings. That coincides

with the lower rate of windows and doors opening reported by residents at Location C than the

reported at locations A and B (Figure 5.15).

4.5 Effect of the outdoor conditions in the indoor environment

The indoor environmental variables at survey `time-t' were regressed against the corresponding

outdoor environmental variable at the survey `time-t'. A summary of the regression coef�cients

are described in Table 4.4. Based on the coef�cient of determination (r2) and the signi�cance (sig),
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there is no apparent effect of the outdoor wind speed on the indoor airspeed. Regarding humidity

and air temperature, a low and moderate percentage of the indoor humidity variance could be ex-

plained by the outdoor humidity in locations A and B, same as for temperature in Location A. The

upward slope of the regression line (b) of temperature and humidity, between 0.47 and 0.62, follow

a similar progression at the three locations. In Location C, both variables' regression coef�cient

(humidity and temperature) are lower than those at locations A and B. The lower correlation in

this location could partially be explained by the number of permanent modi�cations performed

in these dwellings in order to reduce in�ltration and increase heat gain (Figure 5.14), as well as

higher use of other heating sources such as �re, turning on stoves and ovens (5.15).

Table 4.4: Summary of the regression analysis of indoor and outdoor environmental conditions at survey
`time-t'

Variable Location n a b r.squared df statistic p.value sig

Air speed A 101 0.26 0.01 0.05 (1,99) 5.60 0.020 *
B 99 0.30 0.00 0.01 (1,97) 1.24 0.268
C 87 0.31 0.00 0.00 (1,78) 0.01 0.905

Humidity A 101 0.00 0.62 0.33 (1,99) 49.00 0.000 ***
B 99 0.01 0.47 0.32 (1,93) 43.80 0.000 ***
C 87 0.01 0.47 0.17 (1,85) 16.90 0.000 ***

Temperature A 101 14.20 0.46 0.28 (1,99) 39.30 0.000 ***
B 99 16.60 0.28 0.11 (1,97) 11.70 0.001 ***
C 87 14.70 0.30 0.12 (1,85) 11.10 0.001 **

Notes:
Signi�cance *, **, *** at 90%, 95%, and 99% respectively

Based on the observed lag effect of the outdoor temperature on the indoor air temperature.

The air temperature at survey `time-t'tin was also regressed against thetout� ma (Figure 4.7) that

corresponds to the moving average of the previous three hours. The three-hour interval was choose

based on the observed time lag from the archetypes monitored data (Chapter 7) and further ex-

plored in 4.8. The displacement of the lines in the y-axis denotes the higher indoor temperatures

at Location A, followed by Location B and �nally, Location C's lower temperatures. The outdoor

temperature has a higher effect on the indoor temperature in Location B (b=0.69). Whereas, the

scattered temperatures in locations A and B could partly explain the lower correlation. Besides, the

concentration of temperatures in the lower ranges might explain the low correlation at Location C.

A piecewise regression was explored for a range of different breakdown points to check whether

some segments would better explain any trend change oftin in relation totout:ma. Nevertheless,

neither the r-squared nor the residual standard error improve when segmenting the regression.

To summarise, the simultaneous outdoor environmental parameters could partially explain
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Figure 4.7: Regression of indoor air temperature at survey `time-t' (tin) and the moving average dry bulb
temperature (tout� ma)

the variation of air temperature and humidity. Although the distance between the weather station

and the surveyed dwellings is less than 5km, the wind speed and direction vary from the weather

station's data due to the local urban context.

4.6 Subjective assessment of the indoor environment

Subjective votes from thermal comfort surveys are a direct method for evaluating thermal comfort

under operating conditions and, thus, a mean for assessing the thermal environment's acceptability.

Subjective votes regarding sensation, preference and acceptability of the main indoor thermal

environmental variables were collected using different scales described in Section 3.4.3.2. The

ASHRAE seven-point scale, from -3 (Cold) to 3 (Hot) with a neutral vote' 0', was used to collect

thermal sensation votes (TSV). In the same way, thermal preference votes (TPV) used a seven-

point scale from -3 ('much cooler') to 3 ('much warmer') and a middle point for no change.

The distribution of sensation and preferences votes per point in the scale for each environmental

variable are summarised in Figure 4.8 for temperature, Figure 4.9 for humidity and Figure 4.10

for air movement. The �gures not only show the higher percentage of people voting for the central

or no change categories but highlight the subjective differences between the studied locations.

The distribution of TSV and TPV in the seven-point scale are shown in Figure 4.8. Votes for
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the combined dataset (all) are also included to have a reference of the overall voting pattern.

Participants' seldomly voted for the extreme values of the scale (-3 and +3) when expressing their

thermal sensation and preference vote.

Figure 4.8: Distribution (percentage) of thermal sensation votes (TSV) and thermal preference votes (TPV)
by location

The number of observed comfort votes (+1 to -1) decreased from Location A to Location C.

Preference votes followed the opposite trend where the higher the location, the higher the number

of participants that prefer warmer environments. In Location A, 89% of the respondents voted

within the comfort range, and 63% voted for no change in the indoor temperature. A split trend

is observed for a preference of either 'slightly cooler' (15%) or warmer environments (18%). As

discussed in the literature, high-altitude residents show an increased threshold for cold sensation.

In this research, 82% of the residents living above 3000m perceived the indoor temperature as

comfortable. However, 56% of the respondents at this location would prefer warmer environments.

Strong evidence supports the signi�cant difference observed across the mean ranks of at least one

pair of TSV and TPV groups (p< 0.05, Table E.1). The mean TSV in Location C, towards 'slightly

cool', is signi�cantly different from the sensation mean vote in locations A and B (Table 4.5). The

distribution of subjective votes is consistent with the measurements of the indoor environment.

Considering the four-degree difference of the mean indoor temperature between Location A and

Location C, a noteworthy difference in voting was expected from residents at those locations. As

altitude increases, there is a small decrease in neutral votes, an increase in feeling cold, and a
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bigger shift from being cool to being warm. The equivalent pattern is also shown in the preference

votes, except that the decrease in the proportion wanting no change is bigger than the decrease in

voting neutral.

Table 4.5: Mean (Standard deviation) environmental votes by location

Variable Vote type A B C

Temperature Sensation 0.08 (� 0.87) -0.13 (� 1.05) -0.50 (� 0.93)
Preference -0.01 (� 0.76) 0.20 (� 0.73) 0.61 (� 0.73)

Humidity Sensation -0.01 (� 0.97) 0.10 (� 0.74) 0.30 (� 0.89)
Preference -0.27 (� 0.80) -0.34 (� 0.78) -0.69� 0.85)

Air movement Sensation 0.80 (� 0.96) 0.83 (� 0.98) 0.96 (� 0.95)
Preference 0.55 (� 0.90) 0.55 (� 1.00) -0.07 (� 0.93)

Overall Acceptance -0.23 (� 0.42) -0.26 (� 0.44) -0.43 (� 0.50)

Signi�cance *, **, *** at 90%, 95%, and 99% respectively

Figure 4.9 shows the percentage distribution of humidity sensation (HSV) and preference

votes (HPV). Humidity sensation and perception also used a seven-point scale where the extreme

humidity is represented by +3 and extreme dry by -3. Overall, 62.8% of the participants vote

neutral in terms of humidity, and 59.5% would prefer no change in the indoor relative humidity.

These votes are consistent with the indoor environment measurement that shows a mean indoor

relative humidity between 45% (Location A) and 53% (Location C), as seen in Table 4.3. Location

B reported a higher percentage of mid-range votes (93.2%) and equally the highest rate (66.7%)

for no change votes in terms of preference. Overall, around 87.4% of the respondents voted within

the mid-range for humidity sensation (- 1 to 1). As observed in Table 4.5, the mean sensation

vote is similar across the three locations (p< 0.05, Table E.1). In contrast, preference votes show

an increasing preference for drier environments across the three locations. In Location C, the

mean HPV towards 'slightly drier' is signi�cantly different to the one observed at the other two

locations (p< 0.05, Table E.1). Over 50% of the respondents at Location C would prefer a drier

environment.

It is worth mentioning that a �ve-point scale from 'no movement' (0) to 'too breezy' (+4) was

used to assess air movement. No votes were resister for the highest point in the scale. Meanwhile,

the collected preference votes used seven-point scales as the previous variables, from much more

air movement (+3) to much less (-3). In Figure 4.10, 53.3% of the participants reported feeling

no air movement during the survey, 'just right' was the second most recorded response (36.9%)
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Figure 4.9: Distribution (percentage) of humidity sensation votes (HSV) and humidity preference votes
(HPV) by location

of the overall votes. Considering that the mean air movement for all the locations is similar at the

time of the interview (0.3m=s - � 0.1 ) (Table 4.3), only participants in the higher location (Lo-

cation C) would prefer lower air movement. As reported by Wang et al. (2010), in low-pressure

environments, people become more sensitive to draught and prefer reduced air movement. This

subjective response may be affected by the increased convective heat loss of the human body as a

response to lower atmospheric pressure (ASHRAE, 2009; Ohno et al., 1991). No signi�cant dif-

ference was observed in air movement sensation votes between locations A, B and C (Table E.1).

Furthermore, the second most voted option in locations A and B showed a clear preference for 'bit

more air movement'. On the contrary, Location C's second most voted option was for 'bit less air

movement'. A signi�cant different vote for no change is observed in Location C compared to the

other locations (Table E.1).

Overall, the observed voting pattern for all the environmental variables is similar across the

three locations. The central tendency votes for locations A and B are similar for both sensation

and perception votes for temperature and humidity; sensation votes incline towards neutrality, and

the preference votes centred on' no change'. In terms of air movement, participants perceived the

air inside as still and showed a clear preference for a 'bit more air movement'. In Location C, the

mean sensation and preference votes are signi�cantly different from those in locations A and B.

While Location C is the most different, the trend from Location A to Location C is similar.
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Figure 4.10: Distribution (percentage) of air movement sensation votes (ASV) and air movement prefer-
ence votes (APV) by location

A signi�cant negative correlation (p< 0.05) between perception and preference votes was ob-

served for temperature and humidity votes for all locations (Table 4.6). The correlation for air

movement is signi�cant for locations A and B. The negative correlation observed suggest that res-

idents usually prefer an opposite environmental condition than the current one. When participants

vote for high air movement sensation, the preference turns towards reducing air movement and

so for temperature and humidity. A higher correlation on air movement was observed in Loca-

tion C (r=-0.28); as observed previously, participants in the higher location tend to prefer less air

movement. A moderate correlation was observed in terms of humidity. This variable should be

examined cautiously, as most participants commented on humidity related to mould rather than

the environmental one. A strong negative correlation was observed across the three locations for

thermal sensation and thermal preference votes.

4.7 Relating the subjective votes and the indoor environmental

variables

The �gures in this section allow observing the count of sensation votes at binned time intervals

of the corresponding indoor environmental variables. The operative temperature at survey `time-

t' was binned into half-degree increments (to� bin), humidity ratio `time-t' was binned into 0.001

kg=kgincrements (hbin) and air movement at survey `time-t' into 0.05m=sincrements (airbin). The



116 Chapter 4. Effect of high-altitude contextual factors on human thermal comfort

Table 4.6: Summary of correlation analysis between environmental sensation and preference vote

Location Variable n r statistic conf.low conf.high p.value sig

A Air Movement 132 -0.20 -2.35 -0.358 -0.032 0.020 *
Humidity 132 -0.46 -5.87 -0.580 -0.309 0.000 ***
Temperature 132 -0.59 -8.32 -0.688 -0.463 0.000 ***

B Air Movement 130 -0.05 -0.607 -0.222 0.119 0.545
Humidity 130 -0.22 -2.56 -0.376 -0.050 0.012 *
Temperature 130 -0.54 -7.3 -0.650 -0.406 0.000 ***

C Air Movement 130 -0.28 -3.29 -0.428 -0.111 0.001 **
Humidity 130 -0.33 -3.92 -0.470 -0.163 0.000 ***
Temperature 130 -0.42 -5.33 -0.554 -0.273 0.000 ***

Signi�cance *, **, *** at 90%, 95%, and 99% respectively

�gures aim to highlight (the shaded grey area) differences in the distribution of sensation votes

across the different point scale for the same range of the corresponding indoor environmental

variable. The de�ned shaded grey area is no more than an environmental variable range where

votes for the three locations were observed. For instance,to� bin between 20.0 °C and 21.0 °C is

one of the few temperatures ranges transverse to the three locations.

Figure 4.11 shows the thermal sensation votes count per eachto� bin increment. As highlighted

in the shaded grey area, at the sameto� bin range between 20.0 °C and 21.0 °C, the sensation votes

differ by location. Respondents at Location A voted between 'slightly cool' (-1) and 'cool' (-

2). Respondents at Location A voted between 'slightly cool' (-1) and 'cool' (-2). In contrast,

participants at Location C reported a sensation ranging from 'cool' (-2) sensation up to 'slightly

warm' (+1) sensation, with the highest sensation votes count for neutral sensation. At the same

time, Location B residents voted something between 'neutral' (� 0) and 'cool'(-2). Even though

the indoor temperature's range is the same, the thermal sensation differs across the three locations.

Considering that an indoor environment between 21.0 and 22.0 °C is perceived as 'slightly warm'

(+1) only at the higher location (Location C), one can presume that at the same indoor temperature,

residents at a higher altitude perceived the indoor environment as warmer than their counterparts

at a lower location.

A similar approach was used to explore humidity ratio (Figure 4.12) and air movement votes

(Figure 4.13) in relation to the corresponding environment variable. At ahbin range between 0.010

and 0.011kg=kg, the votes are distributed across �ve out of the seven-point scale from 'humid'

(+2) to 'dry' (-2). In Location A, the votes' distribution is between 'humid' (+2) and 'dry' (-2).

Votes are slightly displacement towards drier sensation in Location B where the reported votes
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Figure 4.11: Count of thermal sensation votes at each increment of the binned operative temperature
(to� bin)

ranged between 'humid' (+2) and 'slightly dry' (-1). Lastly at Location C, most votes are between

'neutral' (� 0) and 'humid' (+2). Worth noting that the indoor environment variables are measured

and evaluated independently; one should not discard a combined effect across them, affecting

participants' subjective response.

In Figure 4.13 the highlightedairbin range taking place at the three locations is 0.25m=s to

0.35m=s. Most of the respondents at the lower location stated perceiving the air movement as

'just right' (+2). Meanwhile, the air movement votes at Location B and C are distributed across

four-points of the scale from 'no movement' (0) to breezy (+3) and too breezy (+4). Based on the

�gure's data, there is no evident difference in the air movement's voting trend at the same airspeed

range.

Finally, the correlation between perception votes with the corresponding environmental vari-

able was explored and the main statistics are summarised in Table 4.7. The thermal sensation is

the only subjective vote strongly correlated with indoor operative temperature at survey `time-t'.

In terms of airspeed, a moderately signi�cant correlation between ASV and airspeed is observed

in Location C. These results are aligned to the ones discussed by Wang et al. (2010), that reported



118 Chapter 4. Effect of high-altitude contextual factors on human thermal comfort

Figure 4.12: Count of humidity sensation votes at each increment of the binned indoor humidity ratiohbin

Figure 4.13: Count of air movement sensation votes at each increment of the binned indoor air speed
(airbin)
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participants being more sensitive to draught at 2300m. Finally, there is no signi�cant correlation

between HSV and humidity ratio for each location independently. Therefore, the participants' sub-

jective votes in this research may be considered a response to the current environmental conditions

only for temperature (all locations) and airspeed (Location C).

Table 4.7: Regression summary of perception votes and objective measurements at survey `time-t'

Vote Location n r.squared df statistic p.value Sig

ASV A 132 0.00 (1,130) 0.30 0.583
B 128 0.01 (1,126) 1.09 0.298
C 123 0.05 (1,121) 5.81 0.017 *
All 383 0.01 (1,381) 3.71 0.055

HSV A 132 0.05 (1,130) 7.32 0.008 **
B 128 0.02 (1,126) 3.03 0.084
C 123 0.03 (1,121) 3.76 0.055
All 383 0.05 (1,381) 21.90 0.000 ***

TSV A 132 0.22 (1,130) 36.70 0.000 ***
B 128 0.11 (1,126) 15.00 0.000 ***
C 123 0.17 (1,121) 24.40 0.000 ***
All 383 0.19 (1,381) 91.80 0.000 ***

Signi�cance *, **, *** at 90%, 95%, and 99% respectively

4.8 Effect of surveyed dwellings physical conditions in the indoor en-

vironment

The thermal comfort survey took place in 287 surveyed rooms across the three studied locations.

The predominant construction materials are hollow concrete blocks walls (97% of the sample)

and cast concrete slabs roofs (73%), as seen in (Table 4.8). The second most common dwelling

typology is hollow concrete blocks with a light roof (zinc/asbestos). It should be noted that the

use of insulation materials and ceilings is not a common practice in the region, even when the

roofs are zinc or asbestos. Finally, the traditional or vernacular dwellings build from clay tiles

and adobe walls were scarcely found. Across the three locations, the few surveyed rooms in

vernacular dwellings belong to Location A, the ones observed at locations B and C were currently

unoccupied.

The distribution of surveyed rooms according to dwellings typology and room exposure con-

dition are summarised in Table 4.9. Based on the proposed categorisation, over 70% of the sur-

veyed rooms are medium thermal mass constructions and half of the rooms are non-exposed to the
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Table 4.8: Surveyed dwellings by construction materials of roof, ceiling and walls

Location A B C All locations
Construction materials
Roof Ceiling / Wall Adobe Block1 Brick 2 Block1 Block1 Adobe Block1 Brick 2

Asbestos/zinc No ceiling - 15 - 9 9 - 33 -
Asbestos/zinc Ceiling 1 16 2 14 3 1 33 2
Cast concrete No ceiling - 57 2 76 72 - 205 2
Clay tiles Ceiling 3 2 3 - 3 3 5 3

Block1 = Hollow concrete blocks
Brick2 = Clay bricks

outdoor environment. In other words, most of the surveyed rooms were either in the ground �oor

or a room located in between two storeys.

Table 4.9: Typology and exposure condition of surveyed rooms by location

Room typology Room exposure condition A B C All locations

Light Exposed 36 16 14 66
Non-exposed 2 7 1 10

Medium Exposed 33 15 33 81
Non-exposed 30 61 39 130

As discussed previously, the indoor temperature at survey `time-t' (tin) has the highest cor-

relation with the outdoor temperature (tout� ma) among the studied environmental parameters. The

regression analyses of temperature were further evaluated by construction typology (Figure 4.14)

and exposure level (Figure 4.15) of the surveyed dwellings. In Figure 4.14, the higher regres-

sion coef�cient of light mass construction materials (b = 0.74) showed a considerable effect of the

tout� ma on thetin. Besides, the regression line's shift shows a highertin in light dwellings compared

to the medium thermal mass rooms. The meantin for medium thermal rooms is 21.4 °C (� 2.2),

and the one for lightweight rooms is 23.4 °C (� 2.6); the means difference between these two

groups is signi�cant (p < .000, Table E.1). The higher relation ortin on tout� ma in addition to the

known higher solar radiation suggest that these typology of dwellings is prone to extreme indoor

conditions like overcooling and overheating. Besides, the meantin is also signi�cantly different

(p < .000, Table E.1) between the exposed (22.6 °C,� 2.8) and non-exposed rooms (21.3 °C,�

1.8). However, there was no difference observed in thetin when evaluating the combined effect of

exposed and non-exposed for light or medium thermal mass constructions.

Figure 4.15 plot the regression betweentin and thetout� ma according to the exposure level.

The higher correlation and regression slope in the exposed rooms indicate a higher rate of change
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Figure 4.14: Regression of the indoor air temperature at survey `time-t' (tin) in the moving average dry
bulb temperature (tout� ma) by rooms' exposure

in the indoor environment due to changes in the outdoor conditions (solar radiation and dry-bulb

temperature). Thus, some of the dwellings are running warmer than others at the same prevailing

outdoor conditions and thetin increases at a higher rate with outdoor temperature. This is relevant

because any difference in mean thermal sensation votes between typologies or exposure levels

could result from residents being adapted to this increasedtin.

4.9 Summary of the chapter

This chapter centred on identifying some of the numerous contextual factors in�uencing high-

altitude residents' thermal comfort. For this purpose, weather data, indoor environment and

dwellings physical conditions were explored and analysed based on the difference in altitude in-

trinsic at each location. Evidence from this section con�rms the effect of high-altitude weather in

the indoor environment of dwellings and differences in the subjective assessment of the environ-

ment.

A signi�cant difference is observed in the main weather parameters: humidity, atmospheric

pressure, temperature, and wind speed. Besides the expected variation due to altitude change, other

parameters might also affect weather behaviour as in the case of Location B. The signi�cant differ-

ence observed in the dry-bulb temperature relates to a decrease in temperature as altitude increases
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Figure 4.15: Regression of the indoor air temperature at survey `time-t' (tin) in the moving average dry
bulb temperature (tout� ma) by rooms' exposure

and a narrow oscillation at higher locations (Location C), contrary to Location A. Weather differ-

ence affects not only the dwellings thermal performance but also the subject's thermal perception.

For instance, indoor air temperature is signi�cantly different between the studied locations, same

as the thermal sensation and preferences.

Among the indoor environmental variables, the one that presents a signi�cant difference

across locations in terms of means, shape and distribution is the air temperature. The observed

difference in airspeed is related to the mean value. In contrast, no signi�cant difference is ob-

served in the humidity ratio. Therefore, for further analyses, the air temperature will be considered

for assessing the differences between locations. Regarding humidity and air temperature, a low

and moderate percentage of the indoor environment variance could be explained by the outdoor

conditions in locations A and B. In contrast, there is no correlation between airspeed (indoor) and

wind speed (outdoor). In Location C, the observed correlation is even low for airspeed, humidity,

and air temperature. The low or non-existent correlation between indoor airspeed and wind speed

could be attributed to the fact that the data was collected at the nearest weather stations; still, it

does not represent the dwellings' local urban context.

Overall, the reported voting trend is similar for all the environmental variables at the three

studied locations. The mean votes for Location A and B are similar for both sensation (neutral)
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and preference votes (no change) for temperature and humidity. In terms of air movement, most

participants perceived the environment as still and reported a marked preference for higher air

movement. While Location C is the most different, the mean sensation and preference votes are

signi�cantly different from those of locations A and B, there is a similar trend from A to C. After

analysing the subjective votes, the researcher would recommend a couple of improvements on

the scales' wording, both for humidity and air movement, for future work. The word humidity

is usually associated with mould rather than environmental variable; thus, a different approach

should be considered. Regarding air movement, the number of points on the sensation scale could

be reduced. It was dif�cult for participants to differentiate between the different response options.

Moreover, a signi�cant difference in the indoor temperature (tin) regressed on the outdoor

temperature (tout� ma) is observed when comparing rooms' construction typology and room roof

exposure level. The higher solar radiation levels signi�cantly affect the operative temperature

of light construction dwellings with roof/ceilings directly exposed to the outdoor ambient. Dif-

ferences between sensation and preference votes were not explored due to a small number of

observations resulting when splitting by construction typology and room location on participants.

However, thetin is signi�cantly different between rooms typology (lightweight and medium ther-

mal mass) and exposure level (exposed and non-exposed), revealing the direction for further and

future research.

The investigated contextual factors have a signi�cant impact in the subjective response of oc-

cupants, and the consistent differences were observed across the study locations. Once concluded

the analysis of contextual differences, the following step, investigated in the next chapter, explores

the effect of factors such as demographics, adaptation, and behavioural adjustments in thermal

comfort.





Chapter 5

Effect of individuals factors on thermal comfort

5.1 Overview

Chapter 4 has shown that the environment's subjective assessment depends on the physical indoor

environment. At the same time, the indoor environment depends on the outdoor environment.

These dependencies are not simple, linear or perfect. Therefore, this chapter extends the inves-

tigation to the individual factors that need to be considered in the prediction of comfort in the

studied locations. The analysis centred on the individual differences in the subjective assessment

and the mean indoor operative temperature when participants voted between -1 to 1 (to� mean) due

to demographics, adaptation factors and behavioural adjustments (Figure 5.1).

Figure 5.1: Individual factors of diversity in thermal comfort

Demographics analysis focused on differences in thermal comfort due to occupants' gender,

age, and body composition. Residents' acclimatisation or adaptation to high-altitude regions inves-

tigated the effect of peoples' mobility and exposure to different environments in thermal comfort.

For this purpose, an adaptation index is proposed to classify respondents into different adaptation

levels to the prevailing conditions. Furthermore, the research was extended to understand the pri-

mary causes of discomfort at home and any symptoms related to the indoor environment's quality.

Lastly, the predominant behavioural adjustments undertaken to restore comfort at dwellings or in-
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dividuals' level were analysed. One of the primary means of adaptation reported in the literature

is clothing insulation; thus, a detailed analysis is included in a separate section.

5.2 Methods

This section describes data processing used to create new variables such as body surface area

(BSA) for demographics analysis; and climate classi�cation and altitude for different locations for

the de�nition of adaptation factors. Moreover, an explanation of the adaptation index criteria and

classi�cation of behavioural adjustments is provided. The data sets used for these analyses corre-

spond to the one collected in sections A-Participants, B-Adaptation, C-Symptoms and discomfort

at home, and D-Control strategies, from the thermal comfort surveys.

5.2.1 Body surface area

In physiology, the body surface area (BSA) refer to the nude body surface area and corresponds

to the relation between mass inkg (W) and height in m (H), commonly calculate following the

DuBois Equation 5.1 (ASHRAE, 2009).

BSA= 0:202W0:425H0:725 (5.1)

5.2.2 Recoding variables for adaptation index

The data collected from Section B-Adaptation in the questionnaire was assembly into some prox-

ies for whether people are likely to be adapted. The variables used for creating the index are

a) birthplace, b) period living in the current environment, c) weekly exposure to different weather

conditions, and d) weekly exposure to buildings with air conditioning systems. However, before

recoding the collected data, two new variables necessaries for this analysis were calculated: cli-

mate classi�cation and altitude for every reported location such as the current residence, a previous

residence, birthplace, or places visited during weekly commuting.

The four factors of adaptation de�ned in this research correspond to: a) Birthplace, b) Accli-

matisation, c) Weather exposure, and d) HVAC exposure. The last factor of adaptation e) Overall

adaptation is a combined factor that intends to aggregate effects of the previous four factors in a

single index of adaptation. The �rst factor of adaptation is birthplace, focusing mainly on the alti-

tude above sea level of the birth reported place. Acclimatisation, the second factor, considered the

period living under similar weather conditions classi�ed according to the collected data in three

levels: a)< one year b) between 1 - 3 years and c)> three years. The third factor, Weather expo-

sure, aimed to re�ect the exposure to different weather conditions due to personal or work-related
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commuting. Participants commute around the city and across the country, and therefore they are

exposed to different climate conditions. Participants reported the average number of days and the

most common places visited weekly. Similarly, the HVAC exposure factor aims to re�ect the av-

erage number of days a subject is exposed to mechanically conditioned spaces. In both cases, the

exposition level to either different climates or HVAC was derived based on the registered num-

ber of days exposed to different conditions. Lastly, a single overall index based on weights was

calculated to combine the various adaptation factors' effect. The new variables resulting from re-

coding answers were used to analyse the indoor environment's subjective responses and evaluate

any potential difference between adaptation groups.

5.2.2.1 Climate classi�cation for individual locations

The Köeppen-Geiger (KG) climate classi�cation for each reported town or city was geocoded

using the K̈oppen-Geiger world map. The high-resolution map used data from 1980 to 2016 with a

1km resolution and was derived from four high-resolution, topographically corrected climate map.

Each location's latitude and longitude were converted to pixel numbers to obtain the corresponding

KG class (Beck et al., 2018).

5.2.2.2 Altitude for individual locations

The altitude for each reported location was extracted from a high-resolution digital elevation model

of the Earth based on the geographic coordinates (Farr et al., 2007).. Latitude and longitude were

geocoded using Open Street Map Nominatim tmaptools geocodeOSM). The generated coordi-

nates correspond to the polygon's centroid, de�ned by the canton's administrative limits and not

necessarily the inhabited area. Therefore, manual corrections were applied whenever the geo-

graphic coordinates were located far from the inhabited area and relocated to the administrative

centre; in other words, the location's main square.

5.2.3 Classi�cation of control strategies

The control strategies to restore comfort were differentiated between environmental and individ-

ual adjustments and classi�ed according to the action's purpose, increase or reduce heat gains

and losses. Table 5.1 summarises the main strategies or systems used to adjust the dwellings'

environment, using general categories from the British home survey (Raw et al., 2016)..

Following the same process, the most recurrent actions undertaken by people at home to keep

themselves warm or cool were classi�ed as shown in Table 5.2 (Gauthier, 2016; Raw et al., 2016).
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Table 5.1: Environmental adjustment levels and strategies

Level 1 Level 2 Level 3 Level 4

Environment Control heat gain Shading Internal shading
External shading

Remove heat Natural ventilation External doors
External windows
Fans

Mechanical ventilation Not applicable
Air-conditioning Not applicable

Increase heat gain Heating Portable heater
Others (i.e. cookers, open �res)

Table 5.2: Individual adjustment levels and strategies

Level 1 Level 2 Level 3

Individual Change location Indoors
Outdoors

Cooling or heating Drinks
Food
Shower

Insulation Bedding
Clothing

Metabolic rate
Increase activity

5.2.4 Estimation of clothing insulation

Clothing insulation (Clo ) is the insulation layer's resistance covering the human body expressed

in m2K=W. The effective thermal clothing insulation (Icl) was estimated from the summation of

individual garments, as described in Equation 5.2 (EN ISO, 2009).

Icl = 0:161+ 0:835å Iclu (5.2)

Iclu (m2K=W) is the effective thermal insulation of an individual garment making up the

ensemble. The individual garments insulation values selected from Appendix B (EN ISO, 2009)

are summarised in Table 5.3.Clo was further corrected due to the effect of posture and seats. Due

to the human body's contact with a padded chair or bed, the effective heat transfer is substantially

reduced; thus, corrections on posture and effect of seats are applied. Corrections to air movement

were not used due to the low indoor airspeed recorded, on average below 0.2m=s.
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Table 5.3: Insulation values of typical garments (Icl)

Garment Description Iclu (Clo)

None None 0.00
Underwear Underpants / Panties and bra 0.03
Shirt, blouses Sleeveless 0.13
Shirt, blouses Short sleeves 0.15
Shirt, blouses Lightweight, long sleeves 0.20
Shirt, blouses Normal, long sleeves 0.25
Vest Vest 0.12
Sweater Thin sweater 0.20
Sweater Sweater 0.28
Sweater Thick sweater 0.35
Jacket Light jacket 0.25
Jacket Jacket 0.35
Dress Light dress, short sleeves 0.20
Dress Heavy dress, long sleeves 0.40
Skirt Light skirt 0.15
Skirt Heavy skirt 0.25
Trousers Walking shorts 0.11
Trousers Lightweight 0.20
Trousers Normal 0.25
Trousers Flannel 0.28
Socks Stocking 0.03
Socks Ankle-length socks 0.02
Socks Calf-length socks 0.03
Shoes Shoes (Thin sole) / Sandals 0.02
Shoes Shoes (Thick sole) / Slippers 0.04
Shoes Boots 0.10
Accessories Cap 0.01
Accessories Wool hat 0.02

5.3 Demographics of surveyed occupants

A total of 398 complete thermal comfort surveys were collected from residents ageing between

18 years-old and 65 years-old. The sample of participants across the locations and the main

demographics, including gender, weight and body surface area (BSA), are detailed in Table 5.4

and age ranges in Table 5.6.

Although keeping a proportional male-to-female responses ratio was desired, a higher num-

ber of female participants was surveyed. During the �eldwork, it was observed that women are

more likely to be at home. A t-test was used to compare the mean BSA for males and females

from residents in the highlands against the reference values de�ned in the comfort international

standards (male = 1.84m2 and female = 1.69m2) (EN ISO, 2004). The results con�rmed that the av-
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Table 5.4: Participants demographics by location and gender

Location Participants N Weight in kg (sd) Height in cm (sd) BSA m2 (sd)

A Female 68 65 (� 11) 155 (� 8) 1.6 (� 0.1)
Male 66 68 (� 11) 166 (� 9) 1.7 (� 0.2)

B Female 70 68 (� 13) 157 (� 6) 1.7 (� 0.2)
Male 62 71 (� 13) 168 (� 8) 1.8 (� 0.2)

C Female 74 64 (� 13) 153 (� 7) 1.6 (� 0.2)
Male 58 66 (� 14) 165 (� 7) 1.7 (� 0.2)

All Female 212 65 (� 12) 155 (� 7) 1.6 (� 0.2)
Male 186 68 (� 13) 166 (� 8) 1.8 (� 0.2)

erage BSA for males (1.75m2, � 0.17) and females (1.63m2, � 0.16) are statistically different from

the reference BSA for males (t(185) = � 7:22; p< .000) and females (t(211) = � 5:49; p< .000).

One could conclude that the studied sample's BSA is signi�cantly lower than the one established

on the international standards. However, considering that most participants estimated their weight

(kg) and height (cm), the reported BSA values are a rough approximation. A single BSA value is

not appropriate for all adults; differences due to demographics anthropometric might adhere error

to the traditionalMet value (McMurray et al., 2014). The importance of an accurate estimation of

theMet is related to calculating the predicted mean vote.

A comparison of the mean and standard deviation of the mean indoor operative temperature

when the thermal sensation votes are between -1 to 1 (to� mean) was used to explore differences

between demographics such as gender, age and BSA (Table 5.5). Theto� meanfor males is 22.0 °C

(� 2.4 °C) and for females is 22.1 °C (� 2.5 °C), as seen in Figure 5.2. A t.test and Levene con-

�rmed there is no signi�cant difference in either the meantcom f (t(321) = 0:50; p = :613) and

equal variances (F(322) = 2:28; p = :132), respectively, between males and females (Table 5.5).

The meanto� mean for the subjects with a BSA below the standard value is 0.4 °C higher than

the one for subjects with a BSA above the reference value. However, the observed difference on

the meanto� mean is no signi�cantly different, same as for the standard deviation (Futher details

in Table E.1). Besides, the central tendency of subjective votes was also explored by no signif-

icant difference was observed between males and females groups. No signi�cant difference was

observed when evaluating the indoor environment between males and females in this research,

opposite to �ndings from previous studies (Thapa et al., 2018a,c; Yan and Yang, 2014).

Table 5.6 summarised the distribution of participants by groups of age and gender. In Fig-

ure 5.3, one can observe that the meanto� meanvary within a narrow range (21.5 °C to 22.6 °C)

across age groups, and no signi�cant difference was identi�ed (signi�cance values in Table 5.5
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Table 5.5: Mean operative temperatureto� mean, standard deviation (sd) by demographics andp for means
and variance

Variable Level Participants(n)1 mean sd p(mean) p(variance)

Gender Female 165 22.1 2.54
0.613 0.1613

Male 159 22.0 2.42

Age > 20 25 21.5 2.44

0.160 0.013

20-29 67 22.6 2.34
30-39 81 21.9 2.25
40-49 62 21.5 2.82
50-59 46 22.2 2.19
60-65 34 22.2 2.35
< 65 9 22.6 4.03

BSA > std BSA* 111 22.3 2.43 0.228 0.465
BSA < std BSA* 231 21.9 2.49

* std BSA = Standard reference value (male = 1.84m2 and female = 1.69m2)
1 number of participants reporting thermal sensation votes between -1 and +1

(a) Gender (b) BSA index

Figure 5.2: Distribution of the mean operative temperature (to� mean) by gender and BSA

further statistics in Table E.1).

After the independent analysis of each demographic group (gender, age groups and BSA),

results denote no signi�cant difference in the meanto� meanor the standard deviation. Despite not

being statistically signi�cant, subjects with a lower BSA seems to prefer a warmer environment

based on the small difference observed in the meanto� mean(0.4 °C).

5.4 Adaptation level

A key concept to be investigated in this research is occupants' acclimatisation or adaptation to

high-altitude regions. This concept cannot be directly estimated or measured mainly due to peo-

ples' mobility. Therefore, an adaptation index was proposed to assess the effect of mobility and
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Table 5.6: Distribution of all participants by age group and gender

Age range < 20 20-29 30-39 40-49 50-59 60-65< 65 Total by Gender

Female 14 45 58 43 29 19 4 212
Male 14 45 41 32 25 23 6 186
Total by age 28 90 99 75 54 42 10 398

Figure 5.3: Mean operative temperature (to� mean) by age group

exposure to a different environment in operative temperature and comfort votes. The section

covers a description of the original variables and levels of data collected, an explanation of the

criteria used to de�ne each adaptation factor's levels and describing the observed differences in

thermal comfort votes and mean operative temperature when participants voted between -1 and +1

(to� mean).

5.4.1 Description of collected data

The number of observations for each level and factors of adaptation are summarised in Figure 5.4.

The surveyed participants came mainly from either locations below 2000m or places similar to

Quito's elevation (2800m). As far as possible, the sampling of participants seeks to be a represen-

tation of the population, and it is re�ected in the participant's diversity of origin. Participants are

native of Germany (n = 1), Venezuela (n = 1), Colombia (n = 5), and Ecuador (n = 391). About 85%

of the participants have lived in the current location or locations with a similar weather condition

for more than three years. Therefore, it could be assumed that most respondents are moderately

acclimatised to the current environmental conditions. In terms of weekly exposure to a different

context, 87% of participants commute to locations with different weather, such as locations in the

coast or the amazon region, and less than 10% are exposed to mechanically conditioned spaces on

a weekly basis.

When looking at the difference into� meanacross the adaptation factors' levels, no signi�cant
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Figure 5.4: Number of participants for each adaptation factors and levels of retrieved data

differences were observed (Figure 5.5), as the diverse number of levels resulted in groups with

few observations (< 14). Moreover, a comparison of the collected data is not possible due to the

different levels and units of analysis (i.e. meters above sea level, days and years). Therefore, the

proposed index standardise the data for further analysis as described in the following section.

Figure 5.5: Mean operative temperature (to� mean) per adaptation factor and level

5.4.2 De�nition of adaptation factors' levels and the overall index

In order to standardise the units of analysis and reduce the number of levels, the adaptations

factors were recoded into 'low',' mid' and 'high', as described in Table 5.7. According to the
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altitude of the birthplace, participants were differentiated between high and low-altitude natives.

In this research, all the respondents born in locations below 2000m in the Ecuadorian Highlands

are categorised as low-altitude inhabitants. The lower boundary is aligned high altitude de�nition

in the literature (Johnson and Luks, 2016).

Table 5.7: Acclimatisation factors to a different context and environmental exposure

Variable name Description Levels and descriptor Weight

a) Birthplace Birthplace in the Ecuadorian 1: Low (< 2000m) 1
highlands 2: Mid (2000 - 3000m) 2

3: High (> 2000m) 3

b) Acclimatisation Long term adaptation to current climate 1: Low (Living< 1 year) 1
(Numbers of years living under the 2: Mid (1 - 3 years) 2
same climate conditions) 3: High (> 3 years) 3

c) Weather exposure Weekly exposure to different climate 1: Low (Exposed> 1) 3
(Numbers of days a week exposed to 2: Mid (2 - 4 days) 2
different weather conditions) 3: High (> 5 days) 1

d) HVAV exposure Weekly exposure to HVAC systems 1: Low (Exposed> 1 days) 3
(Numbers of days a week exposed 2: Mid (2 - 4 days) 2
to buildings with mechanical systems) 3: High (> 5 days) 1

e) Overall adaptation Level of adaptation to the current 1: Low < = 6 points
environment based on weight from the 2: Mid 7 - 10 points
previous categories 3: High > = 10 points

In terms of acclimatisation, the three levels correspond low (< 1 year), mid (1 - 3 years),

and high (> 3 years). Worth noting that there is no consensus regarding the period for considered

people adapted to an environment. Thus, in this research, participants adapted to their current

environment would be regarded as living in locations with similar climate for at least three years.

Due to the signi�cant difference into� mean (Figure 5.5), the minimum threshold for classifying

the level of exposure to different climate conditions is two days. Nevertheless, to differentiate

individuals exposed for more than �ve days a week, a third level (high) was included. Despite

the small number of observations and non-signi�cant difference into� mean, three levels were also

de�ned for HVAC exposure. High exposure to different climate, such as cities in the Coast where

the weather is classi�ed as 'Aw'. (Tropical Savanna Climate), is scored as low as participants

might have different expectations due to previous recurrent experiences. The threshold for the

three levels of HVAC exposure followed the same criteria speci�ed for the exposure to weather

conditions. Once the levels were standardised in the three categories, theto� meanand subjective

votes were analysed for each adaptation factor to identify any signi�cant difference.
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The weights attributed to the level of each adaptation factor, a) Birthplace, b) Acclimatisa-

tion, c) Weather exposure, and d) HVAC exposure and e) Overall adaptation, are summarised in

Table 5.7. Overall adaptation index range from 4 to 12 points where the higher weights were as-

signed to the proxies that describe whether people are more likely to be adapted to the prevailing

environmental conditions. For instance, the higher weight (3) was assigned to the higher levels of

birthplace and acclimatisation, same as the lower levels of exposure to different climate and me-

chanically conditioned spaces. Thus, a high level of overall adaptation (Overall adaptation index

= 12 or 3/3/3/3) would correspond to born at high-altitude (+3), high acclimatisation (+3), low

exposure to different climate conditions (+3) and low exposure to buildings with HVAC (+3). A

couple of weight combinations (e.g. 0, 1, 2) were also tested. Still, no signi�cant difference was

observed when reporting differences into� mean.

Figure 5.6 summarises the percentage (y-axis) and the number of participants (count number

inside the bar) at each adaptation factor's level. According to the reported birthplace's place,

75% of the participants are subcategorised as high-altitude residents (birthplace above 2000m),

while only 25% of the respondents are from low altitude regions. 85% of the participants have

lived more than three years in their current location or a different one but with the same weather

conditions. Participants highly exposed to different weather due to weekly commuting reach 27%

of the sample, and the ones exposed to building with HVAC systems is only 4.7%. Based on the

overall adaptation index, 80% belong to the higher level and less than 1% to the lower level.

5.4.3 Evaluation of mean operative temperature per adaptation factors

Theto� meanand the subjective environmental votes distribution were analysed to identify any po-

tential pattern or difference due to adaptation factors.to� mean per adaptation factor's level are

plotted in Figure 5.7. As seen in the �gure, the meanto� mean across the different factors and

adaptation levels is 22.0 °C (� 0.4 °C) (Table 5.8). The comparison of means between the adap-

tation factors' levels revealed no statistical signi�cance between theto� mean (Stats summary in

Table 5.8). The probability distribution of theto� meanbetween mid and high adaptation level for

each factor compared with a two-samplek� w test was signi�cantly different except for acclima-

tisation (p< 0.05); hence, the observed variance ofto� meandistribution across adaptation factors'

levels is signi�cantly different. These results highlight that the meanto� mean is similar across all

the studied adaptation factors. However, there is difference in the range of acceptability of the

indoor conditions. Low overall adapted subjects are likely to feel comfortable whento� mean is

22.3 °C (� 0.24). In contrast, high overall adapted subjects have endured tolerance or are likely to
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Figure 5.6: Percentage and count of acclimatisation level to different environments and conditions

feel comfortable at a broader range ofto� meanis 22.0 °C (� 2.6).

Figure 5.7: Mean operative temperatureto� meanfor each factor and level of adaptation

The overall index results that combine the different adaptation factors' effect are consistent

with the expected outcomes. That means a narrow range of acceptable indoor temperature in low-

adapted subjects (non-acclimatised) opposite to a broader range in highly adapted participants

(acclimatised), as seen in Figure 5.7. On one hand, the broader range of acceptable temperature
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Table 5.8: Mean operative temperature (to� mean) by adaptation factor and levels, andp for means and vari-
ance comparison

Factors Level n mean sd df p (means) p (Variance)

a) Birthplace Low 92 21.8 2.180 2 0.001 0.121
Mid 202 22.4 2.550
High 29 20.7 2.350

b) Acclimatisation Low 17 22.4 2.290 2 0.064 0.128
Mid 26 22.9 1.880
High 280 21.9 2.520

c) Weather exposure Low 148 22.5 2.500 2 0.002 0.064
Mid 88 21.4 2.600
High 88 21.9 2.130

d) HVAC exposure Low 301 22.0 2.520 2 0.052 0.009
Mid 10 23.1 1.860
High 13 22.6 1.290

e) Overall Low 3 21.7 1.020 2 0.088 0.017
Mid 226 21.9 2.340
High 93 22.4 2.790

suggest high adapted subjects are more permissible with the indoor environment. And on the

other hand, the results provide insight that the used proxies offer an acceptable de�nition of the

adaptation index.

5.4.4 Evaluation of environmental votes adaptation factors

Besides analysing the mean operative temperature (to� mean), the analysis was extended to the dis-

tribution of environmental votes for the overall adaptation index, for a detailed summary of test

refer to Table E.1.

Figure 5.8 highlight the differences between the distribution of thermal sensation votes (TSV)

and thermal preference votes (TPV). For the mid overall adaptation level, a lower percentage of

comfort votes (TSV = -1 to +1) was observed and was higher the reported preference for warmer

(Location C) and cooler (Location A) environments. The increasing trend in the number of com-

fort votes from the mid-adapted subjects to the high-adapted ones remains the same for the three

locations in terms of thermal sensation and thermal preference. Consequently, the increased com-

fort votes denote a reduction in observations in the other thermal sensation and preference scale

points. A lower percentage of high-adapted respondents voted for 'slightly cool' (-1) and 'cool'

(-2) sensation. Meanwhile, the same group of respondents reported a small percentage of pref-

erence votes for 'slightly warm' (1) and 'warmer' environments (2). In other words, the most
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high-adapted residents tend to feel less uncomfortable than those who are mid-adapted. Previous

studies report similar �ndings, concluding that previous long-term exposure to different indoor

thermal conditions also in�uences occupants' thermal adaptation (Luo et al., 2016).

Figure 5.8: Thermal perception and thermal preference votes distribution by location and overall adaptation
levels

A clear trend across locations and overall adaptation levels are not evident from the distri-

bution of humidity votes, Figure 5.9. The random pattern in the distribution of neutral votes of

humidity sensation and preference could be either explained by a non-adaptation effect to humid-

ity or unsuitableness of the scale for assessing this concept. Particularly for mid-adapted subjects,

a higher sensation of humidity (HSV from 1 to 3) is observed and a clear preference for drier

(HPV from -1 to -3) environments.

Finally, participants sensation and preference for higher or lower air movement rates follow

a similar trend as the �gures above, but no signi�cant difference is observed in Figure 5.10 and

con�rmed by statistical analyses (Table E.1). The increasing percentage of neutral votes for both

sensation and preference relates to the high-adapted residents. In contrast, it is mid-adapted par-

ticipants who express a greater preference for lower air movement. The air movement scale rates

the degree of air movement and not directly the impact on the person sensation. Thus, it cannot be

concluded that high-adapted preferred or are adapted to the prevailing air movement conditions.

About 85% of the sample are high-adapted to their context and not frequently exposed to dif-

ferent weather conditions or mechanically ventilated buildings. There is no signi�cant difference
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Figure 5.9: Humidity sensation and preference votes distribution by location and overall adaptation levels

Figure 5.10: Air speed sensation and preference votes distribution by location and overall adaptation levels

in the meanto� meanbetween adaptation factors; however, evidence was found on the difference in

to� meandistribution (Table E.1). In other words, high-adapted individuals have a broader range of

comfort acceptability than those mid-adapted. Similarly, the distribution of indoor environmen-

tal votes suggests that a higher percentage of neutral votes is observed among well-acclimatised

residents and a lower preference for changing the indoor conditions.

Moreover, a clear pattern of increasing comfort sensation and no-change preference votes to



140 Chapter 5. Effect of individuals factors on thermal comfort

air temperature and air movement (preference) was observed between the mid and high adaptation

levels. However, this was not the case for humidity; the random pattern could be attributed to

non-adaptation to humidity or an inaccurate scale for measuring this variable. Results presented

in this section con�rm a certain degree of adaptation (acclimatisation) of high-altitude residents

to the current conditions and the validation, to a certain extent, of the overall adaptation index to

altitude.

5.5 Symptoms and discomfort at home

This section described the prevalence of symptoms and discomfort associated with the indoor en-

vironment's quality, particularly those perceived recurrently at home, based on the data reported.

The health issues and dif�culties at housekeeping and resting due to unpleasant temperature were

analysed at participants' level (n=398). In contrast, as more than one comfort survey was collected

per dwelling, discomfort issues were reported at dwellings' level (n=287) to avoid overrepresent-

ing �ndings.

Around 30% of the residents experienced at least one or two health issues, and 95% of the

householders' reported, on average, three causes of indoor discomfort. The overall average ratio

of health problems reported is 1.7 per participant (Table 5.9). In Location C, residents experienced

more health issues at home per individual (ratio of 1.8). Still, overall more participants at Location

A reported complaints related to health (38%), dif�culties at housekeeping (51%), and resting

(68%), as well as discomfort issues at home (98%). The number of people experiencing health

issues and dif�culties for sleeping decrease from Location A to Location B and C (Table 5.9).

Home activities' development is seriously compromised due to the indoor temperature; above

50% of the respondents have dif�culties while housekeeping and resting.

Overall, the primary health issues affecting the surveyed participants are dry throat (n=39),

headache (n=37), runny nose (n=32) and fatigue (n=25). The most frequent symptoms are similar

across locations; however, each location's incidence is not the same. In Location A, as shown in

Figure 5.11, the percentage of participants perceiving symptoms is higher than those in Location C.

In Figure 5.11 and Figure 5.12, the frequency 'often' indicates symptoms experienced once or

twice a week while 'sometimes' corresponds to once or twice every two weeks. Location A

reports most of the symptoms and for a greater number of participants.

In terms of discomfort at home, as shown in Figure 5.12,the householders' main issues are re-

lated to temperature (high, low or diurnal oscillation) and draught. As expected, a higher percent-
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Table 5.9: Health and discomfort issues reported by each participant and dwelling

Location Participant Dwelling
Issues/Subject1 H Issues2 Housekeep3 Resting4 Issues/Dwelling5 Discomfort6

(%) (%) (%) (%)

A 1.6 38 51 65 2.9 98
B 1.7 26 36 55 3.2 93
C 1.8 23 46 49 3.2 95

All 1.7 29 44 56 3.1 95
1 Issues/Subject = Average ratio of health issues reported per subject
2 H Issues = Percentage of subjects reporting at least one health issue at home
3 Housekeep = Percentage of subjects that report being affected by temperature when housekeeping
4 Resting = Percentage of subjects that report being affected by temperature when resting
5 Issues/Dwelling = Average ratio of discomfort issues reported per dwelling
6 Percentage of dwellings that report at least one indoor discomfort issue

Figure 5.11: Percentage and rate of health issues reported by location

age of discomfort due to high temperature is observed at Location A. Meanwhile, in Location C,

most of the complaints are due to a low temperature. Location C reports more inconveniences

due to temperature oscillation than location A, even though the former is effectively the one with

the broader thermal oscillation (Section 4.3 and Section 4.4). The higher rate of complaints to

temperature oscillation may suggest that in locations where the temperature is lower or oscil-

lates within a narrower range (i.e. Location C), users might be more sensitive to any temperature

change. Moreover, residents in Location C complained about humidity and draught. Humidity

and draught discomfort could be considered as an additive effect of low temperature, as humidity

and air movement, at the moment of the survey, are not signi�cantly different compared to the

other two locations. Dense air ('stuffy air') is reported as unpleasant for 9% of the respondents.



142 Chapter 5. Effect of individuals factors on thermal comfort

Besides the stated options in the questionnaire, participants complained about dust (n= 37), wind

(n= 15) and noise (n=10); most of these complaints belong to participants at Location B.

Figure 5.12: Building related discomfort by location and frequency of occurrence

Furthermore, participants were asked to report how much the indoor temperature affects rest-

ing and housekeeping based on a three-level scale (none, bit and too much), Figure 5.13. Following

the trend as in symptoms, the location reporting the higher impact on indoor activities is Location

A, where heat was the main concern for 43 participants when housekeeping and 46 when resting.

Responses in Location B were divided between it being cold and warm for both activities. In

contrast, people's major complaint relates to cold environments at Location C when housekeeping

(43 participants) and resting (42 participants).

Figure 5.13: Perceived effect of temperature (combined warm and cold) at indoor activities by location



5.6. Control Strategies for thermal adjustment 143

The percentage of participants reporting building-related symptoms associated with the in-

door conditions at dwellings is not minor; at least 30% of the sample reported at least one symp-

tom. Warmer conditions might increase the prevalence of perceived symptoms related to the poor

indoor environment, as shown in results from Location A. Meanwhile, in a cooler location (Lo-

cation C), participants are more sensitive to thermal oscillation, humidity and draught. Despite

the high percentage of participants satis�ed with the indoor environment at the moment of the

survey, as reported in Section 4.6, draught, temperature oscillation or speci�c warm or cold envi-

ronments were reported as constants issues by more than half of the sample. Moreover, above 50%

of the participants stated that temperature is an issue when resting at home or while conducting

housekeeping activities.

5.6 Control Strategies for thermal adjustment

The responses to adjust the indoor environment varies according to the availability of controls and

the type of buildings. At residential buildings, it is assumed that households have available diverse

coping strategies. The different control strategies reported by the participants were categorised

based on two parameters. The �rst focused on whether the action taken is at the environmental

level (context) or the participant level (individual). The second parameters considered temporal-

ity, classifying actions into permanent modi�cations and temporal adjustments. Therefore, the

studied control strategies could either be permanent modi�cations to dwellings or temporary ad-

justment to the context or individual level. The criteria for grouping the different actions into

levels is described below for permanent modi�cations in Table 5.10 and temporary adjustments in

Table 5.11. These classi�cations provide a framework for assessing permanent modi�cations and

temporal adjustment most frequently reported and the intentions behind each action or response's

use. Permanent modi�cations classi�cation consists of four levels according to the expected in-

door effect (levels 2 and 3); the fourth level corresponds to householders' coded answer.

The answers to the questions reporting any conscious adjustment taken to keep themselves

warm or cool on a typically cold or warm day were classi�ed into environmental and individual

adjustments. Similarly to permanent modi�cations, temporal adjustments were further divided

into levels according to the intended purpose to be achieved by the reported actions. In Table 5.11,

level 2 refers to the expected effect, and level 3 is the coded answer registered by the researcher

during the survey.

The permanent modi�cations reported included more than 30 different actions. However,
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Table 5.10:Permanent environmental modi�cations in dwellings to improve indoor temperature

Level 1 Level 2 Level 3 Level 4

Environmental Control heat gain External shading Cover patio
Internal shading Add curtains

Remove heat Increase ventilation Add net to windows
Fans to increase air movement

Increase heat gain Heat the space Install heaters
Install more bulbs

Reduce in�ltration Replace doors
Replace windows
Seal cracks

Reduce heat gain Thermal mass (ceiling) Add ceiling
Thermal mass (walls) Walls insulation
Thermal mass (�oor) Change �oor �nishing
Thermal mass (roof) Change zinc for concrete

Other Control humidity Dry damp walls
Room size and distribution Change furniture distribution

Enlarge rooms size
Remove furniture

None None None

Table 5.11:Temporal environmental and individual adjustments people do to improve indoor temperature

Level 1 Level 2 Level 3

Environmental Control heat gain Open/close external shading
Open/close internal shading

Increase heat gain Turn on/off heaters
Turn on/off other heating (e.g. �re)

Remove heat Open/close external doors
Open/close external windows

Individual Change location Indoors
Outdoors

Cooling or heating themselves Warm/cold drinks
Warm/cold food
Take a hot/cold shower

Insulation Bedding
Adding/removing clothing

Metabolic rate Increase activity
None None None

only 26% (n=74 houses) of the surveyed dwellings reported a permanent amendment to improve

the indoor temperature. Table 5.12 summarises the number of permanent modi�cations according

to the indoor environment's expected outcome (level 2). It should be noted that the summary in

Table 5.12 report one or more strategies per dwelling. The ratio represents the number of actions

divided by the unit of analysis, either dwellings or participants.

In order to get a deeper understanding of the main modi�cations, Figure 5.14 shows the strate-

gies reported by householders, colour-coded based on the intention behind the action. The main
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Table 5.12:Environmental and individual control strategies taken to keep warm and cold reported by loca-
tion

Diversity factors
Keep warm... Keep cool...

Ratio
A B C All A B C All

Environmental 36 35 41 112 108 59 48 215 0.8
Individual 150 156 174 480 131 109 64 304 2.0
None 17 7 5 29 15 12 25 52 0.2

modi�cation focused on reducing in�ltration by sealing cracks and replacing doors and windows.

The second expected outcome seeks to balance the indoor temperature by changing �oor �nishing

or adding ceiling. Interestingly, the third most frequent action, mainly reported in Location C, is

external shading (covering internal patios). Some householders reported using translucent roofs

(external shading) to increase solar radiation gains and protect the dwelling from rain and wind.

Which is not a surprise considering Location C is the one with the highest precipitation level of the

studied locations (Table 4.2). In contrast, in locations A and B, internal shading is more frequently

used. It could be explained by the need to control glare and, in some cases, privacy.

Figure 5.14: Number of dwellings permanent modi�cations (n) by location

The conducted permanent modi�cations focused on reducing heat loss by minimising the

in�ltration, particularly in Location C. The low number of overall reported changes could be at-

tributed to several causes such as a) lack of knowledge on how to improve the indoor environment,

b) lack of budget to conduct any modi�cation, c) is not perceived as a need or d) occupants are not

the owners of the space.

Figure 5.15 summarised the distribution of individual adjustments in the environment, and
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Figure 5.16 the ones undertaken at a personal level. The main actions taken by subjects to cool

down the environment correspond to opening external doors and windows. As expected, these

actions are more frequent in Location A, while were very few actions were reported to warm

up the indoor environment. The higher rate of responses increased heat gains are observed in

Location C. Among the means used for heating, the responses include but are not limited to the

use of �re, hairdryer, and turning on the cookers or ovens.

Figure 5.15: Environmental control strategies taken to keep themselves cool or warm by location

Modifying clothing is the primary mechanism used at a personal level to keep warm or cool

across the three locations (Figure 5.16). In additions to using warmer clothes, the actions taken to

keep warm are drinking hot beverages (n = 95) and using blankets or going to bed (n= 94). The

same as for keeping warm, cold drinks correspond to the second most common strategy used to

keep themselves cool (n = 71) followed by taking a shower (n = 47).

The temporal adjustments reported by respondents, as previously described in Table 5.10,

were classi�ed at the �rst level between environmental and individual actions. As reported in

Table 5.13, personal control strategies are the primary mechanism used to restore comfort among

the sample. 86% of the participants reported taking at least one individual control strategy to

keep warm, and 68% take at least one action to keep cool. On average, each participant reported

applying at least one action to keep warm and one to keep themselves cool. The higher percentage

of responses to keep warm were observed in Location C (93%), while the higher rate of responses

for keeping cool was reported at locations A and B (72%).

In terms of environmental adjustments, only 21% reported an action to increase heat gains
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Figure 5.16: Personal control strategies taken to keep themselves cool or warm by location

at home, and 36% take at least one action to remove heat. Following the trend observed at indi-

vidual adjustments, the higher location (Location C) reported more strategies to keep warm the

environment (26%). Meanwhile, the lower location (Location A) take more actions to keep the

environment cool (49%). A small percentage of users considered any action is needed for either

keeping warm (7%) or keeping cool (13%). It is noteworthy that windows and doors' operation

could be more of a habit than a strategy for increasing natural ventilation. Windows and doors are

kept open regardless of being warm or not. Sometimes it is used for socialising and keeping in

touch with neighbours.

Table 5.13:Temporal adjustments at environmental and individual level taken to keep participants warm or
cold by location (Classi�cation level 1)

Keep themselves warm. . . Keep themselves cool. . .
Level 1 Variable A B C All A B C All

Environmental Ratio 1.5 1.5 1.2 1.4 1.7 1.3 1.4 1.5
Individual 1.4 1.4 1.4 1.4 1.4 1.1 1.2 1.2
None 1 1 1 1 1 1 1 1
Environmental Percentage 18 18 26 21 49 34 26 36
Individual 81 86 93 86 72 72 61 68
None 13 5 4 7 11 9 19 13

In terms of permanent and temporal adjustments, the main intentions behind the different ac-

tions are heating the space or keeping themselves warm in Location C. In contrast, in Location A,

actions are mainly taken to cool down the environment or keep themselves cool. Overall, individ-

ual actions to keep warm are more frequently reported than individual actions to keep cool, which
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is true of all locations. In contrast, environmental actions to keep cool are more frequently reported

than environmental actions to keep warm, which applies to locations A and B, while there is no

difference at Location C. In all locations, individual actions are more frequent than environmen-

tal ones. This difference more evident for keeping cool than for keeping warm strategies. These

could be attributed to the fact that a) varying clothing is the easiest and available to households;

moreover, it offers �exibility to temperature changes, and b) there is greater �exibility in adding

clothing than there is in removing clothing.

Only 26% of the surveyed dwellings reported a permanent adjustment conducted at their

place. Increase natural ventilation by operating external doors and windows is the primary action

used by householders to keep cool. The available control options at dwellings are limited; portable

heaters or fans are not a standard practice in the regions. Instead, actions at an individual level

are the most accessible ones. Around 80% of the subjects reported taking at least one individual

action to restore comfort, suggesting a high interaction with the available mechanisms.

5.7 Clothing insulation

Clothing is not only one of the main inputs in the heat balance model but also one of the primary

personal adjustments to discomfort to the prevailing environmental conditions. Table 5.14 sum-

marise the mean andsd Cloby gender and location. Besides, the meanClo for the whole sample

not only increases with altitude, but the variance (sd) is broader from Location A (0.62� 0.11),

to Location B (0.66� 0.13), and Location C (0.74� 0.16), where subjects are exposed to colder

environments. Due to the narrow annual temperature variation, the reported clothing value varies

little during the year. The estimatedClo are lower than those reported by Thapa et al. (2018c)

from dwellings located at a similar altitude (2565m) (Thapa et al., 2018c).

Table 5.14:Mean andsdclothing insulation by gender and location

Location n Gender mean sd G1 G2 p sig

A 68 Female 0.59 0.10 A-Female B-Female 0.003 **
66 Male 0.65 0.12 B-Female C-Female 0.003 **

B 70 Female 0.65 0.12 A-Female C-Female 0.000 ***
62 Male 0.66 0.13 A-Male B-Male 0.804

C 74 Female 0.75 0.16 B-Female C-Male 0.008 **
58 Male 0.74 0.17 A-Male C-Male 0.003 **

2565m (Thapa et al., 2018c) Female 0.78 0.22
Male 0.97 0.33

TheClo was compared by gender (Female and Male) and across locations (A, B and C), as
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seen in Figure 5.17. Results con�rmed that the mean clothing insulation is signi�cantly different

across the three locations (p< 0.05, Table E.1). In terms of gender, there is no evidence of a

difference inClo between male and female participants. Nevertheless, as observed in Figure 5.18

and Table 5.14, there is a signi�cant difference inClo when looking at the combined effect of

gender and location. When comparing the clothing values between female and male subjects by

location, one can notice the signi�cant difference inClo in Location A. In other words, at lower

and warmer locations, one can expect a signi�cant difference in the meanClo between female

and male participant. While at higher and cooler locations, there is no signi�cant difference in the

meanClo due to gender.

(a) Location (b) Gender

Figure 5.17: Individual effect of clothing insulation by location and gender

Figure 5.18: Combine effect of clothing insulation by location and gender
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However, theClo variation range is narrower in locations A and B, whereas the opposite

is observed in Location C (Figure 5.18). This variation inClo values indicates, to a certain de-

gree, that modi�cations on clothing level are used in response to the changes in the indoor air

temperature, as stated by Yang et al. (2013).

SubjectsClo was compared to both indoor and outdoor air temperature, Figure 5.19 and Fig-

ure 5.20, respectively.Clo level was found to be different between locations; however, one should

consider that the outdoor temperature change according to the elevation. Generally, as denoted by

the standard deviation, graphically presented in Figure 5.19, theClo range is narrower at the lower

locations A and B than Location C. That is a consistent pattern found along with the different

operative temperature ranges, denoting that people respond to the change 'adaptively' as stated

by Nicol and Humphreys (2010). Worth noting that clothing insulation gradually decreases at Lo-

cation C when temperature increases from 18.0 °C to 20.0 °C. Once temperature reaches the range

of 20.0 °C and 22.0 °C (temperature range recorded for the three locations), the meanClo change

not only due to temperature but also by location. For that temperature range (20.0 °C- 22.0 °C),

the meanClo and the variance range are broader for Location C subjects compared to those in

Location A. The variation of clothing insulation could be associate with a higher adjustment op-

portunity (active subjects) to achieve comfort. In other words, clothing can be easily used as an

individual adjustment to keep themselves warm than the other way around (keeping themselves

cool).

When regressingClo on the dry-bulb outdoor temperature at survey at `time-t', one could

notice the low (but signi�cant) correlation between these variables suggesting a minor in�uence

of outdoor conditions on the respondent's behaviour (Figure 5.20). The low regression slope and

the increasing displacement in the y-axis indicate that participants' choice for lighter or heavier

Clo is more a habitual response to overall climate than a response to the recent weather. Especially

at Location A, but less so at Locations B and C. The implication is that people adopt aClo level

appropriate for most of the time and change it only slightly, making small changes in other ways

(e.g. with shading or ventilation, or possibly by loosening or tightening clothing). Besides, the

evaluation ofClo was extended for different times during the day, morning hours (8:00 and 12:59)

and afternoon (13:00 and 18:00); still, no signi�cant difference was found inClo levels.

Clo is one of the primary mechanisms adopted to restores comfort; this is particularly true at

dwellings where occupants have broader �exibility to adjust their clothing than places a particular

dress code is required. Generally, people in warmer climate wear lighter clothes, while in a cold
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Figure 5.19: Clothing insulation variation according to indoor temperature (Ta) for each location

climate, people wear thicker clothes as an adaptive response to the prevailing conditions. However,

one of the key �ndings from this section suggests that clothing in high-altitude locations is also

a habitual response to the overall weather and not only a behavioural adjustment to the recent

conditions. The �ndings are not conclusive, so further research is needed to explain if the observed

habituation is due to the difference in altitude or due to the relatively stable annual temperature

oscillation in the subtropics, or both. The second interesting �nding is the robust evidence related

to the interaction effect of gender and location to explain the difference between clothing levels.

The results suggest that variation in gender clothing could be expected up to a certain threshold in

temperature (i.e. 2400 m as in Location A). Due to the higherClo levels required at higher and

colder environments, no signi�cant difference would likely be observed between genders.

5.8 Psychological

The questionnaire did not include any set of questions to explore the psychological differences

between subjects. However, based on participants' comments during the survey, a couple of in-

terpretation could be added to the analysis. Several participants commented on being used to the

current environmental conditions (n=39). Some others mentioned that there is little or nothing

they could do to improve the indoor conditions. Less than 8% of the participants reported being

exposed to mechanically conditioned spaces, re�ecting that heating or cooling systems are not
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Figure 5.20: Regression of clothing insulation level on the outdoor dry-bulb temperature for each location

common in buildings in the Ecuadorian Andes. Thus, one can assume low expectations regarding

the indoor environment and low perceived control over the environment.

Nevertheless, around 70% of the participants reported being overall satis�ed with the indoor

conditions. The higher overall satisfaction could be partly attributed to the fact thata) occupants

that have lived in free-running dwellings, maybe even through generations, and b) lack of budget

to conduct any modi�cation, c) residents are more likely to be less severe when judging the indoor

environment (Ole Fanger and Toftum, 2002).

5.9 Summary of the chapter

This chapter aimed to investigate the individual factors to be considered in the prediction of com-

fort for high-altitude residents exposed to diurnal temperature differences and hypobaric environ-

ments. Data from the thermal comfort survey were analysed to this effect, differentiating between

demographics, adaptation, symptoms and discomfort at home, and behavioural adjustments. The

observed results con�rmed that people have adjusted to their current environment in different
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ways.

Firstly, 85% have lived in high-altitude regions under the same weather conditions over the

last three consecutive years; hence, the studied sample is reasonably acclimatised to their en-

vironment. Moreover, only 30% are frequently exposed to a different climate or less than 5% to

mechanically ventilated buildings. In terms of the mean operative temperatureto� mean, the primary

difference found does not rely on the mean temperature but the limits of acceptable temperature.

While a narrow range was observed among short term residents, a broader one is acceptable for

acclimated residents.

Secondly, the higher percentage of participants reporting symptoms related to poor indoor

air quality belongs to the location with a warmer environment. Around 30% of the overall partic-

ipants reported experiencing at least one building-related symptom. Half of the sample reported

constant issues related to draught, temperature oscillation, and hot or cold environments. Besides,

a similar percentage found it dif�cult to rest or to conduct households' tasks. These results seem

contradictory to the high rate of participants showing satisfaction with their indoor environment.

One might assume that either the participants were overall satis�ed with the indoor conditions

at the moment of the survey or more speci�c/different questions required to gain information on

discomfort. However, the prevalence of symptoms and discomfort provides important results to

evaluate further whether the study dwellings are currently of adequate quality.

Thirdly, improving the thermal environment is probably not the main reason for applying per-

manent modi�cations to dwellings. The few reported are intended to increase or control heat gain

and solar radiation. Meanwhile, 80% of the participants reported exercising individual temporal

responses to modify the indoor environment or regulate heat balance. It is worth noticing that

most of the actions undertaken are at a personal level, mainly through clothing adjustments and

food and drinks intake. A better understanding of the mechanism currently used by households to

keep themselves cool or warm allows identifying the effectiveness of certain behavioural adjust-

ments to minimise overheating or undercooling. A signi�cant difference in clothing level across

locations is not only an adaptation mean to the current conditions but a habituation response to

the overall climate. Evidence shows that even at the same indoor temperature, a higher level of

clothing insulation is observed in high-altitude residents.

Interestingly, no signi�cant difference was observed inClo when looking at gender. How-

ever, the combined effect of gender and altitude suggests thatClo difference could be observed

in low altitude and warm weathers but not in high-altitude locations. Moreover, clothing insula-
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tion depends on participants preference as clothing patterns are not regulated by climate or social

norms. Occupants will, over time, adjust their clothing so that they are comfortable at the mean

indoor temperature in their dwellings; thus, the mean temperature causes the meantcom f. How-

ever, occupants will control the room temperature to make themselves comfortable. As soon as

the controls are available, they will adjust blinds and windows opening. In this case,tcom f causes

the indoor temperature (Humphreys et al., 2016).

As previously explained, due to the complex interaction between individual and contextual

factors affecting thermal perception, a differentiation between each particular factor's contribution

in the prediction of thermal comfort remains a challenge. However, few insights on psychological

adaption could be drawn from the results reported in this chapter. Based on the low percentage

of people exposed to mechanically conditioned spaces, a low expectation could be expected. This

statement is based on the high number of participants commenting that they considered that there

is nothing they could do to improve the indoor environment. These occupants, who have been

living in free-running buildings, maybe even through generations, are more likely to be less severe

when judging the indoor environment (Ole Fanger and Toftum, 2002).

Chapter 4 and this chapter (Chapter 5) answer the �rst objective set out in this research to

investigate the diverse thermal responses of subjects exposed to high-altitude environments in a

subtropical highland climate. The effect of acclimatisation and/or adaptation is almost impossi-

ble or impractical to assess due to people's mobility. Moreover, due to the complex interaction

between contextual (e.g. altitude) and individual (e.g. acclimatisation and/or adaptation) factors,

the extent to which these factors affect thermal comfort predictions remains a challenge. Among

others, the dif�culty relies on eliminating the confounding effects of physiological (age and body

mass) and psychological and contextual factors. Besides, unlike other studies, participants in this

research could not be limited to the acclimatised ones due to regular exposure to different con-

ditions due to their daily life activities and the geographical proximity to locations with different

weather conditions.

Besides the physiological adaptations summarised in the literature, metabolic rate and cloth-

ing insulation are two of the primary adaption responses observed in long-term residents. For

future studies, a better estimation of both parameters would be recommended in order to investi-

gate the potential effect of these parameters as a mean of adaptation to high-altitude environment.

As described in the literature and international standards, clothing insulation should be corrected

to account for difference in the actual surface area of a clothed body and the effect of pressure
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(convective heat transfer). However, the collected data were not detailed enough to allow for this

correction. Future research in the �eld is recommended in order to evaluate the reduction in con-

vective hear transfer and consequent increase in dry insulation for the de�nition of clothing in

high-altitude regions.





Chapter 6

Thermal comfort model for high-altitude

locations

6.1 Overview

Several diversity factors affect the subjective assessment of the indoor thermal environment. In

this research, one contextual (altitude) and two individual factors (adaptation factors and clothing)

were found to affect the thermal environment's subjective assessment and comfort temperature.

Moreover, residents in high-altitude regions have undergone several physiological adaptations to

overcome the constant low-pressure stressor. Therefore, the need to develop a thermal comfort

model aligned with residents' perception in the Ecuadorian Andes.

This chapter discussed the results obtained from predictions using current comfort standards

and propose a novel high-altitude comfort algorithm. For this purpose, the observed thermal com-

fort votes and comfort temperatures (tcom f) were evaluated and compared with predicted values

based on current comfort standards, by using the PMV model (ISO7730:2005) and adaptive com-

fort models (ASHRAE55:2017 and ISO15251:2007). On the one hand, the PMV model is recom-

mended to estimate a comfortable environment for air conditioned spaces. On the other hand, the

adaptive comfort model is intended for naturally ventilated spaces, particularly for warm weather,

where increased ventilation could help restore comfort among occupants. In this chapter, both

thermal comfort models were explored further to discuss the applicability in high-altitude regions.

The comparison with current standards was conducted to identify the existing thermal comfort

models' applicability in the Ecuadorian Highlands, which is one of the main aims of this research.

The actual mean votes (AMV) were compared with the predicted mean vote (PMV) and the ad-

justed PMV for the reduced atmospheric pressure in high-altitude environments. In addition, the
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tcom f was estimated from the collected data and compared withtcom f calculated from the regression

equations in ASHRAE55:2017 and ISO15251:2007.

The high-altitude thermal comfort model was derived based on the observed data. The pro-

posed thermal comfort model involved a sensible de�nition of the outdoor reference temperature

and incorporation of diversity drivers as predictors in thetcom f equation. The chapter ends with a

description of the high-altitude comfort model and the acceptable comfort limits for the subtropical

highlands.

6.2 Methods

The methods below described the process used for calculating the PMV and adaptive comfort

indexes. Both models' indexes were calculated using RStudio Team (2020) and 'comf' pack-

age (Schweiker et al., 2021). Moreover, the section described the procedure followed for deriving

the high-altitude comfort model.

6.2.1 Estimation of the PMV and PPD

The PMV index is calculated from four environmental factors air temperature (tin), mean radiant

temperature (tr ), relative humidity (RH) and airspeed (va), and two personal variables clothing

insulation (Clo) and metabolic rate (Met). tin, RH and va were measured onsite. Calculated

variables includetr (Section 3.4.6),Clo (Section 5.2.4) andMet was estimated based on a weighted

average of metabolic rates as explained in Section 3.4.3.2 (Table 3.4).

The PMV and PPD indexes for each set of participants data were calculated using a computer

code based on the ISO 7730 standard (EN ISO, 2005; Schweiker et al., 2021). The PMV equation

is applicable only when the variables are within the parameters' range stated in Table 6.1. Except

for altitude, all the parameters were within the acceptable ranges emphasising the limited applica-

bility of the PMV model in high-altitude locations. For this analysis, all locations were included

to allow for comparison; only missing values (i.e. airspeed and MET) were �ltered. Hence, a total

of 386 rows of data from respondents out of 398 were processed for further analysis.

In order to account for the reduced atmospheric pressure in the studied locations compared

to the standard reference value (101.33kPa), the convective heat transfer (hc) was corrected as

detailed in Section 3.4.6. Thehc was replaced for the corresponding parameter in the PMV code

from the 'comf' package (parameter HL6 in the Rcode) (Schweiker et al., 2021). The PMV

equation does not account for the effect of evaporation of sweat; hence, further corrections because

of altitude in the PMV model were not considered [ASHRAE, 2017]. The model corrected to
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Table 6.1: Constraints for the applicability of the PMV model

Parameter Units ASHRAE55:2017 ISO7730:2005 / ISO15251:2007

Activity Met 1.0 to 2.0 0.8 to 4.0
Clothing Clo � 1.5 0.0 to 2.0
External temperature °C - 10 to 30
Radiant temperature °C - 10 to 40
Humidity kg=kg < 0.012 -
Air speed m=s < 0.2 0 to 1
Altitude (Atmospheric pressure) m Up to 3000 (0 to 2700)

the studied locations' atmospheric pressure will be referred to as adjusted PMV (adjPMV) and

adjusted PPD (adjPPD), while the indices without correction as PMV and PPD. The comparison

between indices was conducted to evaluate whether the PMV provide a good estimation of the

actual mean vote (AMV). An acceptable deviation in the prediction of PMV is� 0.25 standard

deviation of the mean (Humphreys and Nicol, 2002). Besides, correlation analysis was run to

determine the relationship between AMV and the PMV (PMV and adjPMV).

6.2.2 Estimation of comfort based on the adaptive comfort models

The international standards ASHRAE55:2017 and EN15251:2017 recommend using the adap-

tive model for design and thermal comfort assessment of free-running buildings. The predic-

tion of tcom f is based on the linear regression of operative temperature on the outdoor tem-

perature (ANSI/ASHRAE/IES, 2017). The operative temperature index was calculated as de-

tailed in Section 3.4.6 andtcom f calculated by using the ASHRAE55:2017 (Equation 6.1) and

ISO15251:2007 (Equation 6.2) comfort equations. The observedtcom f corresponded to the oper-

ative temperature when occupants voted within the three central categories in the ASHRAE scale

(-1, 0, +1).

tcom f = 0:31� tpmaout + 17:8 (6.1)

tcom f = 0:33qrm + 18:8 (6.2)

The thermal comfort equations derived for international standards differ in their coef�cients

and outdoor reference temperature, as seen in Equation 6.1 and Equation 6.2. The prevailing mean

outdoor temperaturetpm was calculated as in Equation 6.3. Wherea is a constant ranging between

0 and 1 that corresponds to the speed at which the running mean responds to outdoor temperature
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changes. The recommendeda values are between 0.6 and 0.9, corresponding to a fast or slow

response to the outdoor temperature, respectively. ASHRAE55:2017 suggests ana = 0:90 for

tropical areas where day-to-day temperature dynamics are relatively minor and lower values for

mid-latitude climates. In Equation 6.3,te(d� 1) represents the mean daily outdoor temperature

for the previous day,te(d� 2) is the mean daily outdoor temperature for the day before and so

on (ANSI/ASHRAE/IES, 2017).

tpm = ( 1� a ) � [te(d� 1) + a � te(d� 2) + a 2 � te(d� 3) + a 3 � te(d� 4) + � � � ] (6.3)

ISO15251:2007 de�ned the outdoor reference temperature as the exponentially weighted run-

ning mean of the daily mean outdoor temperature (qrm), expressed in Equation 6.4 wherea is a

constant ranging from 0 to 1 and the value recommended by this standard is 0.8.

qrm = ( 1� a ) � [qed� 1 + a � qed� 2 + a 2 � qed� 3 � � � ] (6.4)

The adaptive comfort model is recommended for applicability when the parameters are within

the ranges stated in Table 6.2. The limits of applicability would exclude Location C of the analysis

due to lower prevailing outdoor conditions than the standards' limits.

Table 6.2: Constraints for the applicability of adaptive comfort model

Parameter Units ASHRAE55:2017 ISO15251:2007

Operation mode free-running free-running
Metabolic rate Met 1.0 to 1.3 1.0 to 1.3
Clothing level Clo 0.5 to 1.0* 0.5 to 1.0*
Outdoor temperature °C 10 to 35 10 to 30 upper comfort limit

15 to 30 lower comfort limit

* Occupants are free to adapt their clothing within the stated range

6.2.3 De�nition of thermal comfort model for the highlands

6.2.3.1 Derivation of neutral temperature

The neutral temperature (tn) was calculated as described in Section 3.4.6 in Equation 3.7. Besides

estimating thetn from a weighted linear regression,tn� g was estimated using a standard regression

coef�cient know as Grif�ths (b = 0:5), as in Equation 6.5 (Humphreys et al., 2016).

tn� g = to � TSV=b (6.5)
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6.2.3.2 De�nition of the outdoor reference temperature

Several outdoor reference values have been used for the prediction of the comfort temperature.

Initially, the outdoor reference temperature in the prediction of comfort temperature was de�ned

as the monthly mean outdoor dry-bulb temperature (Humphreys and Nicol, 1998) and later substi-

tuted by the exponentially weighted running mean outdoor air temperature (qrm) (Humphreys and

Nicol, 2002) and the prevailing mean outdoor temperature (tpm) (ANSI/ASHRAE/IES, 2017). In

this research, different outdoor reference temperature values were assessed to identify the predic-

tor that allows a better estimation oftcom f. The evaluated outdoor reference predictors included the

a) daily mean, b)tpm and c)qrm. The daily mean was calculated as the 24-hour average (ISO Daily

mean) and the simple average between the maximum and minimum (ASHRAE Daily mean).tpm

andqrm were calculated as described in Equation 6.3 and Equation 6.4. In both cases, the out-

door temperature value is sensible to thea value that corresponds to the degree of temperature

response to the previous days. Thetpm was calculated for the previous 7, 15 and 30 days from

now on, referred to astpm07, tpm15 andtpm30. Besides, the running mean average temperature (qrm)

was calculated to evaluate the effect ofa values for a half-life of about a day (a = 0.45,qrm0:45),

half a week (a = 0.8,qrm0:80) and 2-3 weeks (a = 0.96,qrm0:96) (Nicol and Humphreys, 2010). A

total of eight predictors of outdoor temperature were tested. The better predictors were identi�ed

as the ones with a higher coef�cient of determination (r2) and statistical signi�cance (p) in the

regression models.

6.2.3.3 Assessment of drivers of diversity in comfort temperature prediction

The results from the previous chapters suggest that altitude, level of adaptation and clothing are

factors that might explain the diversity of thermal comfort in high-altitude locations. Thus, the

need to evaluate the incorporation of these diversity factors in the prediction of comfort tem-

perature. The regression models' �t was assessed based on the coef�cient of determination (R2

andad j:R2) and the penalised-likelihood criterion for choosing the best predictors in regression.

The penalised-likelihood Akaike Information Criterion (AIC) is used when false-negative �ndings

would be more misleading than a false positive. In contrast, the Bayesian Information Criterion

(BIC) is used when a false-positive result would be more misleading than a false negative. The

lowestAIC andBIC values over the based model allowed to identify the pertinence of including

or not an additional variable in the predictive model.

For assessing the factors altitude and clothing in the regression, the variables were binned.

A total of 8 groups resulted from binning altitude above sea level into the closest hundreds (i.e.
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2400m, 2500m until 3100m) and nine groups of clothing levels from 0.4 to 1.2. Before exploring

the regressions that include altitude, the outdoor temperature and the barometric pressure, checked

for multicollinearity, which refers to the condition when two or more of the explanatory variables

are strongly correlated. Both variables are affected by elevation; thus, the effect of multicollinear-

ity was tested through the Variance in�ation factor (V IF).

6.2.3.4 Thermal comfort model for the Ecuadorian Highlands

The high-altitude comfort equation and comfort limits were derived for each location as a linear

model. The comfort temperature (tcom f) based on the prevalent outdoor temperature is the opera-

tive temperature at which either the average person or the largest proportion of a group of people

will be comfortable.tcom f was derived from Equation 6.6. The predictor is the outdoor reference

temperature (tout), b is the slope of the function proportional to the degree of adaptation to the

different climatic conditions, anda is the y-intercept.

tcom f = a+ b� tout (6.6)

80% acceptable thermal sensations by solving the regression model for the mean thermal

sensation (Equation 3.6) of� 0.85 and 90% acceptable thermal sensations was determined simi-

larly by solving the equation for mean thermal sensations of� 0.5 (de Dear and Brager, 1998).

Besides the standard comfort ranges, in this study ranges were also explored for each location

and participants' level of acclimatisation. For this purpose, mean comfort temperature per study

locations and acclimatisation levels were evaluated, and the regression models derived for each

group.

6.3 Heat balance model

The mean values and standard deviation of the predicted mean vote (PMV) and the predicted

percentage of dissatisfaction (PPD) based on the standard calculation and the adjusted model are

summarised in Table 6.3. The adjusted PMV (adjPMV) for the whole dataset is -0.66, and the

actual mean vote (AMV) is -0.18. The adjPMV overestimates the thermal sensation by almost

half-point in the ASHRAE scale (-0.48). Overall, the PMV and the adjPMV overestimate the

thermal sensation of participants in the three locations. However, as expected, the difference

between the observed votes and the predicted mean votes is smaller for the model adjusted due to

atmospheric pressure difference. On average, the standard deviation (sd) from the mean is around

one-point in the ASHRAE scale (� 0.98), which suggest that the votes variance is within the three
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central categories (-1 to +1). The average magnitude of the errors, between the AMV, and the

PMV and adjPMV, were calculated through the mean absolute error (MAE). An average error of

0.49, or a half-point in the thermal sensation scale, was observed between the adjPMV and AMV.

The de�ned comfort categories for PMV in ISO7730:2005 (EN ISO, 2005) are� 0.2 (Category

A), � 0.5 (Category B) and� 0.7 (Category C) for comfort categories. Therefore, a half-point

error in the thermal sensation scale would compromise between a comfortable or uncomfortable

environment.

Table 6.3: Descriptive statistics of PMV and PPD - Mean and Standard deviation by location

AMV adjPMV PMV adjPPD PPD adjPMV-AMV PMV-AMV
Location mean sd mean sd mean sd mean mean MAE MAE

A 0.06 0.86 -0.34 0.94 -0.60 1.03 22.9 27.8 -0.41 -0.66
B -0.11 1.06 -0.73 0.96 -1.07 1.07 27.5 36.0 -0.62 -0.96
C -0.51 0.94 -0.94 0.98 -1.36 1.12 31.5 41.9 -0.43 -0.86

All -0.18 0.98 -0.66 0.99 -1.00 1.12 27.2 35.0 -0.49 -0.82

By regressing AMV on the AdjPMV, one can notice the existing relationship between the

observed and the predicted votes (Figure 6.1). Overall, the higher the altitude, the lower the as-

sociation between the TSV and PMV. A low but signi�cant relationship was observed at Location

A and B. In contrast, a non-signi�cant and extremely poor association was found between ad-

jPMV and AMV at Location C (Table 6.4). The adjPMV model only explained a low range of

the effects in the AMV, 16% (Location A), 7% (Location B) and 1% (Location C). Moreover, the

votes' distribution highlights the non-linear relationship, especially when AdjPMV is below -1.

The subjects' thermal response below zero (neutral point) does not always follow a linear pattern.

Instead, even when adjPMV predicts cold sensation, participants reported a neutral vote. These

neutral votes could either imply that subjects are generally satis�ed with colder conditions or a

combination of adaptation and coping mechanisms.

Table 6.4: Regression coef�cients of thermal sensation votes (TSV) on the adjusted predicted mean vote
(adjPMV) and predicted mean vote (PMV)

adjPMV model PMV model
Location Intercept adjPMV r2 p sig Intercept PMV r2 p sig

A 0.19 0.37 0.16 0.000 *** 0.26 0.33 0.16 0.000 ***
B 0.10 0.29 0.07 0.003 ** 0.16 0.25 0.06 0.004 **
C -0.42 0.09 0.01 0.294 -0.40 0.08 0.01 0.303

All 0.02 0.29 0.09 0.000 *** 0.08 0.26 0.08 0.000 ***

The equations' intercept indicates that when PMV equal to zero, the estimated AMV are 0.37
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Figure 6.1: Regression of thermal sensation vote (TSV) on the adjusted predicted mean vote (adjPMV)

(Location A), 0.29 (Location B) and -0.42 (Location C). At locations A and B, the PMV underes-

timate the occupants' thermal sensation and predicts a cooler sensation. Contrary to Location C,

where the PMV overestimates occupants' thermal sensation predicting warmer sensation than the

reported ones. Moreover, Location C's nearly-�at slope suggests that occupants' thermal sensa-

tion does not change as the adjPMV. One of the limitations of predicting comfort using adjPMV in

high-altitude environments is the altitude constraint (up to 3000m) stated in Table 6.1. Besides, the

poor estimations of the adjPMV could be attributed to the non-steady conditions in free-running

dwellings or the analyse of individuals' responses instead of a group mean thermal sensation for
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the same environment.

6.4 Adaptive thermal comfort models

The obtained adaptive comfort equations and the equations from ASHRAE55:2017 and

ISO15251:2007 standards are plotted in Figure 6.2. The regression in the �gure considered

tcom f and the outdoor temperature at the moment of the survey. The linear equation's slope

steepness indicates thetcom f change rate with the corresponding outdoor temperature change.

Figure 6.2: Regression of indoor operative temperature on the outdoor dry bulb temperature at survey
`time-t' and the adaptive thermal equations from standards by location

The slope of the equations for the study locations decreases as altitude increases. Hence,

Location A's steeper slope implies a higher impact oftout in the prediction oftcom f than the effect

of tout in the prediction oftcom f in Location C. In addition, the less steeped slope also denotes
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the small change in the comfort temperature despite changes intout. A single comfort equation

for geographic proximity locations would facilitate the de�nition of comfort requirements in local

buildings standards in practical terms. However, the comfort equation's steeper slope derived for

the three locations' combined dataset (tcom f = 11.8 + 0.54� tout) predicts highertcom f in Location

A and lowertcom f in Location C.

Table 6.5 summarised the mean and standard deviation oftcom f for both predicted with

ASHRAE55:2017 and ISO15251:2007 comfort equation, and the observed data. Despite

the different equations' coef�cients, the adaptive comfort equations in ASHRAE55:2017 and

ISO15251:2007 yield similar optimal comfort temperatures (Carlucci et al., 2018). Besides, the

range oftcom f is relatively narrow when compared to the one obtained from the observed values

(sd in Table 6.5). However, the observed comfort temperature is signi�cantly different from the

predicted ones (ASHRAE55:2017, 15251:2017). On the one hand, in Location A, the observed

meantcom f (23.0 °C) is higher than the predicted from the standards, highlighting the fact that

residents at a lower location are more sensitive to cold, and hence, preferred warmer environment.

On the other hand, the observed mean comfort temperature in Location C (19.8 °C) is lower than

the one predicted by the standards, denoting residents' adaptation to a cooler environment. Fur-

thermore, the consistent decrease oftcom f as altitude increase indicates, to a certain extent, the

acclimatisation of residents in the highlands. About one-degree difference was observed on the

meantcom f across locations, whereas the major difference lies in the mean'stcom f deviation. The

four-degree (� 2.0 °C)tcom f range observed in Location A decreased to 3.6 °C (� 1.8 °C) in Lo-

cation B and is 3.4 °C in Location C. Hence, the higher the altitude above sea level, the lower

the tcom f and the narrower the range of acceptability. By location, the correlation between the

predicted comfort temperature, ASHRAE55:2017 and ISO15251:2007, and the observedtcom f is

not only small but non-signi�cant in some cases. A higher correlation betweentcom f predicted and

tcom f observed was obtained from the observed data, as denoted by ther2 andp in Table 6.5. The

tcom f for the whole dataset (22.0 °C) yielded similar results to the ones predicted by the standards

ASHRAE55:2017 (22.6 °C) and ISO15251:2007 (22.7 °C). The correlation between the observed

and predictedtcom f are robust and statistically signi�cant; nevertheless, the predictedtcom f are

similar but inaccurate for the study locations.

The range of mean and standard deviation of the different outdoor reference temperatures are

also described in Table 6.5. As detailed in Table 6.2, ISO15251:2007 lower limits of application of

theqrm are 15.0 °C< qrm < 30.0 °C, and for the ASHRAE55:2017, the lower limit of applicability
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Table 6.5: Predicted and observedtcom f (mean andsd), referencetout (mean andsd), and correlations be-
tween observed and predictedtcom f

tcom f tout Cor obs vs pre
Model Location mean sd mean sd r2 p sig

ASHRAE55:2017 A 23.3 0.09 17.8 0.29 0.002 0.656
B 22.7 0.09 16.0 0.30 0.030 0.077
C 22.0 0.18 13.5 0.58 0.069 0.008 **

All 22.7 0.55 15.8 1.79 0.452 0.000 ***

ISO15251:2007 A 23.1 0.11 13.0 0.33 0.066 0.005 **
B 22.7 0.09 11.7 0.27 0.015 0.218
C 22.1 0.16 10.0 0.49 0.064 0.011 *

All 22.6 0.42 11.6 1.29 0.464 0.000 ***

Observed A 23.8 2.00 21.1 2.34 0.196 0.000 ***
B 22.1 1.81 19.5 1.97 0.059 0.013 *
C 19.8 1.72 16.1 1.93 0.089 0.003 **

All 22.0 2.47 18.9 2.95 0.414 0.000 ***

Signi�cance *, **, *** at 90%, 95%, and 99% respectively

is tpm is 10.0 °C. Based on these limits of applicability, the adaptive comfort standards could

be applied to predicttcom f in locations A and B. Still, neither models should be used to predict

comfort temperature in Location C.

6.5 Thermal comfort conditions for the highlands in Ecuador

Current thermal comfort models, both the PMV and adaptive comfort model, failed to predict

comfort temperature for the study high-altitude locations. In practice, neither the PMV nor the

adaptive model should be used in high-altitude regions. The PMV standard should not be applied

to locations above 3000m, and the adaptive standards should not be used when the outdoor temper-

ature is below 15.0 °C (ISO15251:2007) or 10.0 °C (ASHRAE55:2017). Furthermore, �ndings in

Chapter 4 and Chapter 5 highlights the importance of contextualising thermal comfort criteria ac-

cording to socio-cultural and climate factors, as does the strong evidence from existing research.

Thus, an evident need to develop a high-altitude comfort model for the Ecuadorian Highlands

aligned with local inhabitants' requirements and perception.

6.5.1 Prediction of the neutral temperature

The subjects' sensitivity to any change in the indoor temperature is expressed in terms of scale

units of subjective warmth per degree of room temperature (Humphreys et al., 2016). Figure 6.3

shows the regression between the ASHRAE seven point-scale (TSV) and the operative temperature

(to) for each subject by location and the combined data set. Besides the counts of observations at
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each bin' are also represented by the size of the dots. The regression of comfort votes onto

explains between 15 and 25% (r2) of the observed variance. Besides, as in most �eldwork data,

TSV votes are widely scattered, revealing the diversity of thermal perception votes. On the one

hand, the range of neutral temperature (TSV = 0 on the y-axis) lies between 17.0 °C and 28.0 °C.

On the other hand, for the same given temperature range, one can observe TSV votes distributed

between warm (+2) and cool (-2) sensation.

Figure 6.3: Thermal sensitivity of subjects to the operative temperature (to) for 0.5 °C bin by location

The slopes of the equations in Figure 6.3 reveal occupants' thermal sensitivity (unit/ °C).

In this research, the coef�cient's difference is not signi�cant; however, the regression lines are

consistently shifted from the lower to the higher locations. That suggests that at the sameto, the

mean thermal sensation of participants at the higher location will be slightly higher than the mean

thermal sensation of participants at the lower location. Although occupants' thermal sensitivity

is not signi�cantly different across locations, calculatingtn from the whole dataset (tn = 23.1 °C)

would overestimate occupants' sensation in the higher locations.
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The neutral temperatures for each location, obtained from the regression equations of mTSV

on the binnedto are 23.8 °C (Location A), 23.0 °C (Location B), and 22.4 °C (Location C),

summarised in Table 6.6. A decreasingtn observed as the altitude above sea level increases has

been reported in previous studies.tn in Location A and B are similar to those reported at 2600m,

at Solukhumbu - Nepal (21.1 °C) (Rijal et al., 2010). In contrast, thetn derived for the higher

location is lower than ones reported at locations even at higher altitudes. For instance, in Lhasa

(3650m), the neutral temperature for summer is 23.2 °C (Yang et al., 2013).

Table 6.6: Regression coef�cient of thermal sensation vote (TSV) on operative temperature (to)

Location n Intercept to r.square conf.low conf.high p.value Sig tn tn 80% tn 90%

A 20 -4.81 0.202 0.81 0.153 0.251 0.000 *** 23.8� 4.2 � 2.5
B 17 -5.38 0.234 0.45 0.092 0.377 0.003 ** 23.0� 3.6 � 2.1
C 17 -4.69 0.209 0.41 0.071 0.346 0.006 ** 22.4� 4.1 � 2.4

Signi�cance *, **, *** at 90%, 95%, and 99% respectively

Despite the regressions obtained from mTSV on the binnedto are statistically signi�cant, the

small data sets might be insuf�cient to produce a reliable regression for estimating the neutral

temperature (Humphreys et al., 2013). Thus,tn was also calculated using Grif�ths' standard coef-

�cient (0.5) and two other coef�cients (0.33 and 0.40) regressed against the outdoor temperature at

survey `time-t' (tout). Besides, a coef�cient of 0.25 was used for testing a coef�cient similar to the

one obtained from the observed data (to in Table 6.6) and 0.33 and 0.4 based on recommendations

from the literature (Nicol and Humphreys, 2010).

Table 6.7: Comfort temperature predicted by Grif�ths' method for different coef�cients (b)

Criteria b n obs mean sd min max r.squared p.value Sig

Tn 0.25 381 23.0 3.55 11 34.0 0.008 0.006 **
0.33 381 22.8 2.88 12.9 32.1 0.074 0.000 ***
0.40 381 22.7 2.58 14.0 31.0 0.134 0.000 ***
0.50 381 22.6 2.38 15.0 30.0 0.214 0.000 ***

n obs: Excluding NA, values not available due to lack of data in operative temperature
Signi�cance *, **, *** at 90%, 95%, and 99% respectively

The meantn predicted using coef�cients from 0.25 to 0.5 ranges from 22.6-23.0 °C across all

locations. The mean neutral temperature predicted with Grif�ths regression coef�cient produced

conservative estimations. Hence, underestimating or overestimating the responses of participants

in the studied locations. Therefore, thetn in this research was estimated from the regression of the

mean TSV on binnedto (Table 6.6).



170 Chapter 6. Thermal comfort model for high-altitude locations

6.5.2 De�ning the outdoor reference temperature

The outdoor temperature reference value that better predict comfort temperature in high-altitude

regions are summarised in Table 6.8. The best estimations oftcom f were obtained using the daily

mean outdoor air temperature (ASHRAE Daily mean and ISO Daily mean) as predictors, as well

asqrm0:45 (a = 0.45).

Table 6.8: Comfort temperature equation using different predictors for outdoor temperature

tout Criteria Location Intercept tout r2 p sig

Observed A 14.8 0.43 0.23 0.000 ***
air temperature B 17.2 0.26 0.08 0.001 **

C 15.1 0.29 0.11 0.000 ***
All 11.1 0.58 0.45 0.000 ***

ASHRAE A 10.7 0.75 0.07 0.003 **
Daily mean B -6.3 1.76 0.21 0.000 ***

C 8.9 0.81 0.17 0.000 ***
All 6.7 0.97 0.52 0.000 ***

ISO A 12.0 0.72 0.08 0.001 ***
Daily mean B -0.7 1.52 0.22 0.000 ***

C 10.6 0.73 0.14 0.000 ***
All 7.1 1.01 0.52 0.000 ***

ISO Trm45 A 6.2 1.08 0.11 0.000 ***
(qrm0:45) B -1.4 1.59 0.11 0.000 ***

C 9.2 0.83 0.13 0.000 ***
All 5.8 1.10 0.51 0.000 ***

Signi�cance *, **, *** at 90%, 95%, and 99% respectively

The smaller thea value, the smaller the previous day temperature's effect in calculating the

outdoor reference temperature. A lower and signi�cant correlation was observed when estimating

the tcom f following the comfort standards recommendations. For instance, using ana value of

0.9 (ASHRAE55:2017) suggested for climates where the day-to-day variation is relative minor

(i.e. humid tropics), or ana value of 0.8 (ISO15251:2007), which corresponds to a half-life of

approximately 3.5 days (Nicol and Humphreys, 2010).

6.5.3 Sensitivity of comfort temperature to drivers of diversity

The drivers of diversity observed to affect the subjective votes andtcom f were altitude (Chapter 4),

adaptation factors and clothing (Chapter 5). The differences intcom f were observed not only in

the mean values but intcom f variance (Table 6.9). The variance oftcom f is signi�cantly different

across the levels and adaptation factors (birthplace, acclimatisation, weather exposure, HVAC

exposure and overall), as previously discussed in Section 5.4. Besides, the meantcom f changes
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signi�cantly between 2400m - 2500m (23.7 °C – 21.4 °C), 2500m - 2600m (22.2 °C - 21.4 °C)

and 2700m – 2800m (22.7 °C – 20.6 °C). A pairwise comparison above 2800m was not possible

due to the small number of observations. However, the difference in the meantcom f is signi�cant

when comparing the three-study location. Furthermore, the regression of comfort temperature on

altitude indicates that the comfort temperature will decrease on average 0.54 °C per 100m increase

in altitude (tcom f = 36.5 – 0.0054 x altitude). Clothing insulation partly explains the differences in

comfort temperature. The meantcom f varies signi�cantly between 0.6 to 0.7Clo (22.5 – 21.9) and

0.7 to 0.8Clo (21.9 °C – 21.0 °C).

Table 6.9: Variance and means differences of comfort temperature across levels of diversity factors

Variance means means pairwise comparison
difference difference Low - Mid Low - High Mid - High

Factor df p sig p sig p sig p sig p sig

a) Birthplace 2 0.000 *** 0.001 *** 0.027 * 0.816 0.020 *
b) Acclimatisation 2 0.016 * 0.014 * NE 0.135 NE
c) Weather exposure 2 0.004 ** 0.000 *** 0.003 ** 0.060 0.108
d) HVAC exposure 1 0.000 *** 0.007 ** NE NE 0.937
e) Overall 2 0.000 *** 0.834 - - -

2400 - 2500 2500 - 2600 2700 - 2800
Altitude 7 0.008 ** 0.000 *** 0.051 * 0.043 * 0.000 ***

0.6 - 0.7 0.7 - 0.8
Clothing 8 0.315 0.000 *** 0.032 * 0.007 **

Signi�cance *, **, *** at 90%, 95%, and 99% respectively
NE - Not enough observations

Besides analysing the differences intcom f means and variance, a multiple regression was

conducted usingtout and the different adaptation levels for each diversity factor as predictors (Ta-

ble 6.10). A base model predictingtcom f from tout was used as a reference value to assess the

multiple linear regressions. Slightly higher coef�cient of determination (R2) were observed when-

ever including one or two additional predictors in the model. However, anad j:R2 lower thanR2

for all the combinations suggested no improvement in the prediction oftcom f. Furthermore, the

AIC and BIC values are not lower than those obtained for the base model. In conclusion, none

of the diversity factors assessed would enhance comfort temperature prediction either due to data

structure (variables format or the number of levels) or suf�cient observations.

The adaptive model assumes, as embedded in the model, the capacity of self-regulation and

the physiological, behavioural, and psychological responses of a person. Thus, regardless of the

difference intcom f observed between some of the diversity factors, there is not enough evidence to

consider the comfort algorithm's inclusion. What is clear is that thetcom f is different for various
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Table 6.10:Summary of multiple regression analysis ortcom f ontout including factors of diversity

Factor df R2 ad j:r2 p AIC BIC df.residual

tout (Base model) 2 0.514 0.512 0.000 1278 1289 322

a) Birthplace +tout 4 0.520 0.515 0.0001274 1293 319
b) Acclimatisation +tout 4 0.514 0.510 0.0001278 1297 319
c) Weather exposure +tout 4 0.517 0.513 0.000 1280 1298 320
d) HVAC exposure +tout 3 0.514 0.511 0.000 1280 1295 321
e) Overall +tout 4 0.515 0.510 0.000 1281 1300 320
a + b + c + d +tout 9 0.526 0.513 0.0001277 1315 313

Altitude + tout 3 0.519 0.516 0.0001276 1291 321
Altitude 2 0.451 0.449 0.000 1317 1329 322
Clothing 10 0.533 0.520 0.000 1281 1322 314

Signi�cance *, **, *** at 90%, 95%, and 99% respectively

groups, both in mean and variance. However, the multiple regressions results do not demonstrate

a signi�cant improvement in the prediction oftcom f by including an additional predictor. Fur-

thermore, the regression predicts the mean but does not de�ne the range and, therefore, does not

capture the observed variance. In some cases, the subgroups of analysis are too small to test or

yield more meaningful results.

6.5.4 High-altitude thermal comfort model

The observed mean comfort temperature and variance across diversity factors are statistically sig-

ni�cant. However, as expected, the inclusion of these factors in a multiple linear regression does

not improve the meantcom f prediction because the main difference relies ontcom f variance across

groups. In order to assess the effect of acclimatisation,tcom f were compared between acclima-

tised subjects (Overall adaptation = High) and non-acclimatised ones (Overall adaptation = Low-

Mid), removing in this way other sources of the variance than the intrinsic context. Table 6.11

summarises the mean and standard deviation oftcom f per acclimatisation group. The meantcom f

slightly varies between acclimatisation groups; however, these differences are not statistically sig-

ni�cant ( p> 0.05). Meanwhile, the standard deviation from the meantcom f differs across study

locations and acclimatisation. The higher the altitude, the narrower the range of acceptable com-

fort temperature. At lower altitudes, not onlytcom f would be higher (Location Atcom f = 23.8 °C),

but participants would accept a broader range of comfortable temperatures (� 2.0 °C); whereas at

altitudes above 3000tcom f is lower (Location Ctcom f= 19.8 °C), and the comfort range is narrow

(� 1.7 °C).

Similarly, the range of comfortable temperature for non-acclimatised subjects is narrower



6.5. Thermal comfort conditions for the highlands in Ecuador 173

Table 6.11:Comfort temperature (mean andsd) by acclimatisation groups

All participants Acclimatised Non-acclimatised
Location count mean sd count mean sd count mean sd

A 119 23.8 2.00 80 24.0 2.12 39 23.4 1.69
B 105 22.1 1.81 72 22.0 1.88 33 22.2 1.66
C 100 19.8 1.72 74 19.8 1.76 26 20.1 1.61

All 324 22.0 2.47 226 22.0 2.61 98 22.1 2.12

(� 3.3 °C) than the average comfort range for acclimatised subjects (� 3.8 °C). The key conclu-

sion is that the meantcom f varies signi�cantly across locations, as the altitude increases thetcom f

decreases. Moreover, different comfort ranges should be considered for acclimatised and non-

acclimatised subjects. Acclimatised subjects are more permissive, to a certain extent, to a broader

range of comfort temperatures than non-acclimatised inhabitants. In practical terms, these distinc-

tions between altitude and acclimatisation must not always be possible; thus, a general regression

equation obtained from the entire dataset was also derived.

Based on the above mentioned, the proposed thermal comfort equations are different for each

study location. Moreover, the recommended comfort limits also differ according to occupants'

acclimatisation and study location. The linear comfort equations for the Ecuadorian Highlands

resulted from regressing the comfort temperature (tcom f) over the outdoor air temperature (24-

hours average outdoor air temperature) are plotted in Figure 6.4.

Figure 6.4: High-altitude thermal comfort models for each study location, comfort temperature ontout
(Daily mean dry bulb outdoor temperaturetout� iso)
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The regression coef�cient (b) denotes the rate of change of the meantcom f given a one-unit

change in the outdoor air temperature. On the one hand, a steeper slope is observed in Location B

(b = 1.67), Table 6.12 indicating the higher impact oftout in tcom f, which in turns suggests a higher

adaptation of users to the prevailing environmental conditions. On the other hand, similar lower

slopes were observed for Location A (b = 0.786) and Location C (b = 0.738). The lower effect

of the tout in the prediction oftcom f might also suggest a wider use of behavioural adjustments.

Overall, the models' slopes are higher when compared to the ones of the international standards

(ASHRAE55:2017b = 0.31, ISO15251:2007b = 0.33). However, when comparing the slope with

the ones of the few equations derived from studies in high-altitude regions (Eastern India), the

values are similar (Thapa et al., 2018c). The differences in the intercept and regression coef�-

cient from one study to another could be attributed to variations in cultural background, climate,

and other contextual factors, as reported in the literature (Section 2.3.4). The steeper slope sug-

gests that residents in the Ecuadorian Highlands are better adapted to their environment than that

suggested by ASHRAE55:2017, ISO15251:2007 or other models.

Table 6.12:Thermal comfort model regression coef�cients for acclimatisation groups

Location Adaptation Intercept tout r2 p sig

A All participants 10.9 0.786 0.108 0.000 ***
A Acclimatised 8.2 0.958 0.156 0.000 ***
A Non-acclimatised 21.0 0.148 0.004 0.694

B All participants -3.3 1.670 0.255 0.000 ***
B Acclimatised -5.4 1.820 0.278 0.000 ***
B Non-acclimatised 1.7 1.360 0.204 0.008 **

C All participants 10.5 0.738 0.135 0.000 ***
C Acclimatised 11.0 0.701 0.120 0.003 **
C Non-acclimatised 7.5 0.967 0.175 0.033 *

All All participants 7.2 0.997 0.514 0.000 ***
All Acclimatised 7.0 1.020 0.538 0.000 ***
All Non-acclimatised 8.1 0.934 0.434 0.000 ***

Signi�cance *, **, *** at 90%, 95%, and 99% respectively

Besides, regressions for the different acclimatisation groups were also derived and sum-

marised in Table 6.12. A slightly higherr2 was observed for acclimatised participants' models

in locations A and B. Another interesting fact observed is the regression coef�cients close to the

unit, which implies that the rate of change oftcom f would correspond to the daily mean outdoor

temperature plus the value of the intercept (� 7.0 °C) for atout range between 10.7 °C and 18.4 °C.
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The prescribed acceptable comfort ranges in international standards are de�ned as acceptabil-

ity ranges and comfort categories. For instance, the ASHRAE55:2017 standard de�nes comfort

limits for 80% (� 3.5 °C) and 90% (� 2.5 °C) of acceptability. Whereas the three recommended

comfort categories in ISO15251:2007, according to the buildings' requirements, are category I

(� 2.0 °C), II (� 3.0 °C), and III (� 4.0 °C). Figure 6.5 illustrates an 80% (� 3.5 °C) and 90%

(� 2.5 °C) range of acceptability for the Ecuadorian Highlands. As discussed previously, the ac-

ceptability limits of comfort for the Ecuadorian Highlands should be adjusted to the altitude and

residents' acclimatisation. Thus, Location A residents' recommended range is� 2.0 °C and a

narrow range of� 1.7 °C for residents in Location C, based on standard deviation in Table 6.11.

Assuming that participants voting in the ASHRAE scale's central categories feel comfortable, the

range of acceptability is around 85% of the surveyed residents. The comfort equation for all loca-

tions and the corresponding 80% (� 3.5 °C) and 90% (� 2.5 °C) limits of acceptability are plotted

in Figure 6.5.

6.6 Summary of the chapter

The chapter aimed to identify a thermal comfort model that better represents residents' thermal

sensation in Ecuador's high-altitude regions. For this purpose, the data from the study locations

were compared against predictions from the PMV model and adaptive comfort models from cur-

Figure 6.5: Thermal comfort range for 80% and 90% of acceptability for the high-altitude comfort model,
comfort temperature ontout (Daily mean dry bulb outdoor temperaturetout� iso)
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rent international standards. Key �ndings in this chapter are that none international standard ac-

curately predicts comfort in the study locations. The disparity increases with altitude from Loca-

tion A to Location C. However, the predictions from adaptive comfort models are more accurate

than the PMV model for this sample. Another interesting fact is that neither international stan-

dards should be used to predict comfort in Location C. The applicability of PMV standard limits

to locations below 3000m above sea level and adaptive comfort standards are not recommended

for prevailing outdoor temperatures below 10.0 °C or 15.0 °C.

In the research, altitude was accounted for in the calculation of thermal comfort indexes

when replacing the convective heat transfer coef�cients in the computation of PMV calculation

and operative temperature. On the one hand, the mean error between the PMV and AMV is

around half-point in the thermal sensation scales. On the other hand, the adaptive comfort models'

predictions are only similar when considering the whole dataset. However, when looking into

the predicted values by locations, a signi�cant difference is observed intcom f mean and standard

deviation, particularly at Location C. As reported in the literature, regardless of the use of different

equations to calculate the outdoor reference temperature and the use of different adaptive comfort

equations, the predicted values yield similar optimal adaptive comfort temperatures.

The high-altitude thermal comfort model for the Ecuadorian Highlands resulted from the re-

gression of the comfort temperature and the 24-hour mean outdoor air temperature. Although the

international standards recommend a mean running temperature, a better prediction was obtained

when using daily mean values. As discussed in the previous chapters, several diversity drivers

might explain the scattered observed votes. For this purpose, diversity factors such as altitude,

adaptation factors and clothing levels were assessed as predictors oftcom f. Multiple linear re-

gressions for each factor of diversity as well as combined effects were evaluated. Although the

observedtcom f mean and variance across some factors are statistically signi�cant, results suggest

that incorporating another variable does not improve the prediction oftcom f. That is not surpris-

ing, as the main difference observed relies on the variance oftcom f rather than the mean. Grouping

participants into acclimatised and non-acclimatised further extended the overall adaptation analy-

ses. Overall, a slightly higher correlation (r2 = 0.54) was obtained when regressingtcom f on tout

for acclimatised subjects, as well as a highertcom f. Nevertheless, the main �nding relies on the

consistent and signi�cant difference intcom f variance between acclimatised and non-acclimatised

subjects. Acceptability comfort limits for acclimatised subjects are� 2.1 °C (Location A) and

� 3.4 °C (Location C), whereas the range for non-acclimatised residents is� � 1.7 °C regardless
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of the study location.

The derived thermal high-altitude thermal comfort model explains 51% of the observed com-

fort temperature for the whole data set.tcom f decreases consistently as the altitude above sea level

increases; the same occurs with acceptability's comfort limits. Due to the signi�canttcom f differ-

ence across locations, three comfort equations have been derived for Location A (Equation 6.7),

Location B (Equation 6.8) and Location C (Equation 6.9), wheretout is 24-hour average outdoor

air temperature.

tcom fA = 0:786� tout + 10:9 (Com f ort limits� 2:0 °C) (6.7)

tcom fB = 1:670� tout � 3:3 (Com f ort limits� 1:8 °C) (6.8)

tcom fC = 0:738� tout + 10:5 (Com f ort limits� 1:7 °C) (6.9)

Moreover, different acceptability comfort limits are recommended to account for altitude and

acclimatisation differences. The different comfort equations and comfort limits are not of practical

use; thus, a single equation and comfort limits have also been derived for practical implications.





Chapter 7

Archetypes thermal performance assessment

7.1 Overview

This chapter reports results and �ndings regarding the applicability assessment of the high-altitude

thermal comfort model in the thermal performance evaluation of dwellings located in the Ecuado-

rian Highlands. The developed high-altitude comfort model, presented in the Chapter 6, is used

to evaluate the thermal performance of the existing housing stock's and hypothetical dwellings in

compliance with the new - Ecuadorian construction standard (NEC11) (Norma Ecuatoriana de la

Construccíon, 2018). On the one hand, the thermal evaluation aims to estimate the likelihood of

occupants' satisfaction with the indoor conditions in high-altitude regions. On the other hand, the

evaluation of hypothetical archetypes' thermal environment in compliance with NEC11 aims to

assess a modi�ed envelope's potential repercussion in the indoor thermal performance. A total

of nine dwellings, three dwellings at each location, corresponding to each of the three identi�ed

dwellings archetypes. The research approach combined dwellings monitoring and building per-

formance simulation (BPS) to estimate housing archetypes' annual indoor thermal performance in

the studied region.

Building performance simulation (BPS) is widely applied for energy and environmental per-

formance assessments. However, uncertainty emerges during the transition from reality to simu-

lation, undermining the model's precision and outcomes validity. In order to tackle the inherent

inaccuracy of the building model, uncertainty and sensitivity analysis of the input data was con-

ducted and serve as the base of the iterative calibration process. Each of the four steps of the

proposed methodological approach is thoroughly described and justi�ed. Once the simulation

models reached the standard criteria for calibration, the last step was to quantify the number of

hours of comfort and discomfort for both the existing archetypes and the hypothetical archetypes
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in compliance with NEC11. The comfort limits of acceptability were de�ned based on thermal

comfort models from current international standards (ASHRAE55:2017 and ISO15251:2007) and

the proposed high-altitude thermal comfort model.

7.2 Review of calibration methods and limitations

Building energy simulation (BES) models are mainly used to inform architectural design, HVAC

design and operation, retro�t analysis, building optimisation, among others. However, there is an

increasing concern about the model's credibility due to signi�cant discrepancies between simu-

lated and measured data. A BES model is regarded as 'good' if it accurately predicts performance

while accounting for most complex physical interactions and interrelations. Due to the assump-

tions used in de�ning the inputs, some variability in simulation outputs is expected. However, the

scale of the discrepancy is often too wide to be acceptable and inadvertently reduces con�dence

levels in the results of simulation calculations (de Wilde, 2019).

The leading causes of discrepancies between predicted and actual performance stem from

a) uncertainty arising from assumptions due to lack of information; b) model inadequacy associ-

ated with oversimpli�cation of physical building elements; c) minimum feedback regarding actual

use and operation of buildings; d) scenario uncertainty related to operating conditions such as

occupancy or weather (Chong et al., 2021).

The process of using BES models and 'tuning' the various inputs to the simulation computer

program to match the observed variable with that predicted one is known as calibration. The

primary reasons for calibrating a BES model are that it allows more reliable performance outputs

identi�cation and increases con�dence in the monitoring and veri�cation process (Reddy, 2005;

Sun and Reddy, 2011). The calibration process has been considered an art as it used to rely

on user knowledge and plenty of trial and error. However, nowadays increased proliferation of

devices and sensors makes high-resolution data readily available and computerised processes have

increased the automated calibration approaches. The existing literature provides an overview of

the current calibration methodologies. However, BES models' calibration remains a challenge due

to the lack of clear guidelines and best practices. Besides, there is little documentation detailing

models' inputs and outputs, calibration procedures, simulation reproducibility and the criteria for

evaluating calibration performance.

BES calibration methodologies from the literature have been classi�ed into four classes

a) calibration based on manual, iterative, and pragmatic intervention; b) calibration based on a
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suite of comparative graphical displays; c) calibration based on analytical procedures; d) calibra-

tion based on analytical or mathematical methods (Reddy, 2005; Sun and Reddy, 2011). Coak-

ley et al. (2014) further include Bayesian calibration and meta-modelling. Finding from recent

overviews highlight the growing evidence towards the implementation of automated approaches.

The main analytical techniques used to assist or complete the calibration process include but are

not limited to sensitivity analysis (SA), high-resolution data, uncertainty quanti�cation (UQ), and

building audits (Chong et al., 2021).

Global methods, such as global sensitivity analysis, allow an overall view of the importance

of different inputs while considering their interaction (Macdonald, 2002). This approach is com-

monly used to calibrate building envelope (material properties and in�ltration rate), internal gains

and schedules (occupant, lighting, and equipment power density). Electricity and dry-bulb tem-

perature are among the outputs most frequently used to calibrate BES models at building scale.

BES calibration using dry-bulb temperature is often carried out during free-�oating periods to

investigate the relative changes in building envelope performance (Chong et al., 2021).

Interestingly, several studies used measured indoor environmental conditions as inputs to the

model to obtain a better-calibrated model at the zone level. For instance, the indoor air temperature

has been used to get more accurate predictions of zone air�ow rates (Mihai and Zmeureanu, 2017),

thermostat setpoint and variable air volume (VAV) box minimum/maximum air�ow, respectively

(Yin et al., 2016), and thermophysical parameters of the building envelope and in�ltration rate (Li

et al., 2018). Li et al. (2018) assess the building thermal performance disregarding the effect of

occupant's behaviour by considering a period where occupants sleep, hence assuming no variation

on internal loads and ventilation.

Despite the growing number of calibration studies, the different approaches used are dif�cult

to replicate due to the complexity of BES models and poorly reported calibration parameters,

observed inputs and outputs, and set of assumptions made during pre and post-processing.

This research proposes a simpli�ed methodology for calibrating free-running dwellings with

high-resolution data. The calibration objective is hourly indoor air temperature; therefore, the

most in�uential parameters selected for �ne-tuning are building envelope and in�ltration rate.

The primary calibration objective is to minimise the hourly indoor temperature for thermal com-

fort assessment. Therefore, the minimum and maximum indoor air temperature values must be

accurately predicted to quantify discomfort in the studied dwellings. In contrast to most of the

methodologies in the literature that describes processes mainly focused on average values. Be-
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sides, the novel calibration methodology describes a suitable process for de�ning a suitable and

valid range of inputs values when no data regarding materials thermal properties are available.

The process focuses on quantifying and ordering by importance, the strength and relevance of the

inputs in determining the value of the output through sensitivity analysis. Due to the characteristic

of sensitivity analysis, the model calibration does not offer a unique and best solution but rather a

small set plausible solution.

7.3 Methods

This chapter's methods centred on quantifying the comfort and discomfort of hours in the se-

lected dwellings archetypes. For this purpose, audit and monitoring of dwellings archetypes were

used for creating and validating simulation models. An inverse uncertainty approach was used

for the calibration that estimates the unknown variables using mathematical models and measured

data (Tian et al., 2018). The thermal environment of the archetypes was evaluated through dy-

namic thermal simulation (annual assessment). Archetypes annual thermal performance was then

compared against the comfort criteria from international standards and the high-altitude thermal

comfort model.

This research proposes a simpli�ed methodology for the calibration of free-running dwelling

models based on hourly indoor air temperature. The four-steps proposed in the calibration and

simulation methodology are a) data processing, b) evidence-based modelling, c) sensitivity anal-

ysis, and d) iterative model improvement. Data from nine single-story dwellings with different

building constructions, medium-exposed thermal mass and uninsulated lightweight construction,

were used as test buildings. The simulation data include indoor environmental data (air tem-

perature and relative humidity), weather data from a local meteorological network and building

survey data (drawings and occupancy patterns). The simulation process initiates by processing the

dwellings data for preliminary simulation model creation and building uncertainty quali�cation.

Sensitivity and uncertainty analyses were used to identify the building elements that signi�-

cantly impact dwellings thermal performance. The outputs of the sensitivity analysis, list of in�u-

ential parameters and variation range, were used as the parameter to be adjusted in the calibration

process. The model's accuracy was validated by comparing measured and simulated indoor tem-

perature by the mean Bias Error (MBE) and the Coef�cient of Variation of the RMSE (CvRMSE)

based on the limits of ASHRAE 14 (Ramos-Ruiz and Fernández-Bandera, 2017). Estimations of

indoor environmental data obtained from the calibrated models were used to assess the thermal
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performance (hours of comfort and discomfort) of archetypes based on the adaptive models from

international comfort standards and the developed high-altitude comfort model (Chapter 6).

7.3.1 De�nition of archetypes input parameters and sampling

On-site data collection and references from the literature were considered as input parameters

for the modelling. The input data for archetypes models were categorised as follows a) site and

dwellings physical characteristics, b) envelope and materials properties, c) and internal gains and

occupant behaviour. Some relevant simulation data were collected from the dwellings' audit and

indoor environmental monitoring. However, detailed and accurate data for all the simulation in-

put parameters cannot be collected by simple observation or are unknown. The data source and

uncertainty rank due to detail and accuracy are presented in Table 7.1.

Table 7.1: Sources of uncertainty in dwellings thermal performance analysis

Category Model factors Descriptor Data source Source
rank*

a) Site and Weather data Known Local weather station 2
dwellings physical Latitude and longitude Known Collected on-site 2
characteristics Altitude Collected on-site 2

Exposure index Known Collected on-site 2
Ground temperature Uncertain Calculated EPlus 2
Orientation Known Collected on-site 2
Geometry and layout Known Collected on-site 2

b) Envelope and Thickness Uncertain Collected on-site/� variation 3
materials properties Density Uncertain Guidelines and standards 4

Speci�c heat capacity Uncertain Guidelines and standards 4
U-value (Glazing) Uncertain Lack of information 5
In�ltration rate Uncertain Guidelines and standards 4
Ventilation rate Uncertain Lack of information 5

c) Internal gains and Occupancy Uncertain Assumption** 5
occupant behaviour Equipment Uncertain Assumption** 5

Lighting Uncertain Assumption** 5
Windows operation Uncertain Assumption** 5

* The smaller the number of source rank, the higher the data reliability
** Assumption based on the data from dwellings' audit

Once the uncertainty factors were identi�ed, the following step consisted of de�ning the

magnitude of uncertainty of the input data based on the range of variation and the probability

distribution. According to the purpose of this research, the probability distribution for all factors

was regarded as uniform distributions as there are no reference values neither from local guidelines

nor as-built information. The de�nition for the range of variations for each dwelling factor are

described below:

a. Site and dwellings physical characteristics:
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Archetypes geometry was well de�ned based on the measurements taken during the �eld-

work (Appendix F.1). In the same way, the archetypes' geographical location, altitude and

orientation were retrieved from satellite views and they are summarised in Table 7.2.

Table 7.2: Archetypes' geographical location, altitude, orientation and occupancy

Occupancy Site
Arch Rooms Surface Volume Male Female Children Lat Lon Elevation North

[n] [m 2] [m3] [n] [n] [n] [m] [°]

A1 4 65.8 168.6 1 2 1 -0.1 -78.5 2340 315
A2 2 20.6 41.2 0 1 1 -0.1 -78.5 2340 315
A3 6 64.5 138.6 4 0 0 -0.2 -78.4 2347 140
B1 2 38.9 83.3 0 0 0 -0.1 -78.4 2608 325
B2 4 66.5 153.0 1 1 2 -0.1 -78.4 2751 355
B3 3 32.0 77.4 1 2 1 -0.1 -78.4 2732 350
C1 2 33.7 67.4 0 0 0 -0.4 -78.6 3056 280
C2 4 57.9 132.9 0 1 1 -0.4 -78.6 3030 310
C3 5 47.5 114.0 1 3 2 -0.4 -78.6 3105 295

The site factors such as weather data, location, altitude, and exposure index, were well-

known based on the �eldwork's information, except for the ground temperature. For this

case, the ground initial temperature pro�les were produced through an iterative process

using the Slab program in EnergyPlus (U.S. Department of Energy, 2019). The iterative

process concluded when a maximum difference of 0.1 °C is achieved between the last two

�oor's simulated values (ASHRAE, 2009). Once de�ned the baseline values, a range of

� 1.0 °C was used for the minimum and maximum iteration values for the sensitivity analy-

sis.

b. Envelope and materials properties:

There is a lack of reference and technical speci�cations of local constructions materials.

Therefore thermal properties and U-values for all the archetypes are uncertain parameters in

this research. The sensitivity analysis was carried out for all the dwellings' materials, includ-

ing thermal properties such as conductivity, density and speci�c heat. The range of factors

was de�ned by calculating the minimum and maximum values from a list of related materi-

als retrieved from relevant literature (Clarke et al., 1990; Gallardo et al., 2016a; Goodhew

and Grif�ths, 2005; Hall and Allinson, 2009; Macdonald, 2002; Yan et al., 2005), guide-

lines (Butcher and Craig, 2015) and international standards (EN ISO, 2007b), as detailed

in Appendix F.3. The de�nition of thickness of the different construction layers was based

on on-site measurements. The sensibility of materials' thickness was also tested within a
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range of� 10% from the base value (Appendix F.2). Although in�ltration and ventilation

rates are dynamic and widely dependent on weather conditions, both were simulated as �xed

air change per hour (ACH) to keep the model simple. The in�ltration and ventilation rate

distribution were set as uniform within an acceptable range for poorly airtight constructions.

c. Internal gains and occupant behaviour:

The effect of occupants' behaviour does not have a signi�cant effect on the thermal perfor-

mance of non-insulted and poorly airtight constructions (Wagner et al., 2018), as is further

explained in Figure 7.5. Internal gains due to occupancy, equipment, lighting and win-

dows/doors openings were de�ned based on the data collected from the archetypes' audit.

Differences on metabolic rate accounted for gender and age (men = 1, women = 0.85 and

children = 0.75). According to local data, energy consumption for an average dwelling in

the Ecuadorian Highlands was estimated as 128.4 kWh per month (INEC, 2006). The cor-

responding gains were assigned to each dwelling based on the building survey observations

and house appliances annotated gains.

7.3.2 De�nition of hypothetical archetypes based on NEC11

In order to assess the potential repercussion in the indoor thermal performance of stringent in-

sulation requirement incorporated in the - Ecuadorian construction standard (NEC11) (Norma

Ecuatoriana de la Construcción, 2018), hypothetical archetypes' models were elaborated. These

hypothetical archetypes' were modelled using the same input data, geometry and orientation as

the original archetypes but changing the thermal transmittance (U-value) as established and sum-

marised in Table 7.3.

Table 7.3: U-Factors for the thermal envelope components for free-running habitable dwellings located in
Quito (Climate zone 3)

Thermal envelope components
Opaque elements Roof Walls Floors Opaque doors Windows

U-Value [W/(m2K)] 2.9 2.35 3.2 2.6 5.78

7.3.3 Sensitivity analysis (SA)

Building thermal performance results from the complex and nonlinear interaction of hundreds of

factors. Sensitivity analysis identi�es a few critical factors among the hundreds in each model to

improve the calibration process's ef�ciency. As stated in the previous section, most of the model's

input parameters were uncertain; thus, to identify parameters that highly contribute to the models'
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uncertainty, Morris's screening method for sensitivity analysis was used. This analysis allowed

quantifying and ranking the factors in order of importance and identifying the elements that are

largely responsible for models' accuracy within an acceptable range (Saltelli et al., 2008).

The next step consists on the sample generation from the model inputs distributions. The

model input sampling used a one step-at-a-time method (OAT) that allows a low simulation cost

r � (p+ 1), wherep is the number of factors and r are the trajectories (r = 10) (Iooss et al., 2021).

The sensitivity of the factors was determined by calculating the mean (m) and standard deviation

(s ) of the factor elementary effect by the following Equations 7.1, 7.2 and 7.3:

di( j) =
f (Xi j ) � f (Xi)

4
=

f (X1; :::;Xi� 1;Xi + 4 ;Xi+ 1; :::;Xn) � f (X1; :::;Xn)
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Wheredi( j) stands for the elementary effect of the group j sample with theith parameter,

f (X) correspond to the output value when the input parameter isX, 4 stands for the disturbance

variable andr is the number of repetitions.

The sensitivitymands allowed determining which input factors could be considered to have

effects that are a) negligible, b) linear and additive, or c) nonlinear or involved in the interaction

with other factors. Both metrics should be used simultaneously to avoid cancellation due to the

effects of different signs. An alternative sensitivity measure ism� criteria that overcome cancella-

tion and is an effective total index substitute (Saltelli et al., 2008).mmeasures the overall effect

of the model performance factor; a greaterm� value implies a more sensitive parameter. In con-

trast,s calculates the effect of the factor as a whole, whether nonlinear or because of correlations

with other factors. The outcome of this analysis is to identify the most in�uential variables (high

sensitivity) in the indoor thermal environment.

7.3.4 Thermals simulation and calibration process

The calibration process for thermal performance simulation focused on tuning the most in�uenc-

ing variables in the archetypes model while keeping the non-in�uential as de�ned for the base

model. As explained previously, for this research, the parameters considered include the physical
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properties of the envelope thermal insulation (conductivity, density, specif heat and thickness),

ground temperature and air�ow rates (ventilation and in�ltration).

The archetypes were simulated in DesignBuilder, and further modi�cations were directly

applied in EnergyPlus. The geometry, orientation, and usage pro�les (occupancy, lighting and

appliances) were de�ned as described in Section 7.3.1. Iterative simulations for the sensitivity

analysis and calibration process were done in jEPlus, and the data processing and analysis using

RStudio.

The initial reference value for the calibration process was de�ned from a base model as an

initial reference. The inputs for all the base models' uncertain factors correspond to the mean

value calculated from the list de�ned as the range of variation in Appendix F.3 and Appendix F.4.

The conducted calibration process focused on matching the simulation output to measured data

is known as data-driven or inverse modelling (Coakley et al., 2014). The outputs from the sim-

ulations (indoor air temperature) were compared against monitored data. An acceptable level of

accuracy of archetypes simulation output was achieved when the normalised Mean Bias Error

(NMBE) and the Coef�cient of Variation of the Root Mean Square Error (CV(RMSE)) comply

with the criteria for hourly intervals as de�ned in Table 7.4 (Ramos-Ruiz and Fernández-Bandera,

2017). Besides, the coef�cient of determination (r2) between simulated and monitored data was

also calculated. Once obtained a calibrated model, the comfort and discomfort hours were quanti-

�ed for representative archetypes' rooms.

Table 7.4: Calibration criteria for buildings performance calibration

Calibration criteria NMBE CV (RMSE) r2

Hourly criteria � 10% 30% > 0.75

7.3.5 Criteria for long-term thermal performance assessment

Several indices described as 'discomfort index', 'stress index', or 'heat index' have been proposed

over time to describe the relationship between the indoor environment and the human thermal

perception (Carlucci and Pagliano, 2012). These evaluation indices are directly connected to the

thermal model used for the assessment. This research used the percentage index to report the

percentage of likely discomfort hours concerning the total number of occupied hours.

Table 7.5, summarised the thermal comfort criteria used for the thermal performance as-

sessment of the selected archetypes. The acceptability comfort limits were de�ned as in

ASHRAE55:2017 and ISO15251:2007, as well as the high-altitude comfort equation and lim-
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its for each location. Despite different comfort equations and acceptability ranges were de�ned

for high-altitude regions in Ecuador (Chapter 6), the comfort equation derived for the whole data

set and standards' acceptability ranges were used to allow results comparison. Hence, the same

ranges of acceptable temperature were de�ned using the high-altitude thermal comfort model. The

two metrics used to evaluate the archetypes' thermal performance were the percentage of hours

within a comfort category and the percentage of hours above or below comfort ranges.

Table 7.5: Adaptive thermal comfort temperature and categories for general comfort

Comfort model Category Upper limit Lower limit Reference4

ASHRAE55:2017 tcom f = 0:31� tout + 17:8 90%1 tcom f + 2:5 tcom f � 2:5 ASH ±2.5
80%1 tcom f + 3:5 tcom f � 3:5 ASH ±3.5

ISO15251:2007 tcom f = 0:33� tout + 18:8 Cat I2 tcom f + 2:0 tcom f � 2:0 EN ±2.0
Cat II3 tcom f + 3:0 tcom f � 3:0 EN ±3.0

High-altitude (All) tcom f = 1:01� tout + 7:09 tcom f + 2:5 tcom f � 2:5 ALT ±2.5
tcom f + 3:5 tcom f � 3:5 ALT ±3.5
tcom f + 2:0 tcom f � 2:0 ALT ±2.0
tcom f + 3:0 tcom f � 3:0 ALT ±3.0

High-altitude (A) tcom f = 0:786� tout + 10:9 tcom f + 2:00 tcom f � 2:00 Comf ± 1sd
tcom f + 4:00 tcom f � 4:00 Comf ± 2sd

High-altitude (B) tcom f = 1:670� tout � 3:3 tcom f + 1:81 tcom f � 1:81 Comf ± 1sd
tcom f + 3:62 tcom f � 3:62 Comf ± 2sd

High-altitude (C) tcom f = 0:738� tout + 10:5 tcom f + 1:72 tcom f � 1:72 Comf ± 1sd
tcom f + 3:44 tcom f � 3:44 Comf ± 2sd

1 Percentage of acceptability of indoor conditions
2 Category I: Normal level of expectations for new buildings and renovations
3 Category II: Acceptable and moderate level of expectation used for existing buildings
4 Reference name used in this research

7.4 Description of studied archetypes

Three construction typologies were de�ned accordingly to the predominant materials used for

the construction of dwelling in Ecuador. Heavy thermal mass (Typology 1) corresponds to the

vernacular architecture, adobe walls and a mixed of bahareque, wood and clay tiles for the

roof. Lightweight constructions (Typology 2) considered the dwellings built with hollow concrete

blocks in walls and light roof construction (zinc/asbestos); these are the country's predominant

construction system. Medium thermal mass (Typology 3) used the same predominant material for

walls, hollow concrete block but a heavier material for the roof, reinforce cast concrete slab. The

materials used for the �oor (cast concrete) do not change signi�cantly; thus, no difference was

considered among the selection of archetypes.
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Based on the predominant construction typologies, the dwellings selected as archetypes for

monitoring represent the predominant constructions in Ecuador and the study region. A total

of nine dwellings, shown in Figure 7.1, were monitored during the �eldwork study. The study

archetypes will be referred from now on based on a two-digit code; the study's location (A, B

and C) and the construction typology (1, 2 and 3). The selected archetypes are one-story de-

tached dwellings accommodating single families, except for dwelling B3 (See section 7.4.1). The

dwellings geometry consists of a simple rectangular �oor plan, isolated from other constructions.

Data was collected under the dwellings' normal operation conditions and regular users' behaviour.

Figure 7.1: Monitored dwellings by location and construction typology

7.4.1 Monitored indoor environmental conditions

Indoor air temperature, dewpoint and relative humidity (summarised in Table 7.6) were monitored

continuously over several days in nine dwellings, three different typologies at each study location.

The data loggers (Tinytag) were installed in different rooms, primarily living rooms and bedrooms;

in some cases, an additional logger was installed in the kitchens. Data used for the analysis

presented in this chapter correspond to one of the main bedrooms to compare rooms with the same

use.

The monitoring period and the data logger's location varies between dwelling according to
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the participant's availability and ease of access. Data was collected in �ve-minute intervals and

transformed into hourly measurements for analysis. Due to technical issues or participants' avail-

ability, the second monitoring period was not conducted under the same conditions. For instance,

participants of dwelling A3 were not available for the second monitoring period, whereas some

major (Construction of additional storey) and minor renovations (Fixing ceiling) were done at B2

and C3, correspondingly. Moreover, inhabited adobe dwellings were not available in locations B

and C; the monitored ones correspond to uninhabited vernacular dwellings.

Table 7.6: Monitoring period and number of data loggers per archetype

Dwell code N loggers1 First monitoring period Second monitoring period Note
Start End N days Start End N days

A1 3 26-Sep-17 16-Oct-17 21 07-Jan-18 22-Jan-18 16
A2 2 26-Sep-17 16-Oct-17 21 07-Jan-18 22-Jan-18 16
A3 2 26-Sep-17 16-Oct-17 21 2

B1 2 23-Oct-17 09-Nov-17 18 09-Jan-18 22-Jan-18 14 4

B2 3 30-Sep-17 25-Oct-17 26 09-Jan-18 22-Jan-18 14 3

B3 3 27-Oct-17 09-Nov-17 14 07-Jan-18 22-Jan-18 16
C1 2 21-Oct-17 09-Nov-17 20 06-Jan-18 22-Jan-18 17
C2 2 03-Oct-17 27-Oct-17 25 06-Jan-18 22-Jan-18 17
C3 3 29-Sep-17 22-Oct-17 24 06-Jan-18 22-Jan-18 173=4

Note:
1 Number of installed data loggers per house
2 The second period not available due to technical issues or participants unavailability
3 Major renovations change the initial conditions of the dwelling in the second period
4 Uninhabited dwelling

The daily mean descriptive statistics (mean, maximum, minimum and daily oscillation) for air

temperature and humidity of the main bedrooms in each dwelling during both monitored periods

are summarised in Table 7.7. The daily mean temperature �uctuates between 15.3 °C and 21.1 °C,

and the standard deviation oscillates within a narrow band between� 0.9 °C to � 2.8 °C. The

broader oscillation from the daily mean was observed in dwellings C1 (� 2.8 °C) and C2 (� 2.3 °C).

Nevertheless, the slight temperature variation between archetypes, the difference is signi�cant

between the three construction typologies regardless of the Location.

Figures 7.2 and 7.3 allow a better representation of each archetypes' daily means for indoor

temperature and humidity, respectively. The indoor temperature of heavy thermal mass dwellings

is generally more stable (narrower daily oscillation) than typologies 2 and 3, particularly A1 and

B1. In terms of dwelling C1, the greater mean daily oscillation might be explained by the higher

in�ltration rates due to the construction's deterioration. It is worth remembering that dwell B1

and C1 were unoccupied; thus, the lack of internal gains might also explain the lower indoor
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Table 7.7: Daily Indoor air temperature and humidity descriptive statistics - Daily mean, maximum (max),
minimum (min) and daily oscillation (osc)

Air temperature [°C] Humidity [ kg=kg]
Dwelling mean sd max sd min sd osc sd mean max min osc

A1 18.7 0.9 19.9 1.1 17.6 1.0 2.3 1.0 0.013 0.013 0.012 0.002
A2 20.9 1.6 29.5 3.4 16.1 1.5 13.4 3.8 0.013 0.016 0.011 0.005
A3 21.1 1.4 23.0 1.4 19.3 1.6 3.7 0.8 0.014 0.017 0.012 0.004
B1 16.0 0.9 19.1 2.0 13.9 0.8 5.1 2.0 0.011 0.013 0.010 0.003
B2 19.9 1.0 23.3 1.6 17.0 1.0 6.3 1.7 0.013 0.015 0.011 0.003
B3 18.0 1.5 19.4 2.0 16.6 0.9 2.8 1.4 0.015 0.016 0.014 0.003
C1 15.3 2.8 16.8 2.7 13.6 2.7 3.2 1.1 0.011 0.013 0.010 0.002
C2 20.6 2.3 33.5 5.4 13.0 1.2 20.5 5.4 0.011 0.016 0.008 0.008
C3 17.3 1.7 19.4 2.1 15.6 1.5 3.8 1.3 0.014 0.016 0.012 0.004

temperature for both the mean daily mean and the mean daily minimum. In combination, high

thermal mass and internal heat gains, as in A1, causes the narrower thermal oscillation among the

study archetypes.

Figure 7.2: Indoor air temperature by dwelling - Daily mean (boxplot), daily maximum (dark grey points)
and daily minimum (medium grey points)

The altitude effect is also evident when comparing lightweight constructions (zinc or as-

bestos roof) without a ceiling (A2 and C2). As expected, indoor temperatures around 30.0 °C

were recorded in A2 and C2, and the daily oscillation could reach 20.0 °C (C2). Due to the

lightweight construction and the time of day, higher indoor temperatures might be associated with

the outdoor temperature and solar radiation (Figure 7.5). The cardboard ceiling explains the sig-

ni�cant differences observed in B2, which is not a common construction practice in the studied

locations. On average, the mean daily minimum temperature is higher in Typology 3 than the

other constructions. The indoor temperature at the medium-weight constructions (Typology 3) is
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Figure 7.3: Indoor humidity by dwelling - Daily mean (boxplot), daily maximum (dark grey points) and
daily minimum (medium grey points)

relatively stable; the daily temperature oscillates within a narrow range between 2.8 °C (� 1.4 °C)

and 3.8 °C (� 1.3 °C).

A consistent but slight difference is observed in humidity between the three dwelling's typol-

ogy. However, there is no evident difference across the three locations (Figure 7.3). Typology 1

have lower daily mean values, as well as a narrower oscillation. The higher daily humidity levels

(mean, maximum and minimum) are observed in Typology 3, and the broader daily oscillation in

Typology 2.

7.4.2 Indoor and outdoor environmental conditions

A correlation analysis between the indoor environment and the corresponding outdoor conditions

was conducted to understand better the outdoor environment's effect on different construction ty-

pologies. Figure 7.4 presents the coef�cients (r2) obtained when correlating indoor and outdoor

conditions. Air temperature and humidity were compared against the corresponding outdoor envi-

ronmental variable; besides, the correlation between air temperature and solar radiation was also

explored.

There is a signi�cant positive correlation between outdoor temperature and solar radiation

in the indoor temperature of A2 and C2, highlighting that the indoor temperature in lightweight

constructions is affected by both the outdoor temperature and the solar radiation. The effect of an

additional construction layer (cardboard ceiling) is evident once more in B2, where the correlation

of the indoor temperature is moderate, as observed in Typology 3. Besides, the effect of solar ra-

diation in B2 is lower. Not surprisingly, there is a weak or non-correlation between the indoor and
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Figure 7.4: Correlation (r2) between indoor and outdoor conditions

outdoor temperature in Typology 1 and a weak negative correlation between indoor temperature

and solar radiation.

Furthermore, whenever a signi�cant effect of outdoor temperature and solar radiation is evi-

dent in the indoor temperature, there is a minor or non-signi�cant relationship between the outdoor

and the indoor humidity. Besides, when non-correlation is observed between temperature and so-

lar radiation, a moderate positive correlation is observed for the indoor and outdoor humidity (i.e.

typologies 1 and 3).

Figure 7.5 allows a better understanding of the weak or strong relationships between indoor

and outdoor temperature, as well as the relation with global horizontal solar radiation. The �gure

plots the daily variation of temperature (left y-axis) and global horizontal solar radiation (right

y-axis) for all the dwellings' analysed rooms during the �rst and second monitoring periods. One

could observe a strong similarity between the oscillation of indoor and outdoor temperature for

Typology 3. Whereas in Typology 1, there is a narrow daily oscillation shifted (to the right) in

comparison to the outdoor temperature. The displacement of curves is evident when observing the

occurrence of maximum and minimum indoor temperature.

The minimum indoor temperature occurs in the morning between 6 and 8 am, and the max-

imum occurs within a broader range between midday until late in the afternoon (around 5 pm).

Cross-correlation analysis was conducted to align the peak indoor temperature at the lag at which

the indoor and outdoor temperatures are best correlated. The highest indoor temperature in Ty-
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Figure 7.5: Indoor and outdoor environmental conditions of the studied archetypes

pology 1 occurs two hours after the maximum outdoor, whereas the effect is almost immediate in

Typology 2 (lightweight), happening after a half to one hour. In terms of Typology 3, the calcu-

lated displacement corresponds to four or �ve hours. Considering the uninsulated characteristic of

dwellings, a displacement of the indoor temperature of that magnitude may not only be attributed

to the outdoor temperature but also additional heat sources such as internal heat gains.

7.5 Sensitivity analysis

The number of uncertainty factors was reduced to 5% for the best-case scenario and 17% for the

worse situation than the number of the initially tested factors (Table 7.8). In the same way, the

total simulation cost reduction was from 4440 simulations to 640 simulations.

The parameters highlighted in grey are parameters found to be in�uential across all the con-
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Table 7.8: Summary of factors and iterations run for the sensitivity analysis and calibration process

A1 B1 C1 A2 B2 C2 A3 B3 C3 Total

Sensitivity analysis Tested factors 52 44 46 42 51 50 50 50 50 435
Number of iterations 530 450 470 430 520 510 510 510 510 4440

Calibration process In�uential factors 9 6 8 2 5 4 6 7 8 55
Number of iterations 100 70 90 30 60 50 70 80 90 640

struction typologies (Table 7.9). Overall, Typology 1 are the ones having the highest number of

in�uential parameters. In other words, the indoor temperature highly depends on the thermal insu-

lation of the envelope. These archetypes' in�uential factors are related to heat gain or loss through

the �oor, walls, and roof.

Regarding Typology 2, only the ground �oor is a consistent in�uential parameter across the

three locations. Besides, in B2, the layer adjacent to the ground also signi�cantly impacts the

indoor temperature. Same as in the previous typologies, the in�uential factors in Typology 3 cor-

respond to the �oor elements, both ground temperature and gravel (layer adjacent to the ground).

Slightly smaller but still in�uential factors are the hollow concrete blocks in walls (B3 and C3)

and light hollow concrete blocks (A3). Besides the envelope elements, in�ltration and ventilation

are two of the most in�uential parameters across all the archetypes.

Table 7.9: In�uential parameters on indoor air temperature for each archetype - Based on the calibration
criteria (m� )

Element Factor A1 B1 C1 A2 B2 C2 A3 B3 C3

Floor Ground temperature 0.27 0.29 0.31 0.23 0.37 0.42 0.23 0.21 0.39
Gravel Conductivity 1.68 0.94 1.00 0.45 0.69 0.12 0.62 0.83 0.80

Thickness 0.26 0.20 0.19 0.16 0.13 0.19 0.18
Screed Conductivity 0.16 0.15 0.13 0.12 0.12 0.11

Walls Adobe Conductivity 0.39 0.34 0.18
Thickness 0.11

Hollow concrete Conductivity 0.17
block Thickness 0.12 0.12 0.17

Roof Light hollow Conductivity 0.16
concrete block Thickness 0.11
Plywood Conductivity 0.11 0.43 0.24

Thickness 0.15
Air �ow In�ltration 0.88 0.49 0.48 0.43 0.75 0.54 0.74 0.92 0.87

Ventilation 0.26 0.11 0.22 0.64 0.71 0.80 0.22 0.46 0.52

7.6 Calibration of archetypes' thermal models

The baseline models already provide some reliable values of indoor air temperature for most

archetypes. For instance, the error between the observed and the simulated data in A1, A2, A3 B1,
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B2 and C3 is already within the acceptable uncertainty criteria limits (NMBE and CvRMSE). The

r2 values in A2, B1, B2 and C2, are above 0.75 (Table 7.10). After calibrating each dwelling's

most uncertain parameter, the NMBE error for all the archetypes is almost null, and the CvRMSE

is below 20%. Thus, the models' calibration not only complies with the criteria in the international

standards (Table 7.4) but is way below the established threshold, as shown in Figure 7.6.

Table 7.10:Uncertainty index for each studied archetype - Baseline and best �t (Room B1)

Case Criteria A1 A2 A3 B1 B2 B3 C1 C2 C3

Baseline NMBE -0.08 -0.02 -0.03 -0.04 -0.05 -0.11 0.13 0.12 -0.09
CvRMSE 0.11 0.15 0.08 0.07 0.10 0.13 0.16 0.21 0.11
R2 0.48 0.86 0.60 0.87 0.85 0.68 0.58 0.94 0.76
Compliance ** *** ** *** *** ***

Best �t NMBE 0.00 0.00 0.01 -0.02 0.01 -0.01 0.06 0.07 0.01
CVRMSE 0.08 0.16 0.08 0.06 0.09 0.08 0.09 0.18 0.09
R2 0.60 0.86 0.55 0.89 0.84 0.63 0.62 0.94 0.58
Compliance ** *** ** *** *** ** ** *** **
Case 029 020 069 014 004 079 065 033 078

*** Complies criteria for NMBE, CvRMSE and R2

** Complies criteria for NMBE and CvRMSE

Figure 7.6: Uncertainty criteria for the baseline and calibrated models for each studied archetype (Room
B1)

Figure 7.7 plots seven consecutive days of the outdoor temperature, observed indoor and

simulated (Baseline and Calibrated) indoor temperatures. For instance, the input data used for

A2, B1 and B2 allowed an almost perfect representation of the indoor temperature. Whereas in
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some dwellings, such as C2, the models need further tuning to represent the maximum indoor

temperature. In Typology 3, the indoor temperature oscillation pattern of simulated temperature

does not follow a similar pattern as the observed data. Particularly in C3, the indoor temperature

is affected by other parameters likely to be solar radiation or internal gains rather than only the

outdoor temperature as in the other archetypes.

Figure 7.7: Monitored and simulated (base and best �t) indoor temperature and the corresponding outdoor
conditions

7.7 Thermal performance assessment

The comfort and discomfort hours for the representative rooms were quanti�ed after obtaining

a calibrated model. The indoor air temperature obtained from the calibrated models was used

to conduct an annual thermal assessment based on the criteria detailed in Table 7.5. The an-
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Figure 7.8: Annual percentage of hours within comfort range per archetype - Dedicated comfort equation
and comfort limits by location

nual percentage of comfort and discomfort hours calculated for each dedicated comfort equation

and comfort limits by location are summarised in Figure 7.8. Overall, discomfort in the studied

archetypes is associated with the percentage of hours below comfort limits, except for Typology 2,

where temperature above the comfort limits is a source of discomfort. It is not a surprise that

Typology 2 (A2 and C2) are among the ones with suboptimal thermal performance. Lightweight

constructions have a broader thermal oscillation, re�ected in a higher percentage of discomfort

hours than the other typologies. However, an extra layer in the roof construction (i.e. gypsum

plasterboard ceiling), as in B2, signi�cantly reduces the total hours of discomfort.

Regardless of the narrow thermal oscillation of high thermal mass dwellings, the higher per-

centage of discomfort hours are observed in Typology 1. However, the effect of heavier thermal

mass in A1 and C1 may explain the higher percentage of discomfort hours in these dwellings than

B1 (thinner adobe walls). Besides, one could attribute the slightly higher percentage of hours

within the acceptability range in A1 to the internal gains than the unoccupied C1. Alternatively,

that occupants exercise control over the indoor environment. Typology 3 (A3, B3 and C3) had an

outstanding performance within the acceptable thermal comfort range (80% voting between -1 and

+1 on the ASHRAE scale). Overall, the percentages of discomfort hours estimated in Figure 7.8

are� 7% lower in locations A and B and� 1.8% higher in Location C than those calculated in

Figure 7.9.
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Figure 7.9 and Figure 7.10 compared the percentage of comfort and discomfort hours

for each archetype within the acceptability comfort ranges de�ned by ASHRAE55:2017 and

ISO15251:2007, and the high-altitude comfort model (All). As previously mentioned, the main

differences between the ASHRAE55:2017 and ISO15251:2007 rely on the comfort equation and

the acceptability comfort ranges.

Figure 7.9: Annual percentage of hours within comfort ranges per archetype -
Comparison with ASHRAE55:2017

Figure 7.10: Annual percentage of hours within comfort ranges per archetype -
Comparison with ISO15251:2007
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Despite the different limits of comfort acceptability between international standards

(ASHRAE55:2017 and ISO15251:2007), the general archetypes' thermal performance patterns

yield similar results. Moreover, when looking at Figure 7.9 and Figure 7.10, the high-altitude

model and the international comfort standards return similar results for archetypes in locations

A (A1, A2, A3) and B (B1, B2, B3). The main difference occurs when evaluating archetypes in

Location C. The percentages of comfort hours (� 2.5 °C) predicted by the high-altitude model are

16.4% (C1), 29.8% (C2) and 89.8% (C3). In contrast, ASHRAE55:2017 and ISO15251:2007 pre-

dicted lower percentages than the high-altitude model. For instance, in C3, the ASHRAE55:2017

standard predicts 50.7% fewer comfort hours (� 2.5 °C) than the high-altitude model, whereas

56.2% less comfort hours (� 2.0 °C) were predicted ISO15251:2007. The reduced percentage

of comfort hours predicted by ISO15251:2007 is attributed to the differences in the regression

coef�cients, as well as the narrower acceptability comfort limits.

Based on the predictions by high-altitude comfort (Figure 7.9), the minimum percentage of

discomfort is 1.9% (C3) and the maximum 80.8% (B1), and the mean percentage of annual dis-

comfort hours is� 36%. Some envelope elements such as �oor and roof (in�uential parameters in

thermal performance, Table 7.9) will bene�t from additional thermal mass or insulation in practical

terms. Figure 7.11 compared the current and hypothetical archetypes' percentage of comfort hours

based on the high-altitude comfort model and the ASHRAE55:2017. The hypothetical archetypes

were modelled in compliance with the envelope thermal insulation requirements incorporated in

NEC11 (Table 7.3). As expected, the total percentage of discomfort hours increases signi�cantly

for the hypothetical archetypes, except for B1. The mean percentage of discomfort based on high-

altitude comfort for the hypothetical archetypes is� 61%, which is� 24.4% higher than the one

estimated for current archetypes. The maximum percentage of discomfort will be over 86% (C2),

and the minimum below 10.1% (A3). Moreover, hours of discomfort above comfort threshold are

only observed in three current archetypes (A2, B2, C2), whereas this phenomenon is observed in

all the hypothetical archetypes.

7.8 Summary of the chapter

The chapter evaluated the developed high-altitude comfort model's applicability to evaluate the ex-

isting housing stock's thermal comfort and new dwellings in compliance with the new - Ecuadorian

construction standard (NEC11). Thus, archetypes' thermal performance representing the existing

housing stock in the Ecuadorian Andes were evaluated. The methodological approach used a
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Figure 7.11: Annual percentage of hours within comfort ranges per hypothetical archetype - Comparison
high-altitude model and ASHRAE55:2017

combination of monitoring and building performance simulation (BPS).

The �rst insight of the collected data highlights the signi�cant impact of construction and oc-

cupancy patterns on the indoor temperature. The daily mean thermal oscillation in medium weight

and vernacular dwellings (Typology 1) varies within a narrow range. Whereas in lightweight con-

structions (Typology 2), the incident solar radiation has a signi�cant impact on the maximum daily

temperature. The indoor air temperature of Typology 2 has a high correlation with the outdoor air

temperature and solar radiation. On the contrary, medium weight constructions (Typology 3) have

a moderate or little effect of solar radiation, a moderate positive effect of temperature, and a mod-

erate humidity effect. Overall, Typology 1 has lower relative humidity levels, whereas a higher

level of relative humidity was recorded at Typology 3. Humidity does not change signi�cantly

across locations but between constructions typologies.

Regarding the calibration and archetypes model simulation, common factors were found to

affect indoor air temperature across the three locations and archetypes. For instance, �oor ele-

ments, wall materials, in�ltration and ventilation are among the most in�uential. For archetypes

similar to those described in this research, one can conclude that thermal simulation models could

be accurately calibrated by an appropriate de�nition of in�ltration and ventilation rates (ACH)

and the thermo-physical properties material of �oor elements. The proposed calibration process

allowed a good estimation of the indoor temperature for dwellings typologies 1 and 2. In typology
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3, a good �t is also achieved; nevertheless, other input factors could be included in the calibration

process to get more precise outputs for further studies.

Finally, the quanti�cation of thermal performance was conducted for the nine current and hy-

pothetical archetypes based on the high-altitude thermal comfort model and international comfort

standards. In order to allow for the comparison, the comfort acceptability ranges were de�ned

according to international standards. Dwellings with a uniform thermal mass in walls, roofs and

�oor (Typology 3) have an outstanding thermal performance in the Ecuadorian Highlands. More-

over, in lightweight construction (Typology 2), a signi�cant improvement in the indoor thermal

environment could be achieved by slightly increasing the insulation or mass of zinc or asbestos

roofs. It is clear that the current housing stock requires some improvement to enhance thermal

performance; however, the adoption of comfort models and envelope thermal insulation require-

ments for dwellings is not the optimal solution for the housing stock in the Ecuadorian Highlands.

Despite the envelope thermal insulation requirements are not very stringent, thermal comfort could

be seriously compromised when applying the criteria de�ned in NEC11. In the absence of con-

textualised criteria for assessing comfort and thermal performance, building standards trigger a

combination of wasting resources and exacerbating discomfort.



Chapter 8

Conclusions

8.1 Overview

The research in this thesis aimed to de�ne a thermal comfort criterion, aligned with the perception

of residents in subtropical highlands, to be used for long-term thermal performance assessment in

dwellings in high-altitude regions. This chapter integrates the main �ndings and results obtained

from the thermal comfort surveys and thermal performance assessment in three high-altitude lo-

cations in the Ecuadorian Andes. Besides, the chapter details the main contributions to the body

of knowledge arising from this research and recommendations for future work.

In order to address the objectives de�ned for this thesis, thermal comfort surveys to high-

altitude residents and thermal performance assessment of dwellings archetypes were conducted.

The research focused on three high-altitude locations in Quito, Ecuador, to assess the effect of

low-pressure in thermal comfort, between 2400 and 3000 meters above sea level. On the one

hand, 398 thermal comfort surveys were collected from permanent residents in three high-altitude

locations between September 2017 and January 2018. The cross-sectional thermal comfort survey

collected subjective votes of the indoor environment and data regarding subjects' acclimatisation,

behavioural responses and predominant symptoms, and perceived discomfort at home. On the

other hand, nine calibrated thermal models corresponding to three dwellings archetypes were de-

veloped based on the monitoring and dwellings audits.

8.2 Contextual and individual drivers of diversity

Several contextual and individual factors were identi�ed to affect the thermal responses and com-

fort temperature in the studied high-altitude locations. In terms of contextual factors, the weather

conditions and the dwellings construction typologies signi�cantly impact the indoor environment,



204 Chapter 8. Conclusions

which in�uence occupants' perception. For instance, the weather's peculiarities in the Ecuadorian

Andres are the narrow annual temperature oscillation, large diurnal temperature variation, low at-

mospheric pressure, and high solar radiation levels. Besides the inherent decrease in temperature

as altitude above sea level increases, a signi�cant difference in humidity ratio, wind speed, and so-

lar radiation was con�rmed. This differences in weather conditions are re�ected in the dwellings'

thermal performance and occupants' perception. The high levels of solar radiation have a signi�-

cant impact on the indoor temperature of lightweight constructions.

The total comfort votes decrease as altitude above sea level increases; on the contrary, the

preference for warmer conditions is higher at higher altitudes than the lower studied location (Lo-

cation A). Humidity perception is more even across the studied locations, whereas drier spaces'

preference increases consistently from Location A to Location C. Contrary to air movement prefer-

ence, occupants at Location C reported a clear preference for reduced air movement and increased

air movement preference at Location A. At the same range of temperature (21.0 °C - 22.0 °C), res-

idents in Location C voted between 'neutral' or 'slightly warmer' in the ASHRAE scale, residents'

in Location B towards 'neutral' and 'slightly cool', and residents' in Location A voted between

'slightly cool' and 'cool'. These results highlight that residents have a different perception of the

indoor at different altitudes, even when the indoor temperature is the same. Besides, residents in

high-altitude regions tend to be more sensitive to draught.

Thermal comfort diversity was explored at the individuals' level. The participants in this re-

search correspond to male and females adults between 18 and 65 years old. The drivers of diversity

explored include gender, age, body surface area (BSA), and acclimatisation. No signi�cant dif-

ferences were observed in comfort temperature across the abovementioned groups. However, the

key �nding was observed in the range of acceptability of comfort temperature. Non-acclimatised

residents (mid and low levels in the overall adaptation index) in the three locations consistently re-

ported a decreasing percentage of temperature, humidity and air movement sensation votes. On the

contrary, a marked preference for warmer, drier and reduced air movement was observed among

non-acclimatised. The same voting trend but lower percentages were observed in acclimatised

subjects (high level in the overall adaptation index).

Moreover, acclimatised residents are more permissive with the indoor environment; broader

comfort temperature limits were observed in this group. These broader comfort ranges suggest

residents' acclimatisation or adaptation to the prevailing conditions or increased coping strategies

compared to the non-acclimatised residents. The attenuated thermal perception of high-altitude
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residents' may be attributed to previous experiences and expectations of the indoor climate, socio-

cultural background, or the repeated exposure to an environmental stressor.

Around 30% of the surveyed participants reported experiencing at least one symptom associ-

ated with poor indoor environments, while a higher percentage of complaints was observed in the

lower location (Location A). Regarding the major sources of discomfort, participants reported is-

sues related to draught and temperature daily oscillation. These results draw important conclusions

in practical terms; despite the high percentage of participants voting for a neutral environmental

sensation, the reported prevalence of symptoms and discomfort at home challenge whether current

dwellings are of adequate quality.

One of the main outcomes of this work is some 'unpacking' of the adaptive model. Through

the investigation, it was possible to identify some of the contextual and individual factors driving

diversity in the subjective assessment of comfort in Ecuador's high-altitude regions. The acclima-

tisation to a cool and low-pressure environment in the Ecuadorian Highlands was mainly observed

in the limits of acceptability of thermal comfort. Besides, as it has been widely reported in the

literature, clothing is a major part of the surveyed population's adaptive behaviour not only to

the prevailing conditions but to the climate in the highlands. The reported disparity in clothing

was observed throughout the environmental votes and comfort temperature across the three study

locations. Furthermore, the different behavioural adaptation strategies con�rm that high-altitude

residents are adapted to a certain extent to the outdoor conditions.

8.3 High-altitude thermal comfort model

In order to identify a thermal comfort model that better represents residents' thermal sensation in

Ecuador's high-altitude regions, the data from the study locations were compared against predic-

tions from the PMV model and adaptive comfort models from current international standards.

Thermal comfort indexes account for the effect of low-pressure when the adjusted convective

heat transfer coef�cient is replaced in the PMV and operative temperature calculation. When com-

paring observed data against comfort predictions, the key �ndings are that a) neither international

standard accurately predicts comfort in the study sample, and b) the disparity in comfort tempera-

ture and range of comfort acceptability increases with altitude from Location A to Location C.

Speci�cally, people in the study sample appear to be better adapted to their conditions than the

international standards predict. The inaccuracy in the predictions is not surprising since the study

sample lives in a different climate to the climates in which existing comfort models were developed
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and tested. The current thermal comfort models result from experiments and �eldwork conducted

across various climate zones, including temperate, hot-humid and cold weather. The limits of

applicability for the PMV model are locations up to 3000m above sea level. In comparison, the

adaptive comfort equations in the standards are recommended only when the running mean or

prevailing mean temperature is above 15.0 °C (ISO15251:2007) or 10.0 °C (ASHRAE55:2017).

Therefore, none of the current international standards should be used for comfort predictions in

high-altitude locations, as is the case of the study Location C. Furthermore, the study people are

at home, where their adaptive opportunity is greater than in workplaces. Besides, people's mini-

mum exposure to mechanically conditioned environments might affect occupants' expectations of

broader indoor temperature ranges.

The high-altitude thermal comfort algorithm derived for the Ecuadorian Highlands resulted

from the regression of the comfort temperature and the 24-hour mean outdoor air temperature.

Even though international standards recommend a weighted running mean outdoor temperature,

a better prediction of comfort temperature was obtained using daily mean values. Multiple linear

regression was performed to test if diversity drivers' inclusion would enhance the prediction of

comfort in high-altitude regions. The coef�cient of determination (R2) did not improve signi�-

cantly when including contextual (altitude) and/or individual (adaptation and clothing) factors in

the prediction of comfort. That is not surprising, as the disparities were observed in the variance

of comfort limits due to adaptation factors and clothing levels in the study sample rather than the

mean comfort temperature. For instance, no signi�cant difference was observed between accli-

matised residents' mean comfort temperature (Overall adaptation = High) and non-acclimatised

ones (Overall adaptation = Low-Mid); the major discrepancy is the acceptability comfort limits. A

signi�cant difference in the means was observed when comparing the mean comfort temperature

across the three study locations.

The key conclusions are that the mean comfort temperature varies signi�cantly across the

study locations; as altitude increases, the comfort temperature decreases. Moreover, different

comfort ranges should be considered to account for differences observed between acclimatised

and non-acclimatised subjects, as well as altitude above sea level. The observed differences across

locations might re�ect a) the subject's exercised control over the indoor environment, b) acclima-

tisation to the prevailing conditions, c) more permissive thermal expectations, or d) a combination

of the abovementioned factors.

The three derived thermal comfort equations, one of the main outputs of this research, allow
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a better prediction of comfort temperature and limits of comfort acceptability for each of the study

locations. Moreover, to account for the observed difference in altitude and acclimatisation, differ-

ent comfort limits are recommended. However, the de�nition of three thermal comfort equations

for such a small geographical territory is not of practical use; thus, a single equation and comfort

limits have also been derived for practical implications.

8.4 Archetypes' thermal performance

The high-altitude thermal comfort model's applicability was tested in the thermal performance

evaluation of representative archetypes and hypothetical archetypes in compliance with the -

Ecuadorian construction standard (NEC11). Nine archetypes' annual indoor thermal performance

was evaluated through building performance simulation (BPS) and validated with the collected

monitored data. The selected archetypes were single-family, detached, uninsulated and free-

running dwellings corresponding to the studied region's dominant housing stock patterns.

The thermal assessment of archetypes focused on evaluating the likelihood of occupants'

satisfaction with the indoor conditions based on the comfort criteria from international standards

(ASHRAE55:2017 and ISO15251:2017). Overall, the discomfort in the study archetypes is as-

sociated with the percentage of hours below the comfort limits. Medium weight constructions

(uniform thermal mass in walls, roofs and �oor), like in Typology 3, have an outstanding thermal

performance in the Ecuadorian Highlands. In contrast, the broader indoor temperature oscilla-

tion in lightweight construction (Typology 2) provoke discomfort due to temperatures above and

below the limits of acceptability. International standards overestimate the percentage of hours

of discomfort for all the study archetypes. For instance, the ASHRAE55:2017 standard predicts

50.7% fewer hours of comfort than the high-altitude model in archetype C3, and 56.2% lower

by ISO15251:2007. The predicted percentages' differences are attributed to the regression coef�-

cients' differences and the narrower acceptability comfort limits.

The thermal assessment of the hypothetical archetypes' thermal environments seeks to in-

vestigate the potential repercussion of modifying the envelope thermal insulation requirements in

the indoor environment. Overall, the total percentage of discomfort hours increases signi�cantly

for the hypothetical archetypes. For instances, the percentage of discomfort estimated for B3 was

42.8% for the hypothetical archetypes compared to only 12.8% (A1) for the current archetype.

Moreover, discomfort above the comfort limits was only observed in three current archetypes (A2,

B2, C2), whereas this phenomenon is observed in all the hypothetical archetypes.
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In conclusion, international standards signi�cantly overestimate discomfort in the study

archetypes. Considering the estimation of discomfort based on international standards, it is not

surprising that current construction standards, such as the NEC11, incorporate more stringent re-

quirements for the thermal insulation of dwellings in the Ecuadorian Andes. It is clear that the

current housing stock requires some improvement to enhance thermal performance. However,

adopting thermal insulation requirements and comfort models from international standards could

trigger a combination of wasting energy, exacerbating discomfort and losing the bene�t of existing

ways in which people adapt to their local climate.

An important outcome of this research is some 'unpacking' of the adaptive model through

a deeper understanding of why and how people adapt to high-altitude locations. This investi-

gation provides some grounded evidence that contextualises the adaptive comfort model to the

high-altitude climate's particular characteristics and the population's socio-cultural characteris-

tics. Thermal comfort models adjusted to the occupants' perception are fundamental in assessing

free-running dwellings as users rely on adaptation to restore comfort; hence, thermal comfort

models become the main criteria for thermal performance evaluation.

8.5 Contribution to the knowledge

The thesis advances understanding of thermal comfort and adaptation strategies of residents in

high-altitude locations in the Ecuadorian Highlands. The key theoretical, methodological, and

practical contributions of this thesis are:

a. In terms of practical contribution and the primary outcome in this thesis is the development

of a contextualised thermal comfort algorithm and comfort range for high-altitude regions.

The thermal comfort model proposed in this research aims to enhance the prediction of com-

fortable indoor temperatures for dwellings in the Ecuadorian Andes. Although the model

was developed with data from three locations nearby Quito, the model could be used as a

reference for other high-altitude regions in Ecuador and South America due to similarities

in contextual and cultural background.

b. One of the main theoretical contribution relates to the adaptive comfort theory. The results

in this thesis identi�ed one contextual (altitude above sea level) and two individual fac-

tors (Adaptation and clothing) that explain the diversity in thermal sensation and comfort

temperature in the Ecuadorian Highlands. Understanding of the factors driving diversity

allow a better prediction of thermal comfort and expand the mechanisms to restore comfort.



8.5. Contribution to the knowledge 209

Furthermore, the research extends knowledge regarding the limits of the existing adaptive

comfort model's applicability.

c. A signi�cant methodological contribution is the development and validation of data col-

lection instruments and modelling processes. In order to overcome the inherent require-

ments, limitations, and constraints in developing countries, additional efforts in reshaping

and adjusting research instruments were required. The thermal comfort surveys used in this

research combine sets of standardised and speci�c questions that are helpful for a broader

research community, particularly in Latin American countries. The validated Latin America

Spanish version of the questionnaire constitute an important reference for further thermal

comfort studies in the region. Although the subjective judgement scales to assess the in-

�uence of the indoor environment have been translated to different languages and widely

used in thermal comfort research. Very few versions have been translated and adapted to

Latin American Spanish. The structure and wording of the subjective judgement scales were

tested and piloted following the criteria and compliance for inclusion in the activities of the

'Annex 69: Strategy and Practice of Adaptive Thermal Comfort in Low Energy Buildings'

initiative (Schweiker et al., 2020). The subjective judgement scales' wording was discussed

with seven bilingual (Native Spanish speakers and English) peers working in the building

physics �eld. The experts provide feedback about the judgement scales wording and com-

ments about the survey structure and content. Besides, a sociologist provided input to the

document's content and appropriateness of language usage for breaching gaps and building

trust with participants.

Furthermore, the original set of questions designed to collect information about general

contextual differences (i.e. birthplace, length of residence) and within or intra-contextual

differences (i.e. exposure to different environmental conditions) provides a background for

further researching acclimatisation. In this study, this approach allowed to de�ne a proxy to

measure adaptation in high-altitude environments. However, it could be further expanded to

investigate acclimatisation to different stressors.

d. Another signi�cant contribution relates to de�ning a simple methodological approach for

calibrating and modelling poorly detailed free-running dwellings. Most of the existing cal-

ibration methods do not account for uncertainty, oversimplify input parameters, and use

energy as the most common output to validate a model's accuracy. This research proposes
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a comprehensive methodology for calibrating free-running dwellings using an automated

process and high-resolution data. A combination of analytical techniques was used, includ-

ing uncertainty quanti�cation and global sensitivity analysis using an automated. Since the

calibration goal is to achieve hourly indoor air temperature, the most important parameters

for �ne-tuning are the building envelope and in�ltration rate. Besides, the primary calibra-

tion goal is to quantify thermal discomfort and minimise the difference between monitored

and predicted indoor temperature. Therefore, the minimum and maximum indoor air tem-

perature values must be accurately predicted to quantify discomfort in the studied dwellings

opposite to mean values. Furthermore, the unique calibration methodology explains how to

de�ne an appropriate and valid range of input values when no data on the materials' thermal

properties is available. Although the proposed calibration method was applied in small and

relatively simple dwellings geometry, the methodological approach could be transferred and

scaled up to other free-running buildings. Although the proposed calibration method was

applied in small and relatively simple dwellings geometry, the methodological approach

could be transferred and scaled up to other free-running buildings.

e. Furthermore, the thermal comfort algorithm constitutes a pivotal contribution to inform pol-

icymakers. The developed high-altitude model serves as a reference for de�ning the min-

imum thermal insulation requirements for free-running dwellings in the local construction

codes. The followed approach allows for the contextualisation and tailoring of indices and

criteria according to the climatic and socio-cultural conditions in the Ecuadorian Highlands.

8.6 Recommendations from research towards to policy

Based on the results and �ndings from this study recommendations towards policy related to pre-

ferred building typology and guidance on health mitigation to tackle overheating and overcooling.

8.6.1 Recommendations towards policy for buildings

Results from this study have highlighted the overheating and overcooling risk of the existing hous-

ing stock, mainly of lightweight dwellings. Poorly insulated and high in�ltration constructions

together with lower temperature and low pressure intensify overcooling. Meanwhile, the combi-

nation of poor insulation and high in�ltration together with the incident solar radiation increases

overheating. Besides, the interaction of factors such as climate change, increasing urbanisation

and urban heat islands, the incessant drive to reduce construction costs, the technical ability to

identify and quantify the problem can exacerbate overheating and overcooling in dwellings. In
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a way, high-altitude residents are culturally prepared to tackle overcooling than responding to

overheating. On the one hand, the �nding in this research revealed the thermal performance de�-

ciencies and strengths of the most common construction typologies in the Ecuadorian Andes. On

the other hand, results from this study have begun to identify some of the interventions that should

be taken to mitigate the problem and enhance the thermal indoor environment. Findings have been

combined and traduced below in recommendations for improving the thermal indoor environment

of existing and new housing stock.

• The monitoring data revealed that uninsulated lightweight dwellings (Typology 2) are the

most thermally inef�cient construction systems. The large diurnal temperature oscillation

resulted in overheated and overcooled dwellings. Despite the broad temperature difference,

results from this study highlight that minimum intervention could signi�cantly improve

the indoor environment. For instance, the daily oscillation of a lightweight dwelling was

20.5� °C (C2 in Table 7.7), reaching up to 33.5 °C during the day and a minimum tem-

perature of 13 °C, which traduces in 58.4 % of annual hours of discomfort (Figure 7.8).

Meanwhile, a simple and effective intervention in existing dwellings, such as B2, signi�-

cantly improve the thermal environment. Taking advantage of the roof shape and adding a

ceiling layer (cardboard, thickness 1.5cm) reduces the diurnal thermal oscillation to 6.3 °C

(Table 7.7) and increases comfort conditions to 73.4% (Figure 7.8).

• The mediu mweight construction dwellings have exemplary thermal performance compared

to the other two studied typologies. The effect of thermal mass in the entire envelope, as

in C3 (Table 7.7), keeps the indoor temperature between 15.6 °C (minimum) to 19.4 °C

(maximum) and within comfortable ranges 96.7% of hours a year. Therefore, the construc-

tion of new dwellings, in which the envelope u-values are within a range of the studied

medium weight archetypes, would signi�cantly improve dwellings' indoor environmental

conditions.

Many new and emerging buildings' standards focus on climate change mitigation through

energy and carbon reduction. The local construction standards (NEC11) set a minimum envelope

thermal insulation to optimise the building for heat retention and improve the indoor environment.

However, improving the insulation of housing stock and reducing unwanted air in�ltration is a

combination that would exacerbate overheating.

Before any real progress in policy is made, further research is clearly needed to get a robust
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de�nition of the minimum envelope thermal insulation requirements to be implemented in building

standards to improve the thermal environment and minimise unintended consequences. Regulatory

requirements might not only include the minimum thermal properties of envelope materials but a

provision of adequate adaptive opportunities through ventilation and shading.

8.6.2 Recommendations towards health guidelines

Climate change, the increasing population projected to live in cities, and the growing urbanisa-

tion magnify the heat risk due to rising temperature and the heat island effect. Furthermore, the

increasing housing demand proliferates the construction of uninsulated lightweight dwellings, as

it is a viable approach for reducing costs and increasing construction speed. As a result, existing

and new housing stock risks continuous overheating and overcooling.

Concerns about housing demand and climate change have enhanced policies attempting to

improve housing stock affordability and quality. Besides, new and existing buildings must en-

sure resilience and an ability to adapt over time. Thermal insulation and airtightness should be

combined with appropriate climate change mitigation strategies such as shading and natural ven-

tilation. Otherwise, the risk of uncomfortable conditions may be inadvertently increased and con-

sequently health and well-being implications. Thus, protection against cold temperature and high

incidence solar radiation emerge as a priority in housing standards requirements to ensure quality

is critical in determining health.

Findings from this research uncovered the high level of adaption to the prevailing conditions

of residents in high altitude regions. However, it is worth remembering that adaptation is a form

of coping with adverse conditions, and coping should not be confused with comfort. Coping can

carry a cost, as shown in the results of reported health issues and discomfort at home. 30% of the

participants reported health issues prevalent at home, and 95% of the householders reported dis-

comfort associated with the quality of the indoor environment. Thus the importance of addressing

overheating and overcooling is a genuine concern for ensuring safe and healthy homes.

Poorly built dwellings might cause a signi�cant prevalence of Sick Building Syndrome (SBS)

and thermal discomfort. Besides, places with cold winters have recorded increasing annual excess

winter deaths, particularly amongst vulnerable groups. A better understating of the impacts of the

physiological effect of the strain (heat or cold) exposure duration and the acclimatisation process

over successive days will inform the debate around adaptive thermal comfort and limitations.

Further research requires public health bodies to closely work with building physics' re-

searchers to quantify the extent to which the housing sector addresses current and future climate
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hazards. Mapping the existent risks would allow prioritising areas for public health and policy-

makers and embedding climate resilience in planning, building design, and retro�t of housing

stock.

8.7 Limitations and future work

The conducted research used a cross-sectional thermal comfort survey, indoor environment moni-

toring, and building performance simulation. These research approaches gathered different types

of data that require diverse data analysis methods from descriptive to inferential statistics. There-

fore, the limitations of this research range from data collection limitations to results generalisabil-

ity.

The inherent limitations of �eld studies are related to the lack of control over study variables,

dif�culty replicating or recording data accurately, and ethical issues. Despite the cooperative at-

titude of participants, guarantee the same conditions for data collection was not always achieved.

For instance, during thermal comfort surveys, participants could have changed position or activity.

In the monitored archetypes, two of the dwellings suffered major renovations in between mon-

itoring periods. Despite the limitations of this research due to the dwellings' renovations, the

collected data allow for new opportunities to investigate further the effect of these interventions in

the archetypes' thermal performance.

One of this research's limitations was to assure a representative sample of the study popula-

tion; due to the lack of a sample frame, the sampling technique employed for the thermal comfort

surveys and archetypes' audit was a convenience sample. Furthermore, the data was collected in

detached dwellings at three high-altitude locations between 2400m and 3000m; further research

in other locations at different altitude and different dwellings typologies would improve the high-

altitude comfort model. Besides, by the nature of the locations, mainly medium and low-income

families were surveyed; thus, the research should be extended to other population segments.

Measuring and analysing acclimatisation was one of the most challenging research tasks.

Due to modern populations' mobility, studying the adaptation and acclimatisation of subjects to

different environmental conditions becomes dif�cult or even impractical. Additionally, the oper-

ationalisation or de�nition of altitude adaptation measurement as a concept is underspeci�ed and

certainly omits essential features. However, the designed set of questions provides a reasonable

proxy to address this study's research objectives to differentiate between acclimatised participants

from non-acclimatised ones. The adaptation factors analysis and overall adaptation index follow
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a simple approach; however, the overall adaptation index de�nition could be further improved

by employing more advanced mathematical and statistical methods such as principal component

analysis.

The perceived symptoms and discomfort associated with poor indoor environmental quality

in dwellings provide valuable information regarding the indoor environment's quality. Results in

this thesis only described the most frequent symptoms and sources of discomfort experienced by

occupants. However, further investigation of these reported symptoms frequency or a combination

of symptoms and discomfort could be a more useful measure of the indoor environment's quality.

Besides identifying the different drivers of diversity affecting thermal responses, the chal-

lenge in thermal comfort studies also relies on exploring different comfort algorithms and stretch-

ing the limits to contextualise comfort criteria without creating inherently uncomfortable condi-

tions. Adaptation is a coping mechanism; however, coping does not necessarily imply comfort,

and it could carry at a cost. For instance, wearing heavier clothing ensembles might be viewed

as a necessary inconvenience for occupants. Heavier clothing could either imply that subjects are

generally satis�ed with colder conditions or attributed to a combination of adaptation and coping

mechanisms. Understanding the extent to which behavioural adjustments are a suitable response to

provide comfort or become a coping mechanism is relevant not only to academic interest but also

the practical implications. Therefore, future research is recommended to explore further the extent

to which clothing level is energy-ef�cient and culturally satisfying people's behaviour or rather

an inconvenient necessity of adaptation. Some additional considerations include investigating the

unintended excess energy use and other resources resulting from certain acclimatisation or be-

havioural adjustment mechanisms (i.e. using other appliances not intended for heating the space).

Besides, further research could be conducted to understand if the behaviour that leads to comfort

have an adverse effect on health and well-being. Further research of particular interest for this

segment of the population would be to understand if discomfort or behaviour that leads to comfort

interfere with occupants' daily activities at home, affecting the socio-economic development.
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Supplementary material literature review

A.1 Main cities in the Ecuadorian Highlands

Table A.1: Population and altitude level of the main cities in the Ecuadorian Highlands

Province Province capital Population1 Altitude( m)2

Pichincha Quito 2,239,191 2850
Azuay Cuenca 505,585 2550
Tungurahua Ambato 329,856 2500
Chimborazo Riobamba 225,741 2754
Loja Loja 214,855 2060
Imbabura Ibarra 181,175 2225
Cotopaxi Latacunga 170,489 2800
Bolivar Guaranda 91,877 2668
Carchi Tulcan 86,498 2980
Canar Azogues 70,064 2518

Note:
1 Population of the province capital city
2 Altitude above sea level of the geographic centroid of the city

A.2 Systematic literature review process

Few studies have been conducted to investigate the effect of low-pressure environments on ther-

mal performance and thermal comfort. The systematic literature review aimed to identify rele-

vant studies on thermal comfort and thermal performance, investigating the effect of low-pressure

environments. Conceptual themes used for the systematic search were environmental analysis,

location, and environment. The speci�c themes and combination of keywords used for the search

are detailed in Table A.2. Besides, the search was constrained to search terms used in the publi-

cation's title, keywords, and abstracts. Regarding the speci�c context, two separate searches were

conducted; the �rst one centred on getting a general overview of studies conducted in the high-
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Table A.2: Themes and search terms for literature review in the high-altitude regions

Conceptual themes Speci�c themes Search terms

Environmental analysis Thermal ”temperature sensation” OR ”preferred temperature” OR
”temperature vote” OR ”thermal sensation” OR
”thermal preference” OR ”thermal satisfaction” OR
”thermal vote” OR ”thermal comfort” OR
”thermal analysis” OR ”thermal performance” OR
”indoor thermal” OR ”thermal analysis”

Location Altitude highland OR highlands OR “high altitude” OR altitude OR
hypoxic OR hypoxia OR hypobaric OR “low pressure” OR
mountain OR mountainous

Regional Ecuador OR Ecuadorian OR Ecuadorean
Colombia OR Colombian
Peru OR Peruvian

Environment Indoor dwelling OR dwellings OR building OR
buildings OR residential OR house

altitude regions across the world, whereas the second focused on regional publications. Lastly, a

third conceptual theme, environment, was used to constrain the indoor environment's search only.

The systematic literature review used electronic databases available up to November 2019

at Scopus. Besides, some references found in the selected publications were also included. As

well as any additional relevant paper published until November 2020. A total of 138 publications

results from the searching criteria. After the electronic search, all the papers' titles, abstracts, and

keywords of each publication were analysed for further analysis. The criteria applied for inclusion

and exclusion of a publication is described above:

Inclusion criteria:

• The main criteria for selection was the location conceptual theme. The criteria for selection

correspond only to studies conducted in areas located at elevations above 1000m.

• Habitable indoor environments only.

• Studies that reports �ndings of the effect of altitude in human beings.

• Publications in English and Spanish.

Exclusion criteria:

• Search terms used in a different context as intended for the literature review. Location theme

refers to the place where the study was conducted and not in a different context.

• Studies reporting the same results by the same author.
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All papers reporting �ndings on subjective response to the thermal environment were in-

cluded in the review of thermal comfort studies in high-altitude regions. Other publications rele-

vant to the thermal environment assessment for enhancing comfort were included in the review of

thermal performance in high-altitude regions.





Appendix B

Data collection instruments for data collection

B.1 Data collection instruments for the thermal comfort survey

The appendix contains the templates the instruments used for the thermal comfort data collection

and the corresponding English translations. The instruments used include:

• Invitation letter used to provide information to potential participants (Section B.1.1 for the

Spanish and English version)

• Thermal comfort questionnaire (Section B.1.2 for the Spanish version and Section B.1.3 for

the English version)

• Auxiliary cards

• Survey observations sheet (Section B.1.4 for the Spanish version and Section B.1.5 for the

English version)
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B.1.1 Invitation letter for the thermal comfort survey
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B.1.2 Thermal comfort questionnaire - Spanish template
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B.1.3 Thermal comfort questionnaire - English template
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B.1.4 Survey observations sheet - Spanish template
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B.1.5 Survey observations sheet - English template
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B.1.6 Auxiliary cards for multiple choice and scale answers
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