EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Comfort in Urban Public Spaces

Citation for published version (APA):
Peng, Y. (2022). Comfort in Urban Public Spaces. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Built
Environment]. Eindhoven University of Technology.

Document status and date:
Published: 01/06/2022

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 05. Oct. 2023


https://research.tue.nl/en/publications/969eab02-e59b-40ac-ae95-1cb8c3d6194a

in Urban Public Spaces

c
)
c
)
afd
(7))
S
-
O
(a0

Comfort




Comfort in Urban Public Spaces

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische

Universiteit Eindhoven, op gezag van de rector magnificus

prof.dr.ir. F.P.T. Baaijens, voor een commissie aangewezen
door het College voor Promoties, in het openbaar te

verdedigen op woensdag 1juni 2022 om 16.00 uur

door

You Peng

geboren te Zhuzhou, China




Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de

promotiecommissie is als volgt:

voorzitter: prof. dr. Theo A.M. Salet
1 promotor: prof. dr. Harry J.P. Timmermans
2¢ promotor: prof. dr. Tao Feng (Eindhoven University of Technology /
Hiroshima University)
leden: prof. dr. Theo A. Arentze
dr.ir. Twan A.J. van Hooff
prof. dr. Yingxin Zhu (Tsinghua University)

Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is uitgevoerd
in overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening




Comfort in Urban Public Spaces




A catalogue record is available from the Eindhoven University of Technology Library

ISBN: 978-90-386-5511-6
NUR: 955

Cover design: You Peng, Liang Hsiang, Handie Chen
Photography: You Peng

Printed by the Eindhoven University Press, Eindhoven, the Netherlands
Published as issue 332 in de Bouwstenen series of the Department of the Built Environment of
the Eindhoven University of Technology

Copyright © You Peng, 2022

All rights reserved. No part of this document may be photocopied, reproduced, stored, in a
retrieval system, or transmitted, in any from or by any means whether, electronic, mechanical, or
otherwise without the prior written permission of the author.




Zwei Dinge erfiillen das Gemiit mit immer neuer und zunehmender Bewunderung und
Ehrfurcht, je 6fter und anhaltender sich das Nachdenken damit beschaftigt: Der

bestirnte Himmel liber mir und das moralische Gesetz in mir.

Two things fill the mind with ever new and increasing admiration and awe, the more
often and steadily we reflect upon them: the starry heavens above me and the moral
law within me.

--- by Immanuel Kant







Preface






The completion of this dissertation means the long journey of my PhD study in the
Netherlands is coming to an end. This experience shaped much of my current
professional and academic pursuits. During this challenging trip, with ups and downs,
fortunately, | was not alone. | would like to take this opportunity to offer my profound

gratitude to everyone who helped me all the time along the way.

There are no proper words to convey my sincere appreciation and respect for my first
promotor, prof. dr. Harry Timmermans. He offered me the opportunity to pursue my
doctoral degree and broaden my horizon. | have benefited a lot from his broad
knowledge and superb guidance. His flexibility, patience, and concern contribute to our
excellent working relationship and the accomplishment of my PhD research. His
comments and suggestions on methodology and writing in a scientific way have

improved the quality of our publications and this dissertation to a higher level.

My deepest gratitude goes to my second promotor and daily supervisor, prof. dr. Tao
Feng, who always helped me at the crucial time. He spent considerable time and effort
on my work and guided me to the right track of doing research. He enlightened me to

formulate the modeling approaches and put them into practice.

My appreciation goes to prof. dr. Bert Blocken as well. He made great contributions to
the proposal and plan of this doctoral research project in its initial stage. | really admire
the way he commits to his work. He is always having a thoughtful plan and strong

attention to details.

Many thanks to Jan Diepens and Wout van Bommel, dr. Qi Han, and all research
assistants for their supports on data collection. This research would not be possible

without their efforts and contributions.

| would also like to acknowledge the committee members, prof. dr. Theo Arentze, dr. ir.
Twan van Hooff, and prof. dr. Yingxin Zhu for their valuable time and effort spent in

reviewing my dissertation and their insightful and motivational comments.

It has been a wonderful and rewarding experience of working with many great
colleagues who support me in various ways. | am very thankful to prof. dr. Soora Rasouli
for her swift response and action whenever | need her help. My deeply gratitude goes
to Marielle Kruizinga, Mandy van de Sande and dr. Peter van der Warden. They are

always kind to provide me a wealth of help and information and highly active in the




events that | get stuck. Time files and changes things, but | have good memories along
with Aida, Aloys, Ana, Anna-Maria, Anastasia, Astrid, Benny, Bilin, Bojing, Chaoyu,
Chenyu, Dong, Elaheh, Elaine, Eleni, Fariya, Gamze, Gaofeng, Guangde, Gustove, Hexin,
Iphi, Jia, Jianfei, Jianwei, Jing, Jinhee, Juan, Lida, Linda, Merce, Pauline, Qiangian,
Rainbow, Robert, Seheon, Shangqi, Sophie, Sunghoon, Valeria, Wenshu, Xiaochen,
Xiaofeng, Xiaoming, Xiaoyue, Xueting, Wen, Widiyani, Yajie, Yanan, Yuwen, Yutian, Zahra,

Zhengying, Zhihui, and Zhong.

If the course of PhD research is like a trip, living abroad for a few years is more than just
a trip. The real life is always far more complicated, and full of unexpected setbacks.
Fortunately, | harvest friendship and knowledge. A special thanks owes to Bo, Dujuan,
Feixiong, Hao, Kang, Nan, Rui, Tian, Xinfeng, Yang, Yi and Zhigiang. | enjoy the way of life

in the Netherlands and feel a pleasure of sharing my happiness with them.

Most importantly, | would like to thank my dear family for their help, patience and trust
without any premise and condition. Despite the unexpected difficulties during these
years, | have always been committed. Their care and concern always brighten and

encourage me to finalize the relatively long process of PhD study and this dissertation.

You Peng

Eindhoven, April 2022




Content






Preface
Content
List of Figures
List of Tables
Chapter 1 Introduction
1.1 Background and motivation
1.2 Problem statement
1.3 Research objectives
1.4 Outline of the dissertation
Chapter 2 Literature Review
2.1 Introduction
2.2 Outdoor thermal comfort indices
2.2.1 Direct index
2.2.2 Rational index
2.2.3 Empirical indices
2.3 Adaptive model
2.3.1 Physiological acclimatization
2.3.2 Behavioral adjustment
2.3.3 Psychological adaptation
2.4 Context-based adaptive approach
2.5 Conclusions
Chapter 3 Conceptual Framework
3.1 Introduction
3.2 Concepts related to comfort
3.2.1 Thermal sensation and thermal neutrality
3.2.2 Thermal preference and preferred temperature
3.2.3 Overall comfort
3.2.4 Comfort zone
3.3 The human factors
3.4 Conceptual framework

3.5 Conclusions

Xi

xiii

O N o w

13
15
17
17
19
23
24
25
26
26
26
28
45
47
49
49
49
50
50
50
52
57

Vii



Chapter 4 Data Collection and Descriptive Statistics 59

4.1 Introduction 61
4.2 Study area 61
4.3 Data collection 63
4.3.1 Study location selection 63

4.3.3 Measurement device 65

4.3.4 Field work 66

4.4 Descriptive statistics 67
4.4.1 Physical conditions of the public spaces 67

4.4.2 Socio-demographic and behavioral statistics 68
Chapter 5 Linear and Nonlinear Relationships 77
5.1 Introduction 79
5.2 Conceptual framework 80
5.3 Multiple linear regression 82
5.4 Nonlinear model with Box-Cox transformation 84
5.5 Results and discussion 84
5.5.1 Linear relationships 84

5.5.2 Nonlinear effects 88

5.5.3 Elasticity analysis 90

5.6 Conclusions 90
Chapter 6 Direct and Indirect Relationships 93
6.1 Introduction 95
6.2 Conceptual framework 96
6.3 Path analysis 99
6.4 Results 100
6.5 Conclusions 105
Chapter 7 Heterogeneity in Comfort Assessment 109
7.1 Introduction 111
7.2 Latent class path model 115
7.3 LCPM estimation 120
7.4 Conclusions 126

viii



Chapter 8 Conclusions 129

8.1 Summary 131
8.2 Implications for urban planning 133
8.3 Limitations and future research 134
References 137
Appendix 169
Author Index 175
Subject Index 183
Curriculum Vitae 187
List of Publications 189







List of Figures

Figure 1.1 Outline of the dissertation 11
Figure 3.1 Conceptual framework of existing outdoor comfort studies 55
Figure 3.2 Conceptual framework with expanded set of influential factors 56
Figure 4.1 Location of Eindhoven in The Netherlands 62
Figure 4.2 Monthly air temperature and precipitation of Eindhoven in 2015 63
Figure 4.3 The sights and locations of the studied areas 65
Figure 4.4 The scenes of survey and measurement 66

Figure 4.5 Proportion of respondents’ sensations of microclimatic and environmental
conditions 72

Figure 4. 6 Proportion of respondents’ preference of wind and sunlight 73

Figure 4.7 Proportions of respondents’ overall comfort assessments, and acceptability
and need satisfaction of outdoor activity 74

Figure 5.1 Diagram of influence of expanded human factors on comfort assessment 83

Figure 6.1 Diagram of conceptual framework with direct and indirect relationships 97

Figure 7.1 The conceptual framework of latent class in comfort assessment in urban
public spaces 116

Figure 7.2 Diagram of the estimation result of LCPM 124

Xi






List of Tables

Table 2.1 List of peer-reviewed field studies 32
Table 4.1 The profile combinations of the orthogonal fractional factorial design 64
Table 4.2 The location of the studied areas 64
Table 4.3 The specification of sensors for movable microclimate monitor 65
Table 4.4 The daily weather characteristics of Eindhoven during the field work 66

Table 4.5 The meteorological variables of microclimatic conditions and sound pressure
level 69

Table 4.6 The socio-demographic and physiological characteristics of respondents 69
Table 4.7 The proportions of respondents regarding behavioral factors 70
Table 5.1 Estimation results of the multiple linear regression model 85

Table 5.2 Estimation results of nonlinear regression with Box-Cox transformation 89

Table 5.3 Elasticity of significant explanatory variables 91
Table 6.1 Hypothetical relationships 98
Table 6.2 Indices for Goodness of fit of the path analysis 101
Table 6.3 Estimation of the intercepts 101
Table 6.4 Estimation results of the path model 102

Table 7.1 The estimate indices for comparison of different number of latent classes

122
Table 7.2 The covariates of membership in different latent classes 122
Table 7. 3 The estimation results of LCPM. 123

Xii






Introduction






Chapter 1 Introduction

1.1 Background and motivation

Humanity is experiencing a dramatic shift towards urban living (Grimm et al., 2008). Since
2007, more than half of the world population lives in cities. As the rapid urbanization
seems unstoppable, the urban population is projected to reach 68% by 2050 (Cohen,
2003; United Nations, 2018). The increase of people residing in urban areas obviously
increases pressure on land and public infrastructure. It leads to urban sprawl, due to the
expanding demand for living and working space. Meanwhile, the concentration of
population and industry in urban areas implies a higher consumption of energy, massive
congestion, air pollution and significant change of the urban morphology, which
contribute to climatic change and the degradation of environmental quality in city
regions (Kalnay and Cai, 2003; Mills et al., 2010; Scheuer et al., 2017). More specifically,
the anthropogenic activities have increased the global temperature and there is a high
probability of a further increase if the current carbon emissions are unmanaged (IPCC,
2019). Urban life is facing a host of difficult challenges, including potential heat waves,
cold spells, droughts and extreme rainfall that are projected to be more frequent, more
severe, and of longer duration (Grimm et al., 2008; Wilson et al., 2008; Gao et al., 2015;
IPCC, 2019). These prominent urban problems prompt solutions for anticipating and
designing for uncertain, perhaps rapidly varying, microclimatic conditions (Chappells and
Shove, 2005).

The outdoor thermal environment is complex due to the constantly changing
environmental conditions and the interplay between the human body and the ambient
environment. People are directly exposed to dynamic and non-uniform microclimates
and environmental conditions when conducting daily activities. The abovementioned
consequences of climate change and urban growth stimulated a growing concern about
sustainable and climate-sensitive adaptation strategies and their implications for
improved urban environmental quality, and research interests to overcome the adverse
effects on comfort, health, and well-being of urban residents, especially among urban
planning and policy making professionals (Lenzholzer et al., 2020). The experience of
urban public space is highly dependent on microclimate conditions (Nikolopoulou et al.,
2001; Zacharias et al., 2001; Eliasson et al., 2007; Gehl, 2011; Chen and Ng, 2012; Lai et
al., 2014; Coccolo et al., 2016). Thermal comfort plays an indispensable role in the

evaluation of urban microclimatic conditions and environment quality (Rupp et al., 2015).
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In recent years, intense changes in urban microclimates and morphologies have
endangered urban ecosystems (Gao et al., 2015). The fast pace of urban development
has caused the replacement of dense greeneries with impermeable pavements and
buildings which leads to high albedo and lack of natural ventilation (Kondo et al., 2001).
Unlike the native vegetation counterparts in rural areas, the physical properties of urban
materials with relatively high volumetric heat capacity generate higher heat storage and
temperatures (Arnfield, 2003). In addition, urban geometry modifies the radiations and
wind speed and turbulence which intensifies the heat emission in the urban canopy layer
and induces thermal stress in outdoor public spaces, so that urban areas experience a
substantially different meteorology than their rural counterparts (Oke, 1982, 1988;
Heusinkveld et al., 2014). It has been confirmed that, as a downside to urbanization, the
land cover of city centers brings more thermal discomfort when compared with
peripheral and rural areas (Johansson and Emmanuel, 2006). In particular, the threat of
pronounced additional warming of built-up areas has been well documented, which is
known as the urban heat island (UHI). This phenomenon was reported not only in cities
with high radiation, but also in cities of high latitudes characterized by warm or cold
summers (Peng et al., 2012; Stewart and Oke, 2012; Santamouris, 2020). Urban public
spaces are vulnerable to UHI and other possible adverse effects of extreme
biometeorological conditions (Hoppe, 2002). Due to the accelerating replacements of
plants with impervious surfaces in urban growth, a thermal stress of higher temperature
and less natural ventilation exist in urban areas compared with rural environments,
which deteriorate the livability and vitality of urban spaces and impede sustainable

development (Fong et al., 2019).

Residents in cities of developed countries stay most of the time in indoor environments.
On average, individuals spend less than 20% of their time outdoors (Klepeis et al., 2001).
The air-conditioned spaces are intensively used by the urban population to meet their
thermal comfort requirements by skipping the natural wind and sunshine, adapting to
avoid the increased vulnerability to climatic challenges in outdoor environments (Niu et
al., 2015; Golasi et al., 2018). The sedentary lifestyle not only harms the health of people
but also considerably increases energy consumption (Kumar and Sharma, 2020).
However, it has been evidenced that physiological and psychological health and well-
being of people depend on outdoor physical and recreational activities such as walking,
jogging, and cycling. As a salient component of urban systems, where spontaneous and
unexpected social interactions take place, outdoor public spaces can promote an active

lifestyle by accommodating urban residents’ daily traffic and outdoor activities (Spagnolo
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and de Dear, 2003a), and at the same time, contribute to energy efficiency of

surrounding buildings (Yang et al., 2014).

People in outdoor urban environments are often directly exposed to their immediate
non-uniform microclimatic conditions with variations of sun and shade, and changes in
wind speed. As an essential factor to quantify the perceived environment, thermal
comfort may influence people’s usage patterns of urban public space (Nikolopoulou et
al., 2001; Nikolopoulou and Lykoudis, 2007; Aljawabra and Nikolopoulou, 2010; Rupp et
al., 2015; Shooshtarian et al., 2020). It has long been recognized that comfortable
outdoor conditions meeting the occupants’ expectations can attract a greater number
of people to spend more time in urban public spaces, thus facilitate people’s
environmental and social interactions and reduce anthropogenic energy consumption of
air conditioning and lighting in buildings (Nikolopoulou and Lykoudis, 2007; Kriiger et al.,
2013; Lai et al., 2014; Liet al., 2016). Although the impact of everyday comfort conditions
on daily life is less noticeable, the variation throughout an entire year may significantly
influence residents” outdoor behavioral patterns. Ensuring provision of high-quality and
comfortable outdoor environments contributes to promoting an active lifestyle by
providing spaces for outdoor recreational, commercial, social, and cultural activities
(Chen and Ng, 2012; Shooshtarian, Rajagopalan, and Sagoo, 2018; Weijs-Perrée et al.,
2019). Therefore, it is important that urban planners and researchers understand human

comfort in outdoor spaces.

The objective of creating comfortable outdoor environment has several dimensions,
from mitigation of adverse microclimatic and environmental effects and reduction of
urban energy consumption to the improvement of public health and well-being as the
ultimate goal (Nicol and Roaf, 2017). Applicable outdoor comfort evaluation is of great
importance to implement adaptation strategies to mitigate adverse effects of climate
change and ameliorate the microclimate in urban public spaces with respect to meeting
residents’ everyday demands with thermally comfortable conditions, which can provide
critical and valuable information for urban planners and policy makers (Nikolopoulou and
Steemers, 2003; Blocken et al., 2012; Shooshtarian et al, 2018). Taking outdoor comfort
into account in urban planning and design practice can lead to a more holistic view of
sustainable urban development. Urban design and planning professionals, therefore,
have been directed to take microclimatic information into consideration for ensuring the
provision of comfortable outdoor environments. However, the reconciliation of comfort
determinants within design and planning processes is lacking a full understanding of
human comfort.




Comfort in Urban Public Spaces

In the past, human thermal comfort in outdoor places was generally not an issue in urban
design, which is regarded as a neglect and indicates the increased possibility of
problematic effects of discomfort in urban life (Lenzholzer, 2012). New knowledge on
comfort assessments in outdoor public spaces that can serve as a basis for urban spatial
design has been lacking (Lenzholzer and Koh, 2010). Addressing outdoor comfort has
now become a prevalent focus in urban planning and design. Urban planners have
become increasingly aware of the biometeorological consequences of planning and
design practice (Lenzholzer et al., 2020). As a decisive indicator, human comfort requires

a more comprehensive, structural, and analytical investigation.

1.2 Problem statement

Against this background, over the last two decades, an ever-increasing research interest
in assessing comfort in outdoor urban environments has brought about an expedient
use of approaches based on rational thermal indices, developed specifically for steady-
state and uniform indoor settings (Johansson et al., 2014; Coccolo et al., 2016). However,
real-world public spaces within cities are often highly heterogenous with regard to
alterations in land cover, vegetation, facilities, geometry, and size. Therefore, the
application of rational thermal indices alone is challenged because the steady state is
hardly ever reached (Hoppe, 2002). According to the recent literature, many empirical
investigations have been conducted to develop predictive modeling approaches for
understanding individual assessment of outdoor thermal comfort in different regions
(Potchter et al., 2018). The direct use of existing rational indices alone has been shown
inapplicable for outdoor comfort assessment since the non-thermal conditions
influences human adaptation (Nikolopoulou et al., 2001; Héppe, 2002; Nikolopoulou and
Lykoudis, 2006). It remains a challenge how to quantitatively describe human comfort
due to the large number of influences given by the variability in urban microclimate,

especially wind and solar radiation (Blocken and Carmeliet, 2004; Hondula et al., 2017).

Previous studies on outdoor comfort modeling mainly focused on objective
meteorological conditions, the mechanism of heat exchange between human body and
the ambient environment, and human physiological thermoregulatory responses (Katic¢
et al.,, 2016).The active role of human adaptation and the relating individuals’ socio-
demographic, behavioral and psychological factors have been largely ignored. The
nature and strength of the relationships between comfort assessment and these

potential influences cannot be fully captured by considering the objective
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meteorological variables related to thermal conditions alone. In addition, the manners
of influences on subjective comfort and the reason for different assessment under the

similar conditions, need to be addressed and examined using a different methodology.

The characteristics of the human body vary individually, which implies that the
standardized methods relying on the heat balance model are insufficient in representing
the full range of contextual and personal determinants of human outdoor comfort
assessment (Coccolo et al, 2016). People with different socio-demographic
characteristics are likely to experience the same environments differently (Saarloos et
al., 2009). The thermal sensation predicted by rational thermal indices tends to be
inconsistent with respondents’ actual thermal sensations in urban public spaces,
(Nikolopoulou et al., 2001; Nikolopoulou and Steemers, 2003; Thorsson et al., 2004; Knez
and Thorsson, 2006; Pantavou et al., 2013). The general applicability of rational indices
has been questioned in previous empirical investigations since it was very difficult to
conclude that the thermal neutrality of human body under the assumption of steady
state equals to achieving subjective thermal comfort in complex urban microclimates
(Nikolopoulou et al., 2001; Lin, 2009). As a rational experience, thermal sensation is
directed towards an objective world in terms of cold and warm, while thermal comfort
is an emotional experience and relative to expectations (Hensen, 1990). The heat
balance model might not adequately reflect individuals’ actual comfort assessments of
outdoor urban environments due to a lacking consideration of high variability of
individuals’ preferences pertaining to the microclimate and the atmospheric
environment (Hoppe, 2002; Spagnolo and de Dear, 2003b; Knez and Thorsson, 2006;
Nikolopoulou and Lykoudis, 2006; Oliveira and Andrade, 2007; Lin, 2009).

1.3 Research objectives

Many municipal authorities recognize the importance of outdoor comfort and require
pertinent studies before planning and granting decisions about the development of new
urban areas. The motivation to improve the quality of urban public spaces and making
them more comfortable has been driven by escalating needs of sustainable urban
development and high quality of city life that are difficult to ignore. The Netherlands is a
densely populated country, with most of population and economic activities
concentrated in urban areas. Due to UHI being intensified recently, Dutch cities
experience more days of thermal stress than the countryside (van Hove et al., 2015). In

the second half of 2010, a research program called Climate Proof Cities (CPC) was
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launched in the Netherlands intending to strengthen the adaptive capacity of cities and
to reduce the vulnerability of the urban system against climate change by developing
strategies and policy instruments for adapting cities and buildings (Albers et al., 2015).
At that time, the climate-responsive and adaptation strategies in urban planning and
policy making were emerging topics in the Netherlands. To support decision makers, the
CPC program has addressed numerous possible adaptation measures with respect to
applicability in various urban situations. Furthermore, measurements, numerical
simulations and street surveys have been conducted to gain insight into the effectiveness
of individuals’ adaptation measures and combinations of measures for different spatial
scales (Albers et al., 2015).

Comfortable urban public spaces improve citizen’s quality of life by accommodating
encounters with fellow citizens, offering recreational opportunities and are of
considerable social and commercial value (Spagnolo and de Dear, 2003a). The comfort
that people experience when participating in activities in outdoor environments affects
their use patterns and the acceptance of the places (Zacharias et al., 2001; Givoni et al.,
2003; Thorsson et al., 2004; Eliasson et al., 2007; Walton et al., 2007; Tseliou et al., 2010;
Gehl, 2011; Lenzholzer, 2012). Despite extensive theoretical and empirical studies on
indoor thermal comfort over the last century and the serious challenges of climate
change and urbanization, research on human comfort in outdoor urban spaces has
received less attention over the last two decades, although a substantial increase in the
number of publications can be observed in recent years. From the basic needs and
requirements of the urban population to a wide range of policy objectives, the study on
outdoor comfort can provide climate-responsive strategies and guidelines for urban
planning and municipal policy practices to facilitate sustainable development and

residents’ well-being.

Two typical genres of theoretical models dominate comfort research, namely the heat-
balance model (Fanger, 1970; Hoppe, 1999; Jendritzky et al., 2001; Brode et al., 2012)
and the adaptive model (de Dear and Brager, 1998; Nicol and Humphreys, 2002), which
provide a theoretical basis for in-depth studies. State-of-the-art outdoor comfort
modeling defines the objective thermal conditions by rational indices and unravels
contextualized human adaptation through surveyed subjective thermal sensations,
considering human psychological factors pertaining to assessments and preferences of
meteorological conditions (Auliciems, 1981; de Dear and Brager, 1998; Potchter et al,,
2018; de Dear et al., 2020). The last decade has witnessed a rapid growth of the number

of in-situ field studies carried out in different geographical regions with distinct climates
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for calibrating rational indices based on the heat balance model and developing new
comfort models for applications in outdoor urban spaces by considering subjective
thermal sensation caused by context-based human adaptations (Kumar and Sharma,
2020).

Yet, the dominant comprehensive conceptual framework considering contextual
influences and the active role of individuals still remains weak. Previous empirical
investigations have mainly calibrated and localized the heat balance indices based on the
subjective comfort assessments stemming from local sample population. The systematic
understanding on how individuals’ socio-demographic, behavioral, and psychological
differences influence subjective comfort assessments requires more quantitative
analyses of the pertinent influential factors and the way they affect comfort assessment.
This PhD study examines relationships between human comfort assessment and an
expanded set of influential factors. In light of related theoretical models (Knez et al.,
2009; Lenzholzer and de Vries, 2019; Shooshtarian, 2019), the main objective of this
dissertation is developing a comprehensive understanding of subjective outdoor comfort

through:

e Examining the nature and strength of potential nonlinear relationships between
subjective comfort assessment and an expanded set of influential factors.

e Exploring the functional structure of exogenous and endogenous variables with
direct and indirect effects on human comfort assessment in urban public spaces
instead of the straightforward pathway of causal effects.

e Introducing and verifying heterogeneity in individuals’ comfort assessments by
allowing variations in individuals’ preferences, expectations, and adaptations
instead of generalizing outdoor assessments for the “average person” across all

conditions.

1.4 Outline of the dissertation

This dissertation consists of eight chapters. The outline of the contents is depicted in

Figure 1.1. The details of each chapter are as follows.

Having presented in this chapter a brief discussion of the background, motivation,
problem statement, and research objectives of this doctoral research project, the next
chapter provides a literature review, which summarizes the development of outdoor

comfort assessment modeling. A general overview is given with respect to the concept
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of comfort, the difference between indoor and outdoor applications, the development
of modeling methodology and field studies in different climate zones all over the world.
The main gaps in this literature are identified, which constitute the starting point for this
PhD study.

A comprehensive conceptual framework is proposed in Chapter 3 with a broader range
of influential factors which includes both microclimatic and environmental variables and
individuals’ socio-demographic characteristics, behavioral patterns, and psychological

factors.

Chapter 4 introduces the data collection, including study location selection,
guestionnaire design, fieldwork of in-situ measurement and questionnaire-based survey.
In addition, the results of descriptive statistical analysis on the dataset are presented
about respondents’ socio-demographic characteristics and behavioral factors related to

visiting of the study location.

Chapter 5 explores the relationships between human comfort and the expanded set of
influential factors, including both meteorological and environmental variables, and
human factors. The relationships between outdoor comfort assessment and influential

variables are examined using linear and nonlinear regression models.

In Chapter 6, a path model is introduced to explore the direct and indirect effects of
various factors on outdoor comfort assessment. Compared with the linear regression
model, the path model provides more details of the patterns of how the exogenous and

endogenous variables impact human comfort assessment

Chapter 7 studies heterogeneity between different groups of people in terms of comfort

assessment. The latent classes are identified based on their path structure.

Finally, Chapter 8 concludes the thesis with a summary of the main findings and
conclusions. The chapter also discusses the implications and limitations of this study.

Further, directions for future studies are indicated in this chapter.

10
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Chapter 2 Literature Review

2.1 Introduction

As mentioned in the introduction, urban residents are vulnerable to the adverse effects
in terms of thermal stress, extreme weather and environmental health risks when
exposed to outdoor urban environments (Kovats and Hajat, 2008; Steeneveld et al.,
2011). Given the rapid urbanization, on the other hand, the associated serious
degradation of environmental quality and significant decrease in thermal comfort levels
have a great influence on the number of visitors and activities in urban public spaces
(Aljawabra and Nikolopoulou, 2010; Fong et al., 2019). Comfortable outdoor spaces
become a valuable resource and are essential for urban livability and vitality (Mills et al.,
2010; Chen and Ng, 2012).

Unlike indoor settings, outdoor urban spaces are dynamic and non-uniform, in which
microclimatic and environmental conditions, especially wind speed, solar radiation,
sound pressure level and air quality, vary substantially (Hoppe, 2002). For many years,
outdoor thermal comfort has been examined by various thermal indices focusing on
aggregated thermal effects related to physical and physiological aspects (de Freitas and
Grigorieva, 2015, 2017; Coccolo et al., 2016; Potchter et al., 2018). In parallel, significant
differences between objective prediction by rational indices and subjective assessments
obtained through questionnaire-based surveys on outdoor comfort were found in
different regions around the world (Potchter et al., 2018). In fact, perceived comfort is
more than neutral thermal sensation based on heat balance. It is a cognitive process
involving many factors in terms of physical, physiological, psychological, and other
processes (ASHRAE, 2017; Binarti et al., 2020). When simulating thermal sensation and
assessing thermal comfort in urban outdoor environments, the predations using thermal
indices alone become problematic (Nikolopoulou et al., 2001; Nikolopoulou and
Steemers, 2003; Knez and Thorsson, 2006, 2008; Nikolopoulou and Lykoudis, 2006;
Eliasson et al., 2007; Thorsson et al., 2007; Klemm et al., 2015; Lenzholzer and de Vries,
2019).

In recent years, searching for the most suitable approach to predict outdoor thermal
comfort in a certain climate zone has become a research trend (Johansson et al., 2014;
Pantavou et al., 2014; Coccolo et al., 2016; Potchter et al., 2018). Field investigations
have been conducted to define the localized outdoor thermal comfort boundaries for
improving the local applicability of the rational index and to elaborate the urban

environments in reference to individuals’ comfort assessment (Johansson et al., 2014;
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Lam et al., 2018; Potchter et al., 2018; Shooshtarian et al., 2018; Baruti et al., 2019;
Dunji¢, 2019; Shooshtarian, 2019). Hence, it is generally admitted that defining human
outdoor comfort need to take both microclimatic variables and context-based human
factors into account (Becker et al., 2003; Givoni et al., 2003; Nikolopoulou and Lykoudis,
2006; Kantor et al., 2012).

During the last two decades, research on outdoor comfort modeling has significantly
increased, which is mainly due to the response to the increasing urban environmental
stress and heat load (Spagnolo and de Dear, 2003a; Johansson et al., 2014). Since the
early 2000s, the concerns over climate change and environment matters have been
widespread to outdoor thermal comfort. Research has been steadily increasing until
2010 when the number of outdoor comfort studies was exploding (Potchter et al., 2018).
The field studies using rational indices coupled with surveys of subjective thermal
sensation and comfort assessment have been extensively documented and reviewed
with an aim to improve the feasibility of rational thermal indices in outdoor
environments (Brager and de Dear, 1998; Chen and Ng, 2012; Rupp et al., 2015; Coccolo
et al., 2016; Potchter et al., 2018; Dunji¢, 2019; Elnabawi and Hamza, 2019; Binarti et al.,
2020; Shooshtarian et al., 2020). Because neutral or preferred thermal sensation have a
varying ranges, the effects of human adaptation have been conceived as depending on
geographical and seasonal contexts and person-related factors, such as individuals’ age,
gender, health, socio-cultural backgrounds, experiences, and expectations (Andrade et
al., 2011; Lin, et al., 2013; Pantavou et al., 2013; Potchter et al., 2018; Kumar and Sharma,
2020)

This chapter reviews the well-known thermal indices and a chronological series of
empirical outdoor comfort research related to human factors (e.g., age, gender, body
build, clothing, activity, perceptions, and preferences related to thermal condition) and
in different regions with diverse climatic and cultural contexts. A substantive overview
of the research articles pertaining to the development of methodologies in modeling

outdoor comfort through field studies will be reviewed.

The reminder of this chapter first presents the development of different outdoor
thermal comfort indices. Then, adaptive models are introduced, which is allocated to the
key concepts of human thermal adaptation including three dimensions: physiological
acclimatization, behavioral adjustment, and psychological adaptation. To provide the
information on how to specify thermal comfort condition using two approaches, the heat

balance model and adaptive model, comfort studies using a context-based adaptive
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approach are reviewed. This review reveals the applicability of existing approaches to
assessing outdoor comfort and the challenges faced, which leads to the important role

of human and contextual factors in the development of outdoor comfort modeling.

2.2 Outdoor thermal comfort indices

According to the classic or deterministic understanding, thermal comfort is driven
exclusively by physics of the body’s heat exchange with its immediate environment (de
Dear et al.,, 2016). Up to now, more than 165 objective thermal indices have been
developed to assess thermal conditions of the environment, to define human thermal
comfort and to rank thermal stress (de Freitas and Grigorieva, 2015, 2017). Thermal
indices have been primarily applied to evaluate thermal sensation and thermal comfort
in various climatic regions (Singh et al., 2011). Thermal indices can be divided into (1)
direct index — directly derived from environmental variables, (2) rational index — based
on the human heat balance model considering meteorological variables along with
metabolic rate and clothing insulation, and (3) empirical index — define human comfort
in a specific microclimate, formulated as regressions (linear/ nonlinear) based on data
observed from the field studies including onsite measurements on meteorological
variables and questionnaire-based surveys on subjective assessment and human factors
(Coccolo et al., 2016; de Freitas and Grigorieva, 2017; Dunji¢, 2019; Binarti et al., 2020).

2.2.1 Direct index

The collective effects of meteorological variables, such as air temperature, humidity,
wind speed and solar radiation, were used to define thermal comfort level in the form
of direct indices with simplified formulae. Initially, the direct indices were applied for in
industries and the military applications with extreme weather conditions that might
negatively influence people’s productivity, efficiency and even their survival (Epstein and
Moran, 2006). Since then, the Wet Bulb Globe Temperature (WBGT) was proposed as an
international standard (Yaglou and Minaed, 1957). The heat index (HI) was designed for
warm environment and wind chill index (WCI) was designed for cold environment
(Steadman, 1979a). Several direct indices have been introduced to calculate thermal

comfort level in various climatic conditions (Coccolo et al., 2016; Sen and Nag, 2019).

2.2.1.1 Wet Bulb Globe Temperature
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WBGT is a type of apparent temperature applied to estimate the effect of thermal stress
in direct sunlight, which takes air temperature, humidity, wind speed and visible and
infrared radiation. WBGT was used to define appropriate exposure levels to high
temperatures in different applications, such as sporting events and the military. WBGT
for the outdoor environment is defined as (ISO 7243, 1989; Budd, 2008):

WBGT = 0.7T,, + 0.2T, + 0.17T, (2.1)

where Ty is globe temperature, Ty, is dry-bulb air temperature, while T, is the natural

wet-bulb temperature.
2.2.1.2 Heat Index

HI combines the effects of air temperature and relative humidity (Steadman, 1979b) and

is derived from a multiple regression model (Btazejczyk et al., 2012) expressed as:
HI = —0.8784695 + 1.61139411 - T + 2.338549 - RH — 0.14611605-T - R
—0.012308094 - T? — 0.016424828 - RH? + 0.02211732-T? - R
+0.00072546 - T - RH? — 0.000003582 - T? - RH? (2.2)

where T is the air temperature (°C) and RH is the relative humidity (%). The neutal

sensation is defined as HI > 27°C.
2.2.1.3 Wind Chill Index

W(Cl measures how cold people feel when staying in outdoor environments. WCl is based
on the rate of heat loss from exposed skin caused by wind and cold. Wind draws heat
from the human body, which drives down skin temperature and eventually the internal
body temperature. Thus, a new WCI, namely Wind Chill Temperature (WCT) (OFCM,
2003), was developed, which improves the previous WCI with progresses in knowledge
of heat exchange. WCT is defined with a thermal scale from “comfortable” (>0°C) to

“extreme cold risk” (<55°C) and expressed as:
WCT = 13.12 + 0.6215T — 11.37v9;'¢ 4+ 0.3965Tv?;'¢ (2.3)

where T is the air temperature (°C) and v, is the wind speed at 10m of height (km/h).
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2.2.2 Rational index

In recent decades, a number of thermal indices based on energy transfer mechanisms
and the heat balance between human body and environment have been developed to
assess thermal comfort in outdoor spaces. Fanger (1970) initially proposed a model for
computing the heat gain and loss of human body in a steady state and uniform thermal
condition. Since then, the principles of thermodynamics of the Pierce two-node model
were introduced for predicting thermal comfort condition (Gagge, 1936; Gagge et al,,
1986). For two-node model, it simplifies the human body into a two-layer structure with
skin and core, which is represented by a concentric cylinder. Later, an increasing number
of segments of human thermoregulatory model was developed which determine the
prediction accuracy, since the anatomical structure of human body significantly
influence the heat exchange between the body and the ambience (Kati¢ et al., 2016).
The multiple segment model abstracts the human body into multiple segments, and each
segment is divided into skin, fat, muscle, bone, and other layers. Each layer in each
segment is regarded as a heat transfer node with thermal physiological parameters and

is controlled by energy and mass conservation equations.

With the progress in knowledge on the physics regarding mechanism of energy exchange
between human body (represented by physiological thermoregulatory system of
manikin model) and immediate ambient environment as well as the understanding of
personal factors in terms of clothing level and metabolic rate (Kati¢ et al., 2016), most of
heat balance-based thermal indices were developed under steady state conditions or
equivalent temperatures transferred from indoor to outdoor with the equilibrium of the
thermo-regulation system (Btazejczyk et al., 2012). Multiple segment models have been
developed to tackle the challenge when outdoor thermal comfort assessment requires
the simulation of asymmetric boundary thermal conditions and transient environments.
The apparent limitation of direct indices was improved by the heat balance model that
have been developed to describe the relationship between thermal environment,
personal factors, and human thermal sensation. However, the original heat balance
model is only applicable in the steady-state environments, while the modified rational
thermal indices based on heat balance models are feasible in the nonuniform and

transient environments (Kati¢ et al., 2016).

Since the last two decades, various indices grounded on the heat balance theory have
been used for linking human thermal comfort assessment to meteorological variables in

outdoor environment (de Freitas and Grigorieva, 2015, 2017; Binarti et al., 2020).
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According to an examination of thermal indices (de Freitas and Grigorieva, 2017;
Potchter et al., 2018), Predicted Mean Vote (PMV) (Fanger, 1970), Physiological
Equivalent Temperature (PET) (Hoppe, 1999), Standard Effective Temperature (SET*)
(Gagge et al., 1986) and the version for outdoor application (OUT_SET*) (Pickup and de
Dear, 2000), and Universal Thermal Climate Index (UTCI) (Jendritzky et al., 2001) account
for most of applications in previous investigations on outdoor thermal comfort.

Specifically, among others, PET, UTCI, OUT_SET* are designed for outdoor applications.

2.2.2.1 Predicted Mean Vote

PMV is a well-known thermal index which is based on one-node human
thermoregulatory model and defined by six variables, such as air temperature, relative
humidity, radiation, wind velocity, metabolic rate and clothing insulation (Fanger, 1970;
Potchter et al., 2018). PMV is represented by the average value of people’s thermal
sensation vote with 7-point scale (-3 = very cold to +3 = very hot). In addition, the
Predicted Percentage of Dissatisfied (PPD) was presented to describe the ratio of the
unsatisfied sample with the studied thermal conditions. The detailed interpretation of
PMV is given in ISO 7730 (ISO 7730, 2005). The neutral thermal sensation can be archived
when the heat produced by metabolism equals the heat exchanged to the environment

through skin and respiration.

PMV was derived statistically from thermal sensation votes of subjects in a climate
chamber with steady-state thermal condition. Hence, PMV-PPD was initially applied for
assessing indoor thermal comfort. PMV is limited to give a realistic prediction on thermal
condition of human body since the mean skin temperature and sweat rate are
dependent on human activity alone, not on climatic conditions (Gagge et al., 1986). Later
on, “Klima-Michel-Modell” (KMM) was introduced in PMV for outdoor applications by
using easily obtainable meteorological data as inputs and adding the variables regarding
short and long wave radiations (Jendritzky and Nubler, 1981). KMM stems from the
thermo-physiological assessment conducted for a 35 years old male with 1.75m height
and 75kg weight, assuming 172.5W work load corresponds to walking at 4km/h (Kim et
al., 2009). A calculation program of PMV-PPD is described in ISO7730 (ISO 7730, 2005).

2.2.2.2 New Standard Effective Temperature

As an improvement of the Effective Temperature (ET*), SET* was proposed based on

two-node model, covering heat exchange through radiation, convection and evaporation,
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and considering clothing insulation and metabolic rate (Gagge et al., 1986). SET* is
defined as the equivalent temperature of an isothermal environment, in which relative
humidity is 50%, wind speed is lower than 1.5m/s, and air temperature equals to mean
radiant temperature. In this isothermal environment, the human body with standard
clothing based on the metabolic activity would have the same heat stress and thermo-
regulatory strain as in the actual environment. For outdoor applications, SET* has been
extended to OUT_SET*, which adds the mean radiant temperature as an important

influential variable.
2.2.2.3 Physiological Equivalent Temperature

PET is a widely and frequently used thermal index specially for outdoor applications
(Johansson et al., 2014; Coccolo et al., 2016). Based on the Munich Energy-Balance
Model for Individuals (MEMI), PET is defined as the air temperature at which the heat
balance of the human body is maintained with core and skin temperature equal to those
under the conditions being assessed (Hoppe, 1999). The equation based on heat balance

theory is expressed as:
M+W+R+CH+Ep+Eg +Eg, +5=0 (2.4)

where M is the metabolic rate, W is the physical work output, R is the net radiation of
the human body, C is the convective heat flow, E}, is the latent heat flow to evaporate
water into water vapor diffusing through the skin, Eg, is the sum of heat flow for heating
and humidifying the inspired air, Es,, is the heat flow due to evaporation of sweat and S
is the storage heat flow for heating and cooling the body mass. The unit of all heat flows
is the watt. The individual terms have positive signs in this equation if they result in heat
gain for the human body, or they have negative signs in the case of heat loss (Hoppe,
1999). From the literature, the neutral PET of individuals varies in different climatic and
cultural contexts (Lin and Matzarakis, 2008; Lin et al., 2010; Cohen et al,, 2013). In
addition, the modified PET (mPET) has been developed based on a multi-segment human
thermoregulatory model and a multi-layer clothing model, which improves original PET
to react to the variation of relative humidity and clothing insulation (Chen and Matzarakis,
2014).

2.2.2.4 Universal Thermal Climate Index
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The newly developed UTCI appeared in 1999 and since then its use has constantly
increased (Coccolo et al.,, 2016). Defined as the air temperature of reference
environment given the combination of meteorological variables (air temperature equals
to mean radiant temperature, wind velocity equals 0.5m/s at the height of 10m, relative
humidity equals 50% but up to vapor pressure of 20hPa, and metabolic rate equals 135
W/m?), UTCl aims at reflecting the human physiological response to the multi-
dimensionally defined actual outdoor thermal environment with a one-dimensional
guantity. The 10-point scale denotes the thermal sensation from -40°C (extreme cold
stress) to +46°C (extreme hot stress) and the neutral sensation falls in the range between

9°Cand 26°C (Brode et al., 2012).

UTCl is based on the multi-node dynamic thermo-physiological UTCI-Fiala model (Fiala
et al., 2012) which is regarded as the most advanced thermoregulatory model with both
passive and active systems. The passive thermo-physiological system of human body is
comprised of 15 cylindrical body elements in 3 categories in terms of anterior, posterior,
and inferior. Each element consists of 7 different concentric tissue material layers
including brain, lung, bone, muscle, viscera, fat, and skin. Furthermore, the skin is divided
into inner and outer layers. The passive thermo-physiological system of UTCI-Fiala model
embraces the bio-heat transfer, metabolic heat generation, and blood circulation. The
heat exchange between human body and environment in the manner of convection,
evaporation, radiation, and respiration. The thermoregulatory responses of the central
nervous system, such as vasoconstriction and dilation of the cutaneous blood flow,
shivering and sweating. The calculation equation of UTCI (Brode et al., 2012) is expressed

as:
UTCI(T,, Tonye, v, pa) = Ty + Of fset(Ty, Tyre, U, PQ) (2.5)

where T, denotes the air temperature (°C), T+ denotes the mean radiant temperature
(°C), v is the wind speed (m/s), pa is the water vapor pressure (hPa) and Of fset

denotes the deviation from air temperature.

Clothing insulation is determined as a function of the air temperature and wind speed in
real-world conditions using an adaptive clothing model (Fiala et al., 2012). UTCI is

applicable in all climates with the acclimatizing clothing model (Btazejczyk et al., 2012).
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2.2.3 Empirical indices

Based on psychological thermal comfort definition given by ASHRAE (ASHRAE, 2017),
empirical indices have been developed for assessing the human comfort in a certain
microclimate which expresses thermal comfort condition based on the formula of
explanatory variables derived from onsite monitoring and surveys (Coccolo et al., 2016).
The procedures are specifically applied for the selected locations, where the empirical
indices are defined and validated. The famous empirical indices are Actual Sensation
Vote (ASV) (Nikolopoulou et al., 2001), Thermal Sensation Vote (TSV) (Givoni et al., 2006;
Lai et al., 2014).

2.2.3.1 Actual Sensation Vote

ASV was firstly employed in European project “RUROS”, which is expressed as a linear
equation based on onsite measurements of meteorological variables (air temperature,
global radiation, wind speed and relative humidity, which represent the microclimate)
and questionnaires of subjective comfort assessment in seven different European cities
(Nikolopoulou et al., 2001; Nikolopoulou and Lykoudis, 2006). The ASV equation

(Nikolopoulou, 2004) is expressed as:
ASV=a-T,+b-S+c-V+d-RH+¢ (2.6)

where T, is the dry bulb air temperature (°C), S is the global solar radiation (W/m?), V is
the wind speed (m/s), and RH is the relative humidity (%). a, b, ¢ and d are the
coefficients, and & denotes the error term, which are different corresponding to

different climatic zones.
2.2.3.2 Thermal Sensation Vote

TSV is an empirical index generated by multiple regression with explanatory variables
derived from onsite measurements and questionnaire-based surveys. The explanatory
variables include air temperature, wind speed, relative humidity, horizontal solar
irradiation, and ground temperature. The collective impacts of these meteorological
variables are formulated with a linear equation and the sensation scale is different for
each study location (Givoni et al., 2006; Hwang and Lin, 2007; Kriger and Rossi, 2011;
Lai et al., 2014; Villadiego and Velay-Dabat, 2014; Ye et al., 2015; Amindeldar et al., 2017;
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Hou et al., 2017; Kriger et al., 2017; Kriger et al., 2017). The formula of TSV is written

as:
TSV=a-T,+b-R+c-V+d-H+e (2.7)

where T, is the dry bulb air temperature (°C), R is the global radiation (W/m?) or the
solar radiation (W/m?), V is the wind speed (m/s), and H is the absolute humidity (g/kg
air) or relative humidity (%). a, b, c and d are the coefficients, and € denotes the error

term.
2.3 Adaptive model

As an alternative to the rational thermal indices-based comfort modeling, an adaptive
comfort model has been proposed to overcome the limitation of static heat balance
models. Adaptive model accommodates the role of human adaptation in indoor thermal
comfort assessment and posits the comfort within a framework of contextualized
perceptual relativism (Nicol and Humphreys, 1973; de Dear and Brager, 1998; de Dear
et al., 2020). Similarly, in outdoor environment which is radically unlike the steady state
of the controlled indoor setting, the approach using thermal index alone is inadequate
to assess thermal comfort since it fails to account for the human adaptation (Lin, 2009;
Chen and Ng, 2012). Beyond physical and physiological dimensions, some non-thermal
factors were addressed to interact with comfort assessment including regional contexts
and individuals’ socio-demographics and cognition (de Dear and Brager, 1998). It is
widely acknowledged that people expected warmer condition in the summer season (or
hot climate zones), or cooler condition in winter (or cold climate zones) (de Dear and
Brager, 1998; Nicol and Humphreys, 2002; Lin, 2009).

However, the adaptive models for indoor setting are too simple to apply in outdoor
conditions. Recent studies on outdoor comfort have been driven by the failure of “one

|N

size fits all” approaches based on rational indices and inspired by adaptive models. Hence,
it is more applicable and efficient to define human comfort and discomfort based on
unified standards and indices while taking local thermal adaptation into account
(Nikolopoulou and Lykoudis, 2006; Lin, 2009; Kantor et al., 2012). Due to a wide range
of urban microclimates in urban outdoor spaces, the subjective response to thermal
condition in outdoor environment may involve more extensive determinants, which is
obviously different from the response to indoor thermal condition (Hoppe, 2002; Reiter

and De Herde, 2003). Nevertheless, the adaptive approach has been employed in the
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non-steady state of outdoor environments, with combined objective thermal factors and
non-thermal factors pertaining to human behavioral adjustment, and physiological and
psychological adaptations. More realistic modeling of human comfort in outdoor
environment related to a certain context and the corresponding human expectations
and behaviors has been proposed (Oliveira and Andrade, 2007; Lin, 2009; Johansson et
al., 2018; Heng and Chow, 2019). The adaptive approach was applied to explain the
varying range of neutral or comfortable temperature between cities with similar weather

conditions, as well as different locations in the same city.

Human adaptation is the key concept in adaptive approaches and plays an important
role in outdoor comfort assessment (Brager and de Dear, 1998). To meet reconciliation
between the environment and comfort requirements, three assumptions in which
people adapt themselves to the environment are commonly made, involving (1)
physiological adaptation, (2) behavioral adjustment, and (3) psychological adaptation
(Hoppe, 2002; Nikolopoulou and Lykoudis, 2006). The role of physiological adaptation to
the thermal effects has shown a gradual decreasing response resulted from a repeated
exposure to the environmental and meteorological stimuli (Nikolopoulou and Steemers,
2003; Reiter and De Herde, 2003). Behavioral adjustment implies an active role of
individual people in managing the comfort level by physical actions. Psychological
adaptation refers to an altered perception of sensory information due to experiences

and expectations.
2.3.1 Physiological acclimatization

Physiological acclimatization includes all changes of physiological responses stimulated
by exposure to meteorological factors related to thermal conditions, which causes a
gradual diminution in the strain induced by such exposure (Brager and de Dear, 1998).
The physiological response of the human body to a periodical exposure in a certain
thermal condition, within a couple of days, would change for tolerance with the given
stimuli. The physiological acclimatization is based on two principles: genetic adaptation
and acclimatization. The genetic adaptation is related to the genetic adaptability to the
prevailing climate rather than acquired adaptation. Acclimatization is defined as the
changes in the settings of the physiological thermoregulation system over a period of

days or weeks in response to single or a combination of thermal stimuli.
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2.3.2 Behavioral adjustment

Behavioral adjustment is related to all modifications that people undertake consciously
or unconsciously to avoid discomfort thermal condition by modifying heat and mass
fluxes influencing thermal balance between the body and ambient environment. Brager
and de Dear (1998) defined behavioral adjustment in terms of three categories, including
(1) personal adjustment: adjusting to the surroundings by changing personal variables,
such as clothing, activity, posture, eating food, drinking hot or cold beverages, and
moving to a different location, (2) environmental adjustment: modifying the
environments, when control is available, such as opening or closing windows, staying in
shades, etc., and (3) cultural adjustment, including scheduling activities, adapting dress
codes, etc. Behavioral adjustment potentially offers an opportunity for people to play an

active role in maintaining their own comfort.
2.3.3 Psychological adaptation

Psychological adaptation encompasses the effects of cognitive and cultural variables and
describes the extent to which habituation and expectation change one’s perception of
and reaction to sensory information (Brager and de Dear, 1998). The repeated or chronic
exposure to an environmental stressor leads to a diminution of the triggered intensity of
sensation. It was pointed out that people’s reaction to a thermal condition which is less
than perfect will depend very much on their expectation, personality and what else they
are doing at that time (MclIntyre, 1981). The psychological adaptation was acknowledged
to largely account for the discrepancy between surveyed and predicted thermal
sensation (Nikolopoulou et al., 2001; Nikolopoulou and Steemers, 2003; Lenzholzer and
Koh, 2010).

2.4 Context-based adaptive approach

From the view of adaptive theory, people living in different climates and cultures would
have different long-term thermal backgrounds and environmental attitudes, which may
influence their psychological evaluation of comfort in urban spaces despite similar
thermal conditions (Knez and Thorsson, 2006; Lenzholzer and de Vries, 2019). No real
fixed universal boundaries of comfortable microclimate exist since the range of
comfortable condition shifts depending on the geographical and seasonal contexts (Lin

and Matzarakis, 2008; Cohen et al., 2013). In hot climate, a comfort range may tend to
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be on a warmer side, while in cold climate it approaches to the cooler side than in the
hot climate. The similar tendency is also found that the comfortable setting during winter
lies a little cooler than in the summer. Various lifestyles, behaviors, socio-economic
states, cultural backgrounds, thermal experiences, thermal tolerances, and adaptation

may result in diverse comfort assessments (Li and Liu, 2020).

The criticism on existing approaches based on rational indices alone, therefore, was
addressed which led to the research interest in the calibration of thermal comfort scale
of different rational indices based on subjective thermal perceptions and preferences to
fulfill the different requirements for various climatic and cultural contexts by taking
human adaptation into account (Lin et al., 2015; Lucchese and Andreasi, 2017). The
range of thermal comfort for different rational indices were examined through
comparison between the predictions by rational indices and the subjective thermal
comfort assessments (e.g., Thermal Sensation Votes and Actual Comfort Votes) derived

from questionnaire-based surveys.

The outdoor comfort studies should be reviewed for various climate zones since
researchers have been dedicated to defining the local boundaries of neutral thermal
sensation or thermal comfort scale for different thermal indices. The fieldwork of most
cases may take place within several days, months or different seasons, which are
accompanied by physical measurements and questionnaire-based surveys (Johansson et
al., 2014). The procedures can be elaborated as (1) Real-time meteorological data are
measured and input to thermal indices calculations; (2) The questionnaire data are
collected to determine the subjective thermal sensation, thermal comfort, and
preference on overall thermal conditions and single meteorological variables. In some
cases, more detailed information of respondents is required such as socio-demographics,
body build, moods, activity, purpose, time of stay, etc.; (3) Regression analysis is applied
to reveal the relationship between objective thermal indices and subjective comfort
evaluations in different study areas. Based on the influence of human adaptation, the
local neutral or preferred range of thermal indices are calibrated. As shown in Table 2.1,
up to 151 field studies on outdoor thermal comfort have been carried out in different
climatic zones from 2001 to 2019, according to Koppen-Geiger climate classification.
Research interest continues to grow with a considerable boost in the number of recent
publications (Potchter et al, 2018). Almost all field investigations employed

questionnaire-based surveys in combination with simultaneous onsite measurements.
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From the literature, the psychological adaptation is regarded as significantly influencing
human outdoor thermal comfort, in addition to the microclimatic variables. The human
factors related to socio-demographic characteristics, clothing insulation, activity,
purpose, duration of stay, thermal history and experiences, preferences and
expectations on overall thermal conditions and single meteorological and environmental

variables were proposed to offset the regional deviations (Lin, 2009).

2.5 Conclusions

This chapter summarized the literature on the development of existing mainstream
outdoor comfort modeling methodologies and presented the state-of-the-art
knowledge to bridge the gap between the objective thermal indices and subjective
comfort evaluations based on an understanding of the active role of human adaptation
and climatic and cultural contexts in a real-world situation. As presented, the direct
indices based on the combined effect of meteorological variables were initially adopted
as simplified approaches for assessing and predicting outdoor comfort and discomfort.
Since then, with the progress in knowledge of human body’s thermoregulation and
mechanism of heat transfer and advancement of computation capability, rational indices

dominate research on outdoor thermal comfort and related practices.

Since the heat balance-based thermal indices lack human specific inputs and contextual
information, as well as designated thresholds for accurate prediction of human comfort
assessment in outdoor complex environments, emphasis is placed on the differential
contextual conditions and human adaptations, and the resulting impacts on outdoor
comfort assessment. In recent years, more and more research attention and production
have been focusing on the active role of human acclimatization and adaptation, which
accounts for the varying outdoor comfort assessment in different geographical and
seasonal contexts. Field studies have been carried out which is generally comprised of
on-site field measurements to retrieve the meteorological variables and the surveys on

subjective comfort votes.

The review of the mainstream of existing field studies on outdoor comfort indicates that
an important future research avenue is the survey-based field investigation to link
human physiology, psychology, and behavior to comfort assessment. Studies have
evidenced that individuals’ outdoor comfort assessments are strongly related to their
past experiences and current behaviors. Nevertheless, the commonly used approaches

for outdoor comfort assessment, e.g., the heat balance-based thermal index, the
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empirical adaptive approach, or the combination of both, have failed to provide realistic
and context-specific dataset for analysis and modeling. A significant knowledge gap in
the field of outdoor comfort assessment still exists. Few studies considered the
environmental stimuli, such as noise, glare of sunlight and air quality in outdoor spaces.
Although the subjective assessment is able to define human comfort beyond a “universal”
neutral thermal sensation, which involves the human thermal preference and adaptation
based on the regional climate and culture, and the human sensitivity to different
meteorological and environmental conditions. People’s thermal experiences,
expectations and perceptions have not been used as inputs in the measurement of
outdoor comfort. From the adaptive theory point of view, the consideration of a
complete interaction between human and environment through taking subjective
sensation of abovementioned environmental stimuli into account in the quantification

of overall outdoor comfort would potentially improve the reliability of modeling.

Although a few relevant studies can be found in the literature, the underlying variation
in the mechanism of comfort assessment among surveyed population is not
systematically understood and worth exploring (Kriiger and Drach, 2017). Attempts to
understand individual differences in comfort assessment require further elaborating the
specific effects of human factors, such as socio-demographic characteristics, emotions,
body build, activity, transport modes, purpose of using outdoor spaces, duration in
outdoor spaces, etc. Accordingly, the following chapters in this dissertation are designed
to expand our knowledge horizons on the comprehensive outdoor comfort modeling,
offering insights on the perspectives of human socio-demographic backgrounds,

behavior, and psychology.
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Chapter 3 Conceptual Framework

3.1 Introduction

Outdoor comfort is an interdisciplinary research subject, involving bioclimatology, urban
physics, physiology, psychology, and social behavior (Nikolopoulou, 2011). As revealed
in many empirical investigations, the subjective human perceptions of ambient
environmental conditions are essential in their thermal sensation and overall comfort
levels. However, two main theoretical models, namely heat balance model and adaptive
model, that underpin the knowledge of outdoor comfort assessment are not able to
account for the influences of human psychological perception and adaptation. The heat
balance model based on the framework of heat exchange and human physiological
thermoregulation in steady-state and uniform settings ignores the active role and
reactions of human in response to the outdoor thermal conditions. Although, adaptive
models based on the framework of perceptual temperature related to contextual
thermal conditions considers the active role of individual subjects and their thermal
history and experiences, the limited set of variables considered in the model constraints
its application for systematically understanding comfort assessment in outdoor

environments (Shooshtarian et al., 2020).

From the perspective of steady state settings, due to the large variability in urban
microclimates, especially the fluctuating wind speed and solar radiation, the heat flow
to and from human body cannot be balanced in the real-world dynamic and nonuniform
outdoor situations (Hoppe, 2002). Regardless theory and practice, the assessment of
human comfort in outdoor urban environments is highly complicated. According to the
numerous empirical investigations, the rational thermal indices are inadequate to
understand and assess outdoor comfort alone. The most significant reason is that these
approaches focus on the thermo-physiological component of comfort but ignore the
subjective factors pertaining to the perception of environment (Spagnolo and de Dear,
2003a; Knez and Thorsson, 2006; Lin, 2009; Lenzholzer, 2010, 2012; Andrade et al.,
2011). Moreover, the strong relationship between comfort and usage patterns in
different outdoor public spaces has been well documented (Nikolopoulou et al., 2001;
Zacharias et al., 2001, 2004; Thorsson et al., 2004; Aljawabra and Nikolopoulou, 2010;
Yung et al., 2019b), which shed light on how behavioral factors influence outdoor

comfort assessment.

The theory underlying the adaptive model significantly influenced research trends about

outdoor comfort. Realizing the active role of humans in determining outdoor comfort,
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explorations on contextual and human factors have been extended to outdoor
environments in various climatic zones (Potchter et al., 2018; Binarti et al., 2020; Kumar
and Sharma, 2020; Li and Liu, 2020). Many trials were conducted in different locations
for calibrating thermal indices based on surveyed human subjective perceptions and
preferences. Apart from meteorological factors of urban microclimate, individual’s
behavioral, physiological and psychological adaptations play a significant role in thermal
comfort assessment (Amindeldar et al., 2017). However, the shortcomings of outdoor
comfort modeling will not be addressed if the conceptual framework of outdoor comfort
assessment is not improved. Although several localized standards have been established
for the evaluation of outdoor thermal comfort, the theoretical knowledge concerning
human behavioral and psychological factors influencing comfort in outdoor
environments is still limited. Although the importance of physical, physiological, and
psychological aspects in comfort assessment has been stressed and retrieved through
field studies, adequate consideration of human factors in comfort modeling is still lacking,
which must be taken into account for the systematic understanding of comfort

assessment (Chen and Ng, 2012).

This research brings about the necessity of a comprehensive conceptual framework with
an expanded set of both contextual and human factors on comfort assessment in urban
public spaces. The conceptual framework is proposed with the identification of
knowledge gaps for exploring and examining (1) the hypothetical relationships between
comfort assessment and an expanded set of explanatory variables including
microclimatic and environmental stimuli and human socio-demographic, psychological
and physiological factors, (2) the hypothetical nonlinear effects of various factors on
outdoor comfort assessment, (3) the hypothetical intermediate effects of human
psychological factors, and (4) the differences in the process of individuals’ comfort
assessment determined by socio-demographic and past behaviors and experiences,

given the similar microclimatic and environmental conditions in urban public spaces.

The remainder of this chapter consists of three sections. Section 3.2 provides an
overview of important concepts of outdoor comfort. These concepts induce the
analytical evaluation of human and contextual factors in comfort modeling and
enlightens the proposed conceptual framework with an expanded set of influential

factors, which is introduced in section 3.3.
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3.2 Concepts related to comfort

3.2.1 Thermal sensation and thermal neutrality

Thermal sensation refers to sensory unconscious acquiring of environmental stimuli by
receptors in the skin, which is utilized by human body to obtain information concerning
the thermal condition of external objects or the environment. Thermal sensation is
conceptually different from thermal comfort which is the satisfied state of mind. Instead,
thermal sensation represents the evaluation of immediate feeling which results from
exposure to a thermal environment (Zhang and Zhao, 2009). Thermal sensation is
normally evaluated by the ASHRAE 7-point scale (ASHRAE, 2017) which ranges from -3
to +3 (respectively represented by “cold”, “cool”, “slightly cool”, “neutral”, “slightly
warm”, “warm”, “hot”).

The primary objective in conventional outdoor comfort studies is to obtain thermal
neutral temperature, which is assumed to equal to the temperature related to comfort.
Thermal neutrality, as the mostly used definition of comfort, refers to the condition
where more than 80% of the occupants feel neither cool nor hot (ASHRAE, 2017).
Regression and probit analysis were applied to predict the neutral temperature in
different regions based on surveyed subjective comfort assessment. The regression of
mean thermal sensation over a range of temperatures defines the neutral temperature
and average of thermal scale at each bin temperature (Humphreys and Nicol, 1998). The
regression identifies the relationship between mean subjective thermal sensation and
the predicted thermal comfort while the probit analysis predicts the neutral temperature
based on respondents’ thermal preference, which is split into two categories: “warmer

|H

than neutra

|u

and “cooler than neutral”. The neutral responses to thermal preference
are evenly divided into the abovementioned two categories. The intersection between
the two curves generated by probit analysis indicates a neutral temperature for the

target population.
3.2.2 Thermal preference and preferred temperature

Thermal preference is a primary measure of thermal satisfaction and is normally
evaluated with Mcintyre preference scale (Mcintyre, 1982). Three types of preferences

have been applied, including “cooler”, “no change” and “warmer”. Thermal preference

is related to human adaptation and is influenced by thermal experience and expectation.
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Preferred temperature is a temperature of a thermal condition where most of occupants
prefer no change in the surrounding environment. It is a criterion of the optimal thermal
condition, which is also referred to as optimum temperature. In the case of probit
analysis, the preferred temperature can be predicted according to surveyed thermal
preference of respondents. A temperature at intersection between the curves of
“preferring to higher temperature” and “preferring to lower temperature” is defined as
the preferred temperature (Mcintyre, 1978). Field investigations indicates the preferred
temperature is a better representative of thermal satisfaction and acceptability (Cheung
and Jim, 2018).

3.2.3 Overall comfort

The overall comfort can be assessed with the 7-point scale, which is similar with ASHRAE
thermal sensation scale, from “very discomfortable” (-3), “discomfortable” (-2), and
“slightly discomfortable” (-1) in the left side, “neutral or just right” (0) in the middle, to

”ou

“slightly comfortable”, “comfortable”, and “very comfortable” in the right end.
3.2.4 Comfort zone

When defining people’s thermal comfort, a single given temperature is not sufficient.
Hence, the comfort zone, namely the acceptable thermal range, was introduced into
comfort study and standards (ASHRAE, 2017). The thermal range in which at least 80%
of occupants are thermally satisfied is assumed to be a comfort zone. To determine the
comfort zone, two methods are applied, a direct approach and an indirect approach. In
the direct approach, occupants are asked for their choices on whether accepting the
thermal variables or not. In the indirect approach, comfort zone is calculated based on
the three central categories of thermal sensation scales. The indirect approach is mostly
used in outdoor comfort studies, however, its validity is challenged in outdoor empirical
investigations since the meteorological and environmental variables are varying quickly
and the interaction between human and environments is complex (Hoppe, 2002; Lai et
al., 2014; Huang et al., 2016).

3.3 The human factors
The physiological difference between comfort and thermal sensation was confirmed by

experimental investigation a long time ago (Gagge et al., 1969). As a rational experience,

thermal sensation is directed towards an objective world in terms of cold and warm;
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thermal comfort, on the other hand, is an emotional experience and relative to
expectation (Hensen, 1990). Instead of thermal neutrality, an individual’s comfort
emerges from a desired sensation or satisfaction (Humphreys and Hancock, 2007; Zhang
and Zhao, 2009; Ning et al., 2016). In contrast to heat balance theory, the mainstreaming
of adaptive comfort principles assumes that comfort will derive from the standpoint of
adaptation, which is more than a derivative of neutrality state or an outcome of steady-
state heat balance (Humphreys et al., 2007; Yang et al., 2014). Individuals have the ability
to be more comfortable through access to opportunities to modify conditions such as
changing clothing or activity level (Cole et al., 2008). The “average person” comfort has
been specified individually and extended by taking into consideration dynamic,
integrated and participatory aspects (Chappells and Shove, 2005; Cole et al., 2008; Nicol
and Roaf, 2017). The postulation that comfort is the physical state of a passive individual
recipient has been developed and advanced to the psychological perception derived
from their experience, expectation, and reaction. The individual’s role is gaining
increasing importance, therefore drawing more and more attention within comfort
modeling (Singh et al., 2011). In addition, comfort has been socially determined and
defined by norms and expectations, shifting from one time, place, and season to the
other. The context-based individual and social factors on thermal perception have been
studied through investigation in outdoor spaces, which reveal the specific thermal
requirements of the occupants and their relationship with the moderating factors
(Aljawabra and Nikolopoulou, 2010; Shooshtarian and Ridley, 2017). Moreover, the
culture and climate that people are used to, their emotional state, visiting purpose and
their use of public spaces may potentially also link to individuals” subjective evaluation
of outdoor comfort (Knez and Thorsson, 2006; Thorsson et al., 2007; Knez et al., 2009;
Aljawabra and Nikolopoulou, 2010). The age, gender, metabolic rate, clothing insulation
and body build were examined in previous studies (Thorsson et al., 2007; Andrade et al.,
2011; Kruger and Rossi, 2011; Nasir et al., 2012; Lin et al., 2013; Pantavou et al., 2013;
Lai et al., 2014; Tung et al,, 2014; Lam et al., 2018). However, there is no consistency in
the findings regarding the effects of age, gender, and body build. The socio-economic
factors, including education, job and self-evaluation, were also investigated with respect
to their influences on human outdoor behavior and thermal perception (Aljawabra and
Nikolopoulou, 2010). More sensitive to prevailing outdoor climate was addressed among
individuals with better education and economic status. Further, individuals with better
economic status reduced their discomfort given the same thermal conditions (Maras et
al., 2016).
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The potential relationships between a wide range of individual factors and outdoor
comfort are worthy to investigate. Compared with the individual’s physiological and
socio-economic factors, fewer investigations incorporated individuals’ psychological and
behavioral factors into numerical modeling. The research focus has shifted to human and
contextual factors that are conductive to interpreting variations in individuals’ subjective
outdoor comfort assessments (Nikolopoulou et al., 2001; Nikolopoulou and Steemers,
2003; Knez and Thorsson, 2006, 2008; Lin, 2009; Lenzholzer and van der Wulp, 2010;
Lam et al, 2018; Lam et al.,, 2020). The individuals’ past thermal history has been
hypothesized as influences on thermal expectations and thus their thermal comfort
(Brager and de Dear, 1998). Previous studies scratched the surface of human adaptations
by involving modified expectations as cognitive process directly interacting with
environmental perceptions and outdoor comfort, which are evidenced at the mercy of
change relying on variations in states of emotions (Knez and Thorsson, 2006; Lenzholzer,
2010). Thus, in this study, the effects of psychological and emotional factors are assumed
to potentially change overall outdoor comfort. As an underpinning of the adaptive model,
humans play an active role in thermal sensation and comfort assessment rather than
being a passive recipient. Therefore, the active agent can modify the perception of
comfort through adjustments in behavior, immediate environments, even social norms
(Chappells and Shove, 2005).

3.4 Conceptual framework

From the perspective of engineering research, comfort assessment is a direct process of
heat exchange between human body and physical environment. The research
concerning physiological aspects of comfort indicates that thermal comfort is
determined by three components, i.e., respondents’ physiological condition, thermal
attributes of the environment, and the mechanism of heat exchange. This conceptual
framework is largely accepted and used in thermal comfort standards and modeling
approaches to define what is a comfortable environment. In fact, especially in a real-
world setting, a comfortable environment is not constrained to thermal attributes.
Comfort is a complex subjective assessment closely associated with place-related and
person-related factors in terms of physical, physiological, socio-demographic and
psychological aspects, that are difficult to model and elaborate (Johansson et al., 2014;
Shin, 2016). The acceptability and satisfaction of outdoor activities involve the subjective
assessment of the quality of the given microclimate and environment, which indicates

how much the outdoor condition fulfils the expectation and needs of the respondent.
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From the literature, people’s expectations and needs are highly relying on their socio-
demographic background and past experiences, as well as the purpose of being in that

outdoor environment.

Thermal comfort is defined as “the state of mind that expresses satisfaction with the
thermal environment” by ASHRAE (ASHRAE, 2017). As the understanding of comfort is
constantly evolving, there is more to comfort than physiological response to
meteorological thermal conditions (Chappells and Shove, 2005). Beyond what is
described in heat balance models, individuals’ comfort assessment refers to the
outcome of an interactive process between an individual and the environment. Evidence
from field investigations prove that individuals’ subjective assessments are much more
elastic than the predictions of rational indices (Nikolopoulou and Steemers, 2003).
Findings of previous studies have also acknowledged the role of contextual influences in
terms of meteorological and socio-cultural conditions, and individual socio-demographic
characteristics, psychological and behavioral factors in shaping the individuals’ comfort
expectations and perceptions (Brager and de Dear, 1998; Chappells and Shove, 2005;
Lam et al.,, 2018). Assessing individuals’ comfort responses to microclimate and
environmental conditions of urban public spaces requires measurements of both
physical conditions and individuals’ assessments. However, no integrated conceptual
frameworks yet exist to facilitate the implication of the holistic concept of comfort to
coupled human-place systems (Shooshtarian et al., 2015). To this end, more efforts need
to focus on conceiving a new conceptual framework of comfort assessment with an
expanded set of determinants that involves socio-demographic, and behavioral and
psychological factors apart from meteorological variables. Thereby, a human adaptive
paradigm is expected to provide more psychological and behavioral insights into the
process of outdoor comfort modeling. Although substituted by thermal neutrality in the
heat balance model for engineering simplification, in this thesis, we consider human
comfort as the research objective and focus on the linkage between outdoor comfort
assessment in urban public spaces and its influential factors stemming from different

contextual and individual dimensions.

Outdoor thermal comfort assessment is reduced to a simplified cause-effect process
based on a direct relationship between the human body and physical surrounding
environment. To undertake it, the thermal environment should be evaluated against the
human thermoregulatory system by thermal indices which are centered on the heat
balance of the human body. In line with this process, a human is regarded as a passive

recipient of ambient environmental stimuli with only physiological thermal responses.
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However, plenty of empirical evidence regarding the deviation and flaw of predictions
made by thermal indices alone were, to some extent, related to human adaptation in

the contexts of certain climate and culture.

Previous conceptual frameworks of outdoor comfort assessment using the heat balance
model simplify the mechanism of comfort assessment into a straightforward process
flow from meteorological influences and physiological responses to thermal sensation.
The primary assumption of steady-state and uniform thermal settings for this
conventional framework model is violated in the complex outdoor conditions. In order
to stress the human in the center of the process as an active role interacting with
environmental stimuli, the framework underlying the adaptive comfort model has been
proposed based on three dimensions: behavioral adjustment, physiological
acclimatization, and psychological adaptation (de Dear and Brager, 1998; de Dear, 2011).
Figure 3.1 presents the widely applied conceptual framework of field studies for thermal
index modification through subjective assessments. The objective prediction of thermal
indices based on the measured meteorological data and standardized clothing insulation
and metabolic rate is calibrated by surveyed subjective thermal sensation for localizing
thermal sensation scales. The modification of thermal indices with local scales and
neutral ranges is based on the indirect consideration of the human personal
characteristics, climatic and socio-demographic backgrounds, previous thermal

experiences, thermal expectations, and behavioral factors.

However, comfort assessment is the result of a complex process strongly influenced by
norms and expectations, which may vary depending on seasons and regions (Chappells
and Shove, 2005; Nicol and Roaf, 2017). Moreover, people’s expectations of comfort
change over the years, thus the process of specifying comfort is subject to localized,
context-dependent considerations (Chappells and Shove, 2005). By this nature, the
rational indices based on the heat balance model are constantly challenged due to the
lack of consideration of contextual factors and people’s socio-demographic, behavioral
and psychological factors. Furthermore, regarded as a cognitive process, outdoor
comfort assessment is also influenced by physical, physiological, psychological, and other
processes (Knez and Thorsson, 2006). In this sense, the influence of meteorological
variables in urban environments only partly accounts for subjective comfort assessment
(Nikolopoulou and Steemers, 2003). The remaining parts may be explained by the
contextual factors and individual’s psychological adaptation (Nikolopoulou et al., 2001;
Knez and Thorsson, 2006; Eliasson et al., 2007; Lin, 2009; Nikolopoulou, 2011).
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Chapter 3 Conceptual Framework

From the theoretical perspective, the structure of the conceptual framework underlying
outdoor comfort assessment involves three main components dealing with the
interactions between urban environment drivers, human factors, and behavioral aspects
(Shooshtarian, 2019). The environmental drivers include urban spatial features,
microclimatic conditions, and socio-cultural context. Human factors refer to human body
build, physiological conditions, expectation, preference, and past thermal experience,
while behavioral aspects involve the type of outdoor activities, and adaptive reactions to
the outdoor environment. The comprehensive conceptual framework we developed in
this thesis is rooted in the three components of drivers, given that outdoor comfort

assessment is a complex and wide-ranging concept.

Figure 3.2 presents the proposed conceptual framework with an expanded set of place-
related and person-related factors. Besides the factors related to the physical and
physiological mechanism in the heat balance models, many non-thermal factors are
incorporated in the expanded conceptual framework of outdoor comfort assessment.
The physiological and psychological characteristics of respondents vary individually
which implies errors may be introduced when purely applying the standardized thermal
indices in outdoor complex situations (Nikolopoulou et al., 2001; Coccolo et al., 2016).
In our conceptual framework, besides the measured microclimate, people make their
subjective comfort assessments in urban public spaces mainly based on their
experiences, preferences, and expectations. Therefore, the mechanism and structure of
comfort assessment process will be fully speculated involving individual’s psychological
and behavioral factors. The socio-demographic characteristics of outdoor space users
are also required in the newly proposed conceptual framework for evaluating their

outdoor comfort.

3.5 Conclusions

Thermal comfort is conceptually described as a state of mind approximating one’s
satisfaction with the environment, which is difficult to capture through only physical
factors (Hensen, 1990; van Hoof et al., 2010; ASHRAE, 2017). Given such complexity,
assessing comfort in outdoor environments is not a simple matter. Despite the
considerable amount of literature on outdoor comfort, the concept of comfort is still
ambiguous and lacks consensus in both theoretical models and methodology. This
chapter has clarified the concept of outdoor comfort and its theoretical background and

brought insights to the relationship between comfort and its influential factors.
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As soon as we admit the realm of behavioral and psychological factors to be part of the
crucial determinants of outdoor comfort assessment, we are courting complexity.
Advancements have been made in the past decades, however, in acknowledging comfort
as a condition of the mind expressing holistic satisfaction with the entire environment,
which should be assessed by subjective evaluation, based on climatic and cultural
contexts. As presented in this chapter, an expanded research framework incorporating
psychological, behavioral, and meteorological factors and environmental context is more

theoretically sound and warrants a comprehensive assessment of outdoor comfort.
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4.1 Introduction

The main objective of this doctoral research is to investigate comfort assessment in
urban public spaces with an expanded set of influential determinants, involving both
microclimatic and environmental stimuli and human factors, in a certain climatic and
cultural context. To this end, the data collection was carried out, which consists of four
sequential parts: Questionnaire design in light of the comprehensive conceptual
framework, selection of study locations based on an experimental design, detailed plan

for fieldwork, and administration of simultaneous in-situ measurement and survey.

Previous empirical investigations which were directly carried out in certain locations
without experimental design may likely be based on correlated spatial attributes and
thus result in biased modeling results of comfort assessment. In this study, we therefore
selected the study locations based on an experimental design for attributes
combinations of public spaces in terms of urban landscape, vegetation, facilities, and

services.

4.2 Study area

The data collection was conducted in the city center of Eindhoven, The Netherlands.
Eindhoven is the fifth largest city of the Netherlands with about 230,000 population, with
abundant high-tech industry. The region ranks high in terms of the number of patents
per capita across the world. This city is located in the southeast of the country (see Figure
4.1).

The study area is located in a mild climate zone, namely Cfb according to the Képpen-
Geiger classification with a typical maritime temperate climate, where summer is
generally cool and winter is milder than in other climates at similar latitudes (Kottek et
al., 2006; van den Hurk et al., 2006). Thus, the UHI effect in Dutch cities has long been
hypothesized to be relatively insignificant (Heusinkveld et al., 2014). Nevertheless, hot
summer days with air temperature rising above 30°C have occurred in the Netherlands,
and such days are expected to occur more frequently, exacerbated by climate change
(Huynen et al., 2001).

The Netherlands is a highly urbanized and densely populated country. Urban
densification and climate change will affect the livability, especially the human comfort,

of Dutch cities. Consequently, the UHI effect in Dutch cities becomes increasingly more
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significant for certain vulnerable groups of the urban population, including the elderly,
young children, and people with some diseases. Moreover, the climate involves many
windy and chilly days. The monthly minimum, maximum, and mean air temperatures,

and monthly precipitation of Eindhoven in 2015 are shown in Figure 4.2.
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Figure 4.1 Location of Eindhoven in The Netherlands
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Figure 4.2 Monthly air temperature and precipitation of Eindhoven in 2015
4.3 Data collection

4.3.1 Study location selection

To avoid bias regarding the influence of attributes and settings of urban public spaces on
individuals’ outdoor comfort assessments, the related environmental and functional
attributes should be independent with each other across the study locations. This
precondition is typically violated in previous studies on outdoor thermal comfort which
rely on a random selection of locations. To avoid such bias, this study applies the
principles underlying orthogonal fractional factorial designs to select the locations of the
field investigations.

Considering five attributes, each with two levels, including water landscape or fountain
(W), facility for resting (R), green lawn or land-cover (G), kiosk or catering service (K) and
trees and shelter proofing sun and wind (S), the full orthogonal experiment design
involves 32 (=2°) possible profile combinations. As shown in Table 4.1, an orthogonal
fraction of the full factorial design was selected, consisting of eight independent profile
combinations corresponding with eight different study locations (see Table 4.2) for the

field investigations. These specific locations (S1 — S8) are marked on the map of
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Eindhoven city center, as shown in Figure 4.3 with pictures of scene related to different

locations.

Table 4.1 The profile combinations of the orthogonal fractional factorial design

Study area G S K F w
S1 +1 +1 +1 +1 +1
S2 +1 -1 -1 -1 +1
S3 -1 +1 -1 +1 +1
S4 -1 -1 +1 -1 +1
S5 -1 -1 -1 +1 -1
S6 -1 +1 +1 -1 -1
S7 +1 -1 +1 +1 -1
S8 +1 +1 -1 -1 -1

Table 4.2 The location of the studied areas

Study area Description
S1 Green space nearby a restaurant “Zwarte Doos”
S2 Green space nearby landscape water body in “Simon Stevenplein”
S3 “18 Septemberplein” in Eindhoven city center
S4 Paved square nearby landscape water body in “Simon Stevenplein”
S5 Small, paved passageway in “Kennedyplein”
S6 Aisle and rest zone of central station and bus station in “Neckerspoel”
S7 Small green space between “Vertigo” building and “Matrix” building
S8 Green space south of the Auditorium
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Figure 4.3 The sights and locations of the studied areas (map source: www. mapbox.com)

4.3.3 Measurement device

The device used for meteorological measurements was installed and tested in the
Building Physics Laboratory of the Department of Built Environment in Eindhoven
University of Technology with the help of technicians two weeks before the in-situ field
work. All meteorological sensors and the acoustic meter were connected with a data-
logger and charged by a portable power bank. The detailed specifications on sensors for
meteorological variables, such as air temperature (T, ), globe temperature (T), relative

humidity (RH) and wind velocity (v) are elucidated in Table 4.3.

Table 4.3 The specification of sensors for movable microclimate monitor

Variable Sensor model Resolution Accuracy
T, NTC 0.01K +0.05K
T, NTC (in a black ball) 0.01K +0.05K
RH HUMITTER 50U 0.1% +3%, 10-90%
v CLIMA 0.1m/s +0.3m/s rms, v < 5m/s

+3% rms, v >5m/s

+5% rms, v > 50m/s
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4.3.4 Field work

The data collection was carried out in the selected public spaces in Eindhoven from the
end of March to the beginning of April, during eight inconsecutive days without
precipitation namely 16, 19, 20, 23, 26 and 27 March and 2 and 3 April, in 2015. The daily
weather characteristics, including wind velocity (mean: v, maximum: V., and
minimum: Vi, ), temperature (mean: T,,, maximum: Tp,,, and minimum: Ty, ) and
relative humidity (mean: RH,,, maximum: RH,,,,, and minimum: RH,,;,) in these days
are listed in Table 4.4. A movable monitoring device was used for measuring all physical
variables, so the field study altered in different public spaces by time of day. The

monitoring device had to be tested and set up again when the surveyed location was

altered.
Table 4.4 The daily weather characteristics of Eindhoven during the field work
Date Vin Vimax  Vmin Tm Tmax Tmin RH;, RHp.e RHpin,

(m/s) (m/s) (m/s) (°C) (°C)  (°C) (%) (%) (%)
16-3-2015 2.3 4.0 0.0 5.8 129 -0.8 78 98 50
19-3-2015 1.8 3.0 0.0 5.7 8.1 19 91 99 81
20-3-2015 1.6 3.0 0.0 31 4.9 -0.2 96 99 87
23-3-2015 1.8 4.0 1.0 43 11.9 -3.8 78 98 53
26-3-2015 4.4 8.0 2.0 4.7 7.2 0.4 90 99 63
27-3-2015 4.6 8.0 1.0 6.0 113 -1.3 76 97 57
09-4-2015 5.5 8.0 2.0 5.8 9.4 0.6 73 93 48
10-4-2015 2.1 4.0 1.0 6.3 104 -0.3 67 93 41

Figure 4.4 The scenes of survey and measurement
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The portable device with sensors and a data-logger was set up to monitor the
microclimate conditions and background sound pressure levels automatically.
Microclimatic variables, including Ty, Ty, RH and v, and sound pressure level (1) were
measured and recorded automatically by movable devices with sensors and
corresponding data-logger. The sensors of T, T, and RH were mounted on the tripod
at the fixed standard height of 1.1m according to 1SO7726 (ISO 7726, 1998), and the
anemometer for v was installed at the height of 1.7m. The measuring device was set up
in the study location and launched 15 min ahead of measurement as a stabilizing period
in order to obtain reliable results. In addition, an acoustic meter was used for recording

the background sound pressure level.

The surveys and measurements were conducted between 10:00 a.m. and 5:30 p.m. with
the assistance of 54 Master students from the Department of Built Environment in
Eindhoven University of Technology. Respondents were randomly invited to participate
in the survey within approximately 2 meters distance around the measurement device.
The duration of each survey was between 7 and 16 minutes. A scene of the survey is
shown in Figure 4.4. Some respondents were interviewed while sitting on a bench with
a monitoring device set nearby. The survey started with a concise explanation of the
research purpose. The exact start and end time of each survey were recorded by
research assistants, who monitored the duration of the survey for synchronizing the
measured variables for the analysis. In general, respondents spent ten to twenty minutes
to complete the questionnaire. The example of questionnaire form (English version) is

attached in Appendix.

More than 1000 questionnaire forms were collected. However, some were discarded
during the screening process since they were unfinished. Ultimately, the entire dataset
consisting of 701 effective and intact questionnaires were available for analysis and

modeling.
4.4 Descriptive statistics

4.4.1 Physical conditions of the public spaces

The mean radiant temperature (T,,,+) was calculated for evaluating the solar short-wave
radiation and the long-wave radiation from the surface ground and surrounding objects.
The equation is expressed as below based on ISO7726 (ISO 7726, 1998):
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0.25

1.10 x 108 x v°¢(T, — T,
(Ty ~ Ta) —273 (4.1)

fDOA

Tore = |(T, +273)" +

where D is the diameter (=150mm in this study) of black ball sensor for T, and ¢ is the

emissivity coefficient (=0.95 in this study).

As shown in Table 4.5, meteorological variables and sound pressure level varied during
field investigations within a certain range in the study areas. The air temperature was
relatively low with a minimum value of 4.2°C and mean value of 11°C. The wind speed
was up to 3.9 m/s. The fluctuation of mean radiate temperature was significant during
fieldwork due to the variation of sunshine exposure and wind conditions in different

locations of urban public spaces.
4.4.2 Socio-demographic and behavioral statistics

The distributions of physiological and socio-demographic characteristics are shown in
Table 4.6. Males account for 61.1% of all respondents. The majority of respondents have
the Dutch nationality. Around 86.6% of the respondents are under 40 years old.
Moreover, the education levels of respondents are mainly in the range from “Secondary
vocational school” to “Master”. As for the body build of respondents, the Body Mass
Index (BMI) is widely used as a general indicator of whether a person has healthy body
weight relative to their height. The new BMI is a simple calculation using a person’s

height and weight, which is expressed as:

13xW

(4.2)
where W is weight of an individual person measured in kilogram, and H is height of an
individual person in unit of meter. The World Health Organization regards a BMI of less
than 18.5 as underweight, while a BMI equals to or greater than 25 is considered
overweight. With a BMI over 30, a person is considered obese (World Health
Organization, 1995; Prospective Studies Collaboration, 2009). The BMI of healthy weight
is found in range from 18.5 up to 25. Statistics show most respondents’ BMI fall in the
18.5 to 25 range (75.6%).
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Table 4.5 The meteorological variables of microclimatic conditions and sound pressure level

Variables Minimum Maximum Mean Median SD
T, (°C) 4.2 24.7 11.0 9.7 46
RH (%) 24.9 91.2 56.3 55.5 17.6
v (m/s) 0.2 3.9 15 11 0.9

Tyt (°C) 46 51.7 17.9 15.1 10.3

[ (dB) 51.0 72.9 64.9 65.7 4.3

Table 4.6 The socio-demographic and physiological characteristics of respondents

Variable Category Percentage
Female 38.9%
Gender
Male 61.1%
<20 27.0%
20-40 59.6%
Age
40-60 7.8%
> 60 5.6%
<18.5 6.6%
18.5-25 75.6%
BMI
25-30 15.1%
>30 2.7%
Dutch 77.2%
Nationality
Non-Dutch 22.8%
High school or less 9.6%
Secondary vocational school 18.3%
College diploma 13.7%
Education
Bachelor 30.7%
Master 24.8%
PhD 2.9%
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Table 4.7 The proportions of respondents regarding behavioral factors

Variable Category Percentage
Motion before survey Sitting 26.8%
Standing 15.8%
Walking 57.4%
Transportation mode By foot 37.7%
By bike 22.2%
By bus, train, and car 40.1%
Frequency First time 2.3%
Seldom 13.7%
Occasionally 18.0%
Sometimes 26.1%
Often 39.9%
Duration (entire outdoor activities) <15 mins 30.5%
15 -30 mins 30.5%
30 - 60 mins 17.2%
60 - 120 mins 10.7%
> 120 mins 11.1%
Duration (current area) < 15 mins 43.2%
15-30 mins 30.8%
30 - 60 mins 12.9%
> 60 mins 13.1%
Purpose Public transport transfer 21.0%
Social activity 6.6%
Shopping 16.8%
Rest 15.3%
Leisure 10.7%
Passing by 27.8%
Other 1.8%
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The proportions of respondents about their behavioral factors are shown in Table 4.7. It
is generally assumed that the more frequently one is in the place the more familiar one
is with the microclimate conditions and spatial settings. Since all surveys were conducted
in public spaces of the city center (e.g., shopping area, transportation hub), a large
proportion of respondents’ visiting frequency is once a week or higher (more frequent
than “scarcely”). Regarding outdoor duration, we inquired both the total duration of
outdoor activities and the time spent in the area where the surveys were conducted.
Over 78.1% of the respondents spent less than 1 hour in the outdoor environment, most
of which only spent less than half an hour. As for the time spent in the studied areas,
most respondents stayed less than half an hour. 43.2% of the respondents stayed for

only 15 minutes.

The proportions of respondents' sensations of wind, humidity, sunlight, background
sound pressure level and air quality, and their thermal sensation in the studied public
spaces during the surveys are depicted in Figure 4.5. According to the diagram, 55.7% of
the respondents' thermal sensations are on the cold side. 12.8% of the respondents felt
very cold during the survey. Regarding humidity, 57.8% of the respondents felt dry. The
number of respondents who thought the ambience was noisy exceeds the number of
respondents who thought the surroundings were quiet. As for wind, more than half of
the respondents sensed it was windy to some extent. Approximately 55% of the
respondents felt the sunlight is not strong enough, more than half of them felt the
sunlight was weak or even very weak. In addition, the majority of the respondents

experienced fresh air quality.

As illustrated in Figure 4.6, respondents who preferred no change in the wind and
sunlight conditions during their survey account for 30% of the respondents. The
percentage respondents preferring higher wind speed equals the percentage of
respondents preferring less wind speed. Respondents who want more sunlight are more
than those who want to reduce sunlight. Furthermore, the proportions of respondents'
assessment regarding comfort, and their acceptability and need satisfaction of outdoor
activities are depicted in Figure 4.7. Most respondents thought the conditions were
suitable for outdoor activities. Moreover, the majority of the respondents were satisfied
with their outdoor activities. Although respondents vary in the sensation of
environmental conditions and preferred wind and sunlight strength, most of their

comfort assessment is falling on the comfortable side.
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Figure 4.5 Proportion of respondents’ sensations of microclimatic and environmental conditions
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Figure 4.6 Continued
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Figure 4.7 Proportion of respondents’ preference of wind and sunlight
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Figure 4. 8 Proportions of respondents’ overall comfort assessments, and acceptability and

need satisfaction of outdoor activity

4.5 Conclusions

This chapter provided information on the background of the case study city Eindhoven
and the orthogonal design for the selection of study locations. Furthermore, the survey
and measurement administration and the questionnaire design undertaken for survey
have been introduced. The portable device for measuring meteorological variables and
background sound pressure level was presented with the specifications and accuracy
range of sensors.
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The results of the descriptive statistics from the concurrent two types of data collection
provide an overview of the microclimatic conditions and sound pressure level at the
study locations, which is conductive to better understand the contextual conditions of
respondents’ comfort assessments. Moreover, respondents’ profiles were discussed in
terms of socio-demographic characteristics, body builds, and behavior related factors.
The distributions of respondents’ thermal sensations, perceptions and preferences of
microclimatic and environmental stimuli, acceptability and need satisfaction of outdoor
activities and their comfort assessments were presented. These data constitute the basis

of the analyses reported in the next chapters.
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! This chapter is based on Peng, Y., Feng, T., and Timmermans, H. (2019). Expanded comfort assessment in

outdoor urban public spaces using Box-Cox transformation. Landscape and Urban Planning, 190, 103594,
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5.1 Introduction

The heat balance theoretical model simplifies the mechanism of comfort assessment
into a straightforward process flow from meteorological influences to physiological
responses (Brager and de Dear, 1998). The importance of other environmental stimuli
(e.g., sound, air quality and sunlight) as well as psychological and behavioral factors in
the assessment of outdoor comfort has generally been downplayed (Chappells and
Shove, 2005; Vischer, 2008; Rossi et al., 2015). Findings of previous field studies indicate
that individuals’ mitigation or aggravation of discomfort depends on their personal
background and local meteorological conditions, leading to an context-based adaptive
modeling approach (Humphreys and Nicol, 1998). In line with this point of view, an
implicit natural tendency of people to adapt to changing outdoor conditions has been
addressed. Both psychological adaptation and behavioral adjustment improved the
tolerance of individuals to a significant wide range of thermal conditions. Much progress
has been made in terms of theory and practice with the introduction of the context-
based adaptive approaches for different microclimates and environments, which
indirectly integrates human thermal preference and emphasized the human behavioral
reactions to avoid discomfort (de Dear and Brager, 1998; Potchter et al., 2018).
Therefore, it is crucial to fully understand the mechanisms underlying outdoor comfort
assessments considering both microclimatic and environmental conditions and human
factors in accordance with conceptual framework with expanded set of explanatory

variables.

In the heat-balance model, an individual is assumed as a passive recipient of
environmental stimuli. From this point of view, the effects of given thermal conditions
are mediated only by the physics of heat and mass exchanges between the body and the
surrounding environment as well as physiological thermoregulation of human body.
Thus, thermal comfort is supposed to emerge from the achievement of heat balance
between human body and ambient thermal environment. The underlying postulates
tends to hold in indoor settings. However, they are challenged when faced with outdoor
situations. Due to the dynamic and non-uniform microclimatic and environmental
conditions in urban public spaces, the heat flow to and from the human body may not
be balanced. Heat-balance theory lacks a coherent explanation to account for people's
responses to outdoor conditions since it ignores the effects of psychological and
behavioral factors (Stathopoulos et al., 2004; Lin and Matzarakis, 2008). Evidenced by

the results of numerous field studies, although the effects of microclimatic stresses can
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in part be predicted by physiological indices, still substantial difference remains between
actual and predicted comfort assessment one when applying the heat balance-based
thermal index to naturally ventilated buildings. There are even less reasons to assume
this will not be the case in outdoor environments. Thus, the heat balance theory and
related indices have been criticized for the lack of universal applicability and its strict

|n

reliance on “ideal” conditions along with ignoring contextual attributes and human
psychological and behavioral processes that influence comfort and the process of

measuring outdoor comfort.

In addition, the equivalence of thermal comfort and neutral thermal sensation was
challenged since the concept of “Alliesthesia” was addressed to differentiate thermal
pleasure from thermal neutrality (Michel, 1971; Spagnolo and de Dear, 20033; Liu et al.,
2020). The existing methods which treat a neutral or acceptable thermal condition as a
substitute of a comfortable condition has also been criticized since evidence was found
that the temperature that people preferred was different from their neutral
temperature (Cheung and Jim, 2017). Thus, more broadly, the attainment of
physiological thermal comfort cannot be simply assumed to be equal to psychologically

comfortable (Indraganti and Rao, 2010).

5.2 Conceptual framework

As mentioned in previous chapters, we argue that a conceptual framework with an
expanded set of influential factors is required to facilitate comprehensively
understanding and better predicting the assessment of comfort in complex urban public
spaces. In more detail, all the potential causal effects of psychological and behavioral
factors are expected to be incorporated and considered in the modeling process.
According to the literature, numerical analysis of the integrated impact of diverse non-
thermal behavior factors is still rare. No studies to date have systematically examined
the influence of individuals' socio-demographic characteristics, emotional status,
expectations, preferences and outdoor behaviors (Langevin et al., 2013). Furthermore,
linear effects of multiple variables have been challenged since changes of some variables
may lead to variance in comfort assessment. Therefore, based on the proposed
theoretical framework, the linear and nonlinear modeling approaches of comfort
assessment taking into account a broader range of explanatory factors are presented in
the following sections of this chapter. Given the diversity of outdoor environments and

the variability of individuals” psychological and socio-demographic characteristics, the
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opportunities and constraints of physical, social, and behavioral contexts may affect

comfort.

On the other hand, microclimate in public spaces is characterized by a number of
physical attributes (e.g., air temperature, relative humidity, wind speed, mean radiant
temperature) which, in effect, are perceived by occupants individually with their own
bias. In addition, we suppose that, before getting to a specific public space, an individual
already formed prospective microclimatic and environmental conditions based on
his/her own knowledge, experience, and information. This expected scenario was
accordingly set as a cognitive reference within a local institutional acclimatization and
experience (Lenzholzer, 2010; Lenzholzer and Koh, 2010; Lenzholzer and van der Wulp,
2010). Apparently, the physical spatial settings of public spaces offer both potential
opportunities and constraints for individuals' adaptation. If people feel really discomfort
in a certain outdoor open space, they will leave immediately. Following this line of
reasoning, people’s visiting purposes, transportation modes and duration of outdoor
exposure may affect their comfort assessment. Moreover, with intention and
forethought, people set goals and anticipate likely outcomes of prospective outdoor

conditions and their actions. However, these were rarely investigated in existing studies.

Compared with the traditional heat balance model, the hypothetical relationships
between comfort assessment and influential factors in the multiple linear model and
nonlinear model are expanded to consider human comfort from a wider perspective by
incorporating physiological bodily sensation with a holistic perception in terms of
person-related and place-related factors. The relative importance of diverse influences
on comfort assessment was systematically examined. The simple cause-effect process in
the conventional heat balance model was substituted by taking mediating effects of
human psychological and behavioral influences into account. When implementing
outdoor activities, people normally have a special need and preference within a
particular outdoor setting. Their comfort assessments are the outcome of the interaction
between individual expectations and preferences and the opportunities and constraints
induced by specific microclimatic and temporal-spatial settings within a particular socio-

cultural context.

In summary, comfort assessment in real-world outdoor urban environments represents
a comprehensive judgment process in which individuals consider and realize their needs
and preferences within a given urban temporal-spatial setting. The assessments related

to comfort assessment of occupants in public spaces are based on their own experience
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and is related to specific purposes and corresponding outdoor behavior. In addition,
their adaptation takes place with the specific outdoor activities in public spaces. Thus,
we assume the underlying process of comfort assessment is determined by various
hypothetical impacts (see Figure 5.1). Some person-related variables, like socio-
demographics, emotional status, visiting purpose, transportation mode and experienced
thermal condition characterize individual's own expectation and preference. These

variables are dynamic, and the values may continue updating

when interacting with their surroundings. The adaptation which makes better comfort
assessment is also involved from the interaction with environments. In this regard,
comfort assessment is not treated as a static and independent process, but rather as the
temporary outcome of a series of experience and consequent adaptation resulted from

psychological and behavioral aspects.

5.3 Multiple linear regression

Based on the comprehensive conceptual framework with an expanded set of influential
factors, we take both microclimatic and environmental variables and human factors into
account in the multiple linear regression. The explanatory variables were expanded
compared with the previous models of thermal sensation or neutral temperature of
adaptive models. With the multiple linear regression, a quantitative analysis has been
conducted to reveal the effects of various aspects of outdoor environments and

respondents themselves. Hence,

n
yi=Bo+ ) Bt +e (5.1)
k=1

where y,; is the value of overall comfort through the face-to-face interview for person i,
B, is the constant, B is a parameter of the kth factor, x;, denotes the kth variable for
person i which includes the physical features of a public space and respondents'

information of socio-demographic, psychological and behavioral aspects.
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Comfort in Urban Public Spaces

5.4 Nonlinear model with Box-Cox transformation

To explain and elaborate the effects of explanatory variables on the individuals’
responses of comfort assessment, the multiple linear regression was the first choice of
modeling method. However, this approach is limited in its linearity of the relationship
between outdoor comfort and explanatory variables. To better understand the potential
nonlinear relationship between comfort assessment and predictors, the Box-Cox
transformation (Box and Tidwell, 1962) is employed on explanatory factors. As the
estimation follows a stepwise procedure, only the variables with a reasonable t-value of
coefficient f and A could be transformed and remained. Ultimately, the nonlinear
regression model with the transformation was developed and estimated using the
maximum likelihood algorithm. The formulas of the regression model with Box-Cox

transformation are presented below:

Vi = Bo+ ) B +¢ (52)
k=1
A
xp —1
xh =471+ *#0 (5.3)

Inxy,, A=0

where the dependent variable y,, is comfort assessment for person i, 8, is the constant
term, By is a coefficient of the kth explanatory factor, x;j, is the kth Box-Cox
transformed independent variable for person i, & is an error term and A is the
coefficient of the Box-Cox transformation.

5.5 Results and discussion

5.5.1 Linear relationships

The estimates of the multiple linear regression are illustrated in Table 5.1. As important
variables of outdoor thermal conditions, wind speed and mean radiant temperature
have a significant influence on comfort assessment in urban public spaces. During the
fieldwork in the shoulder season of the Netherlands, the average air temperature
measured is 16 °C, which is far from the state of an uncomfortable hot temperature. The
negative coefficient of wind velocity indicates that the faster the wind speed, the less

comfort people feel in outdoor environments. In contrast, the mean radiant
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temperature has a positive impact on comfort. This is understandable because the mean
radiant temperature affects the thermal loading, indicating that a higher heat loading
may lead to more comfort in the context of local climate. However, the effect of mean
radiant temperature on comfort assessment is not very significant. In case of the air
temperature and relative humidity, no significant effects were found. With respect to
the acoustic environment, no linear relation was found between sound pressure level

and the overall comfort assessment.

Table 5.1 Estimation results of the multiple linear regression model

Variable B p-value
(Constant) 2.768** 0.04
Air temperature 0.012 0.78
Relative humidity 0.001 0.90
Wind speed -0.175* 0.07
Mean radiant temperature 0.011* 0.09
Sound pressure level -0.005 0.50
Age -0.005 0.18
Gender 0.301%** 0.01
BMI 0.012 0.44
Education -0.136*** 0.00
Positive affects 0.042%** 0.00
Negative affects -0.039%*** 0.00
Visiting frequency 0.117%** 0.01
Siting 0.059 0.69
Standing -0.034 0.85
Expected thermal sensation 0.075** 0.04
Expected humidity 0.093*** 0.01
Expected wind velocity -0.100*** 0.01
Expected sound pressure level 0.072%** 0.04
Perceived openness 0.186*** 0.00
Perceived opportunities 0.032 0.34
Total outdoor duration -0.102*** 0.01

*0.05< p<0.1; ** 0.01< p < 0.05; *** p <0.01
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Table 5.2 Continued

Variable B p-value
Perceived humidity -0.099%*** 0.01
Perceived wind speed -0.125%** 0.00
Perceived sunlight 0.152%** 0.00
Perceived sound pressure level -0.082** 0.03
Perceived air quality 0.079** 0.03
Preferred thermal sensation -0.044 0.26
Preferred humidity 0.010 0.82
Preferred wind velocity 0.093*** 0.01
Preferred sunlight 0.074** 0.05
By foot -0.303** 0.02
By bike -0.089 0.53
Transit -0.068 0.86
Resting 0.040 0.92
Social -0.100 0.81
Shopping 0.246 0.53
Leisure -0.062 0.88
Passing by -0.042 0.92

*0.05< p<0.1; ** 0.01< p < 0.05; *** p <0.01

As for the respondents’ socio-demographic characteristics, age, gender, BMI, and
education level were utilized in the multiple linear regression. According to the result,
no significant impact of age and BMI were found. The gender of the respondent
significantly affects their overall comfort assessment, which indicates that males express
a higher degree of comfort than females. Likewise, the difference in thermal sensation
between males and females under similar boundary conditions has been explained in
previous studies (Indraganti and Rao, 2010; Karjalainen, 2012). In addition, the negative
relationship between education level and overall comfort was identified. People with

higher education levels are inclined to express a lower degree of overall comfort in

outdoor conditions.
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Unlike the previous modeling approach of outdoor comfort assessment, in this study,
people’s emotions and other psychological variables pertaining to the exposures in
environments of study locations have been quantitatively introduced and measured in
line with the comprehensive conceptual framework with the expanded set of effects.
Results show that both positive affect and negative affect of respondents significantly
and consistently impact comfort. In other words, a more positive emotion leads to a
higher level of comfort assessment, while a negative emotion results in a lower comfort
assessment. From the perspective of human psychological adaptation, a positive
emotion may promote potential adaptation by enhancing people's tolerance and

enlarging the range of conditions perceived comfortable.

More importantly, evidence shows that if people expected warmer thermal sensation,
higher humidity, and louder background sound pressure level before arrival, they were
more likely to feel comfortable. Additionally, if people expected higher outdoor wind
speed, they tend to have a lower comfort assessment. This may be because strong wind
is always irritating. However, results show the preferred wind speed has a positive
relationship with comfort assessment, which indicates that those who prefer higher wind
speed felt more comfortable. In the meantime, respondents’ preference of sunlight is
positively related to their comfort evaluation. No significant effects on comfort
assessment were found with respect to respondents’ preference of thermal sensation

and humidity.

With respect to behavioral aspects, we considered variables such as visiting frequency,
transportation modes (categorized as by foot, by bike considering by public transport
and private car as the reference), purpose of being in the surveyed outdoor space
(categorized as transit, resting, social or cultural activity, shopping, leisure, passing by
considering other as the reference), and total duration of outdoor activity. As shown,
many behavioral variables are statistically significant. The positive estimate of visiting
frequency indicates that the more frequent a respondent visits the studied area the
higher the perceived comfort. This is understandable considering the fact that comfort
assessment could depend on how well people know the place. In addition, respondents
who either stay longer in the outdoor environment or come by foot tend to have a lower
comfort assessment. It means that longer duration of the stay or walking a lot has a

negative effect on comfort assessments.

Furthermore, the effects of the perceived spatial attributes are revealed. The

representative variables are subjective evaluation of opportunities provided by urban
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facilities and perceived openness of the public space. It is found the perceived openness
has a significant influence on comfort whereas a positive correlation exists between
acceptable openness and comfort assessment. If the building blocks enclose a public
space to an unacceptable extent, it may cause a negative effect on users’ comfort.
Overall, the explanatory variables show an acceptable goodness-of-fit (adjusted R? =
0.335). More importantly, results of the expanded linear model show that most
psychological behavior variables have a significant effect on assessment of outdoor

comfort. This confirms our original assumption and the expanded conceptual framework.

5.5.2 Nonlinear effects

The estimation results of nonlinear modeling using the Box-Cox transformation are
presented in Table 5.2. It shows that the significance of most explanatory variables is
improved in the nonlinear model relative to the multiple linear regression model. A
remarkable boosting of the t-value related to f took place for wind velocity and sound
pressure level related to the physical attributes of public spaces, as well as age and body
mass index which are related to the respondents. A A which is not equal to 1 means that
the related explanatory variable take on a specific transformation. For example, the
transformation of wind speed approximates the logarithm (A =0), while for mean radiant
temperature it is close to a power function (A1 =-2.08). In addition, both age and body
mass index have significant negative effects on comfort, which indicates that the elderly
and people with a higher body mass index feel less comfortable. However, in the linear
regression model, body mass index had little impact on comfort evaluation. Nevertheless,
the conclusion regarding the negative effects of body mass index s in line with the results
found in previous studies that also found the increase of body mass index can reduce

the value of thermal sensation to some extent (Tuomaala et al., 2013).

The nonlinear model with the Box-Cox transformation yields a slightly better goodness-
of-fit (adjusted R?=0.361) than the multiple linear regression model. This means the
actual outdoor comfort assessment, as a result of respondents' mental activities and
judgements, may be better linked to the variables of the environment and human factors,

in a nonlinear way.
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Table 5.3 Estimation results of nonlinear regression with Box-Cox transformation

Variable B p-value A p-value
(Constant) 62.389*** 0.00 1 N/A
Air temperature 0.028 0.30 1 N/A
Relative humidity 0.003 0.37 1 N/A
Wind speed -0.311%** 0.01 0.00* 0.06
Mean radiant temperature 0.011* 0.06 1 N/A
Sound pressure level -0.327*** 0.00 0.02%** 0.00
Age -41.468%** 0.00 -1.49%** 0.00
Gender 0.306%** 0.01 1 N/A
BMI -45.174%** 0.00 -2.35%** 0.00
Education -0.347%** 0.00 -0.27*** 0.00
Positive affects 15.201%** 0.00 -0.76%** 0.00
Negative affects -49.265%** 0.00 -1.59%** 0.00
Visiting frequency 0.119** 0.02 1 N/A
Siting 0.044 0.38 1 N/A
Standing 0.077 0.36 1 N/A
Expected thermal sensation 0.090* 0.07 0.69 0.24
Expected humidity 0.088 0.01 1 N/A
Expected wind velocity -0.030** 0.00 1.85%** 0.00
Expected sound pressure level 0.061%** 0.08 1 N/A
Perceived openness 0.920%** 0.00 -0.14%** 0.00
Perceived opportunities 0.06 0.21 0.50 0.29
Total outdoor duration -0.083*** 0.05 1 N/A
Perceived humidity -0.210*** 0.00 0.38** 0.02
Perceived wind speed -0.126%** 0.00 1 N/A
Perceived sunlight 0.590*** 0.00 -0.29%** 0.00
Perceived sound pressure level -0.260** 0.02 0.14%** 0.00
Perceived air quality 0.240** 0.02 0.21%** 0.01
Preferred thermal sensation -0.032 0.28 1 N/A
Preferred humidity 0.002 0.40 1 N/A

*0.05< p<0.1; ** 0.01< p < 0.05; *** p < 0.01

89



Comfort in Urban Public Spaces

Table 5.4 Continued

Variable B p-value A p-value
Preferred wind velocity 0.889*** 0.00 -0.91%** 0.00
Preferred sunlight 0.070* 0.07 1 N/A
By foot -0.318** 0.02 1 N/A
By bike -0.144 0.24 1 N/A
Transit -0.272 0.31 1 N/A
Resting -0.044 0.40 1 N/A
Social -0.173 0.37 1 N/A
Shopping 0.185 0.36 1 N/A
Leisure -0.142 0.38 1 N/A
Passing by -0.165 0.37 1 N/A

*0.05< p <0.1; ** 0.01< p < 0.05; *** p <0.01

5.5.3 Elasticity analysis

To further explore the variables’ contribution in predicting outdoor comfort assessment
in urban public spaces, an elasticity analysis was conducted. The results are shown in
Table 5.3. We found that some human factors have a relatively larger elasticity, such as
emotional status, perception of openness of public space, sensation of wind velocity and
sunlight exposure. This means the change of values of these variables will have a larger

effect on comfort assessment than other variables.

5.6 Conclusions

The comprehensive conceptual framework of comfort assessment in urban public spaces
with an expanded set of influential factors was estimated using a multiple linear
regression model and a nonlinear model with the Box-Cox transformation. The models
incorporate both physical environment attributes and human psychological and
behavioral factors. The methodology proposed in this chapter can be applied in various

climate zones and diverse cultural contexts.

The model results provide convincing evidence that the mechanism of comfort

assessment is beyond a single energy exchange dimension. The linear relationship
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between comfort and an expanded set of factors was verified, and later the nonlinear
relationship was demonstrated using a Box-Cox transformation. To the best of our
knowledge, this is the first study to develop such a numerical comprehensive model with
an extended set of explanatory variables in outdoor comfort research. The findings
provide more insights in the actual assessment of outdoor comfort. The social-economic
characteristics significantly affect comfort assessment, so does emotional status. The
psychological and behavioral factors were also found to play an important role in

comfort assessment.

Table 5.5 Elasticity of significant explanatory variables

Explanatory variables Linear Non-linear
Wind velocity -0.05 -0.06
Mean radiant temperature 0.06 N/A
Sound pressure level N/A -0.07
Age N/A -0.06
BMI N/A -0.01
Positive affects 0.24 0.23
Negative affects -0.12 -0.13
Visiting frequency 0.09 N/A
Expected thermal sensation 0.09 0.04
Expected wind velocity -0.03 -0.09
Expected humidity 0.06 N/A
Expected sound pressure level 0.07 N/A
Total outdoor duration -0.05 N/A
Preferred wind velocity 0.07 N/A
Preferred sunlight 0.06 N/A
Perceived openness 0.20 0.14
Perceived wind velocity -0.11 N/A
Perceived humidity -0.06 -0.06
Perceived sunlight 0.11 0.08
Perceived sound pressure level -0.07 -0.06
Perceived air quality 0.08 0.07
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2 This chapter is based on Peng, Y., Feng, T., and Timmermans, H. (2019). A path analysis of outdoor comfort

in urban public spaces. Building and Environment, 148, 459-467.
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Chapter 6 Direct and Indirect Relationships

6.1 Introduction

The diverse and complex context of urban public spaces and their spatial settings with
the corresponding microclimate faced by individuals are driving an increasing need for a
full understanding of outdoor comfort. Still, people have different perceptions and
preferences when they are exposed to different environments, despite having identical
thermal balances indicated by heat balance theory. In this regard, comfort is an outcome
of the interaction between an individual's preferences and perceived opportunities and
constraints induced by specific outdoor microclimate and temporal-spatial urban

settings within a particular institutional and local context.

A qualitative method linking thermal and spatial information and people’s perceptions
has been developed (Lenzholzer et al., 2018). The divergence between thermal index
and actual response in field studies show that an individual’s thermal expectation and
preference induced by contextual factors are specific to different urban settings and
corresponding microclimates. The heat-balance indices may not be universally
applicable across contexts (Lin et al., 2011). The importance of physical, physiological
and psychological influential aspects have been addressed by several empirical in-situ
investigations based on either heat balance theory or adaptive approaches (Brager and
de Dear, 1998; Knez et al., 2009; Lin et al., 2011). However, the direct causal relationships
between comfort and influences have been modelled without considering
psychologically mediated effects. Still, the mechanism of the influence on comfort was
simplified as one single step from the triggering factors to direct assessment. Few studies
investigate the indirect effects that are different from the cause-effect process (Knez et
al., 2009; Chan et al., 2017). Systematically investigating the perceptual mechanism of

comfort assessment therefore becomes necessary and critical (Lenzholzer, 2012).

This chapter therefore aims to outline an expanded and integrated conceptual
framework that illustrates comfort assessment in non-uniform and unsteady outdoor
environments by considering the nature and strength of both direct and indirect
influences. The simplified causal relationships are modelled through path analysis
discovering the intermediary function of related psychological factors. The path analysis
entails the comfort assessment by both physical microclimate conditions and human
factors in a structured process (e.g., emotional status, perceived meteorological
situations and urban spatial settings). We contend that outdoor comfort cannot be

viewed as only a manifestation of neutral status in heat balance, but rather the outcome
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of a perceptual process associated with respondents’ expectations and preference
formed by their outdoor behaviour, thermal experience, socio-demographic
characteristics, and emotional status, which are influenced by experiences implementing
behavioural adjustments and psychological adaptations. Thus, we utilise the
acceptability and need satisfaction of outdoor activities as two mediators. The
microclimate and other environmental stimuli perceived by individuals are related to the
degree of their acceptability and the satisfaction of outdoor activities. As such, the new
approach is consistent with the basic premise underlying the development of path
analysis to replace the traditional methodology by explicitly taking into account both

direct and indirect effects.

6.2 Conceptual framework

Comfort assessment is conceptualized as a process in which individuals attempt to adapt
themselves and satisfy the particular need in outdoor environments, given a
microclimate and perceived temporal and spatial constraints with their own experience.
A conceptual structure of the direct and indirect effects on comfort is presented in Figure
6.1. Based on the hypothesis, the paths have been set up to include the connections
between the endogenous variables and the influences from the exogenous variables.
Through existing investigations, we predefine the relationships between comfort
assessment and the acceptability and need satisfaction of outdoor activities. In addition,
the endogenous variables are impacted by the manifold exogenous variables in terms of
place-related attributes (e.g., microclimate condition, environmental stimuli) and
human-related factors (e.g., social demographics, preference, and perception of
environment). The hypothesized connections are illustrated in Table 6.1. Having
identified the relationships, a maximum likelihood estimation method was used to

estimate the parameters.
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Table 6.1 Hypothetical relationships

Endogenous variables Exogenous variables

Thermal sensation socio-demographic characteristics
behavior factors
perception of wind, humidity, and sunlight

physical microclimate

Acceptability of outdoor activity expectation of thermal and wind condition
perception of wind, humidity, and sunlight
perceived adaptive opportunity
physical microclimate

Thermal sensation

Need satisfaction of outdoor activity socio-demographic characteristics
emotional status
environment propensity
behaviour factors
preference of wind and sunlight
perception of sound pressure level and air
ada'btive preparation
Thermal sensation

Acceptability of outdoor activity

Comfort Thermal sensation
Acceptability of outdoor activity
Need satisfaction of outdoor activity
socio-demographic characteristics
emotional status
expectation of thermal and wind condition
perception of sound pressure level and air
perééption of spatial attribute
preference of wind and sunlight

behaviour factors
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6.3 Path analysis

Path analysis is an extension of multiple regression analysis, which is regarded as a
special case of structural equation modeling (SEM) (Streiner, 2005). As SEM deals with
both measured and latent variables, path analysis deals with observed variables only. In
this study, path analysis is utilized to estimate the magnitude and significance of
hypothetical relationships between comfort and sets of variables related to physical
microclimate and individuals’ socio-demographic characteristics, emotional status,
expectations and perceptions of microclimate and environment condition, along with

relevant behavioral factors.

The dependent variable in the path analysis is individuals’ outdoor overall comfort
assessment, which is different from the thermal sensation. Further, we believe that, to
conduct outdoor activities, individuals need to be involved in active interactions with the
urban environments. If the experience of a location does not satisfy the expectation, the
individual will continue to adapt themselves. However, if the adaptation is repetitively
constrained, the assessment may be negative. Individuals may still be pleased with the
experience although the unpleasant experiences accumulated could reinforce that

individual's perception.

The path analysis aims to overcome the potential shortcoming in conventional models,
e.g., linear regressions by transforming the causal influences into direct and indirect
effects. These possible relationships and their strength are cornerstones of the comfort
assessment mechanism and must be revealed by path analysis. For example, we
postulate that microclimate affects comfort assessment through thermal sensation and
the acceptability of outdoor activities. The time individuals spend in outdoor
environments may have potential impacts on comfort. We assume that there are
relationships between the overall outdoor comfort and individuals' thermal sensation,
thermal acceptability and need satisfaction of outdoor activities. In addition, the
integrated exogenous influences, such as microclimate condition, individuals’ socio-
demographic characteristics, behavior factors, emotional status and subjective
perception of urban settings and corresponding microclimate and environment

attributes are also investigated.
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6.4 Results

As demonstrated in Table 6.2, the path model is testified as a good-fitting model based
on the values of the Comparative Fit Index (CFl) and Tucker Lewis Index (TLI), which are
greater than the empirical cut-off criterion (Bentler and Bonett, 1980). Further, the
Standardized Root Mean Square Residual (SRMSR) is far less than 0.08. The value of Root
Mean Square Error of Approximation (RMSEA), which measures the discrepancy per
degree of freedom, is smaller than the empirical threshold, 0.05. In summary, the

structure of the direct and indirect relationships is proved as significant.

Results of the intercepts of endogenous variables are shown in Table 6.3. The
coefficients of all direct and indirect connections are presented in Table 6.4 with the
level of significance. Based on the estimation results, a majority of the exogenous
variables have indirect impacts on comfort assessment through mediators. Still, there

are some variables that have both significant direct and indirect effects.

The microclimatic variables, such as air temperature, wind velocity and relative humidity,
show significant indirect influence on comfort. However, the mean radiant temperature
has no noteworthy effect. In particular, air temperature significantly impacts an
individual's outdoor thermal sensation. The direct relationship between air temperature
and the acceptability of outdoor activity was also investigated, whereas no evident effect
was found. In contrast, relative humidity slightly influences acceptability of outdoor
activity in a negative way, but it does not act on thermal sensation. Regarding the
influence of wind, it is reasonable that wind velocity negatively impacts respondents’
thermal sensations and their acceptability of outdoor activity because the data
collections were carried out in the early spring with relatively low average air
temperature. In addition, in the context of Dutch historical meteorology, wind
turbulence has been always criticized as an annoying phenomenon, especially in the cold
and cool seasons. To speak of mean radiant temperature, as a physical meteorological
influence, although it is the most decisive determinant in some traditional thermal
indices, in this model, only a negligible effect was revealed with a low significant level
according to the estimate for both thermal sensation and the acceptability of outdoor

activity.

Regarding socio-demographic characteristics, the influences of age, sex and education
level have been demonstrated through the path model. As shown in Table 6.4, a

significant negative direct connection was found between age and thermal sensation. In
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the context of the cold season in Eindhoven, senior interviewees responded to the
thermal sensation tending to the colder side, as they may have a narrower range of
neutral thermal sensation than younger respondents and may be more sensitive to any
deviation from an optimal environment and express more discomfort through thermal
sensation. Nevertheless, we only interviewed individuals between 13 and 85. The

influence of age on juveniles and children needs further investigations.

The education level of respondents is confirmed to have only a direct negative impact
on comfort assessment, while sex has both direct and indirect connections with comfort
assessment. The indirect effect is imparted by the mediator of the need satisfaction of
outdoor activity. Respondents with a higher education level had a lower comfort level.
In addition, the male was inclined to have a more comfortable feeling than the female in
an outdoor environment and felt more satisfaction in outdoor activity. A growing
number of studies have found significant differences in thermal comfort between sexes
and many field studies showed that females express more discomfort than males,
especially in cool conditions (Karjalainen, 2012), which is similar to the result of the
current path analysis. The emotional status of respondents was investigated in the
survey by the standard method and represented as positively or negatively affecting
comfort. Both emotional aspects were connected with need satisfaction and comfort
assessment. Positive effects may increase the satisfaction and comfort, while negative
effects may reduce com- fort. The preference to urban settings or natural environments
was taken into account as a determinant. Respondents who prefer an urban setting are

more satisfied compared with those who are keen on a natural scene.

Table 6.2 Indices for Goodness of fit of the path analysis

CFl TLI SRMSR RMSEA

0.935 0.889 0.014 0.043

Table 6.3 Estimation of the intercepts

Variable Intercept Standard Error p-Value
Thermal sensation 2.339 0.816 0.004
Acceptability of outdoor activity 5.892 0.963 0.000
Need satisfaction 1.218 0.578 0.035
Comfort 1.254 0.442 0.005
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Table 6.4 Estimation results of the path model

Variable Estimate Standard Error  p-Value
Thermal Sensation  on

air temperature 0.159%** 0.039 0.000
wind speed -0.267*** 0.083 0.001
relative humidity 0.004 0.007 0.588
mean radiant temperature 0.005 0.006 0.378
Age -0.006* 0.004 0.097
sitting 0.263** 0.114 0.021
standing 0.352** 0.145 0.016
by foot -0.308*** 0.113 0.007
by bike -0.054 0.128 0.676
perceived wind speed -0.1371*** 0.032 0.000
perceived humidity -0.058* 0.031 0.059
perceived sunlight 0.249%** 0.030 0.000
total outdoor duration -0.197*** 0.037 0.000
Acceptability of outdoor activity on

air temperature -0.052 0.045 0.249
wind speed -0.263*** 0.095 0.006
relative humidity -0.050%** 0.008 0.000
mean radiant temperature 0.004 0.007 0.576
prospective thermal sensation 0.168*** 0.040 0.000
prospective wind speed 0.060* 0.037 0.106
perceived opportunity 0.076** 0.035 0.032
perceived wind speed -0.065* 0.039 0.095
perceived humidity -0.064* 0.036 0.075
perceived sunlight 0.146*** 0.037 0.000
Thermal sensation 0.265*** 0.045 0.000
Need Satisfaction of outdoor activity on

gender 0.205%** 0.102 0.044
environmental preference -0.046* 0.026 0.080
positive affects 0.026*** 0.007 0.000
negative affects -0.033*** 0.010 0.001
by foot -0.496*** 0.122 0.000
by bike -0.132 0.134 0.326

*0.05< p<0.1; ** 0.01< p < 0.05; *** p < 0.01
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Table 6.4 Continued

Variable Estimate Standard Error  p-Value

Need Satisfaction of outdoor activity on

waiting for bus or train 0.462 0.374 0.216
resting 1.000*** 0.385 0.009
social activity 0.234 0.410 0.569
shopping 0.901** 0.377 0.017
leisure 0.789** 0.390 0.043
passing by 0.910** 0.380 0.017
perceived spatial openness 0.145%** 0.036 0.000
adaptive adjustment 0.4971%** 0.146 0.001
total outdoor duration -0.128** 0.051 0.012
duration in current place 0.197*** 0.064 0.002
perceived air quality 0.096*** 0.035 0.006
perceived sound pressure level -0.066** 0.032 0.041
preference of wind speed 0.083*** 0.034 0.014
Thermal sensation 0.217*** 0.035 0.000
Acceptability of outdoor activity 0.117*** 0.031 0.000
Comfort on

gender 0.263*** 0.091 0.004
education level -0.144*** 0.034 0.000
visiting frequency 0.079** 0.038 0.037
positive affects 0.029%** 0.006 0.000
negative affects -0.032%** 0.009 0.000
prospective thermal sensation -0.074** 0.032 0.020
prospective wind speed -0.107*** 0.028 0.000
perceived air quality 0.088*** 0.031 0.004
perceived sound pressure level -0.059** 0.029 0.040
preference of wind speed 0.071** 0.030 0.020
preference of sunlight 0.048* 0.029 0.097
perceived spatial openness 0.127*** 0.031 0.000
Thermal sensation 0.303*** 0.034 0.000
Acceptability of outdoor activity 0.130*** 0.028 0.000
Need satisfaction 0.246*** 0.032 0.000

*0.05< p<0.1; ** 0.01< p < 0.05; *** p <0.01
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In case of behavior-related factors, results show that respondents with a motion state of
sitting and standing before the interview were inclined to experience a warmer sensation,
compared with those who were walking. With regard to the transportation mode, in
particular, walking negatively influenced thermal sensation and the need satisfaction of
outdoor activities compared with biking and taking private vehicles or public
transportation. Biking, as a popular transportation mode for daily life, has no observable
difference compared with taking a private automobile or public transportation. Further,
the indirect impacts of walking on comfort assessment are through thermal sensation
and need satisfaction. In addition, in terms of time spent in the outdoor environment,
the duration of the whole series of outdoor activities influences both thermal sensation
and the need satisfaction. People who spent more outdoor time rated lower thermal
sensation and need satisfaction; however, the respondents who stayed longer in the
studied public space facilitated their rating of need satisfaction of outdoor activity. The
purpose of people's outdoor activity for resting, shopping, leisure and passing positively
affects their comfort through need satisfaction. The frequency of visiting was proved to
have a positive connection with comfort assessment. People who visited the place more
often are in favor of a more comfortable assessment. According to the results of previous
investigations, the long-term memory and cognitive schemata of particular spatial
settings and microclimatic variables play a role in individual's comfort assessment
(Lenzholzer 2012; Lenzholzer and Koh 2010; Lenzholzer and de Vries 2019).

We also considered the individuals' perceived microclimate condition, sound pressure
level, and air quality, which play an important role in modeling comfort assessment.
When respondents perceived higher wind speed and humidity, they reduced their
evaluation on comfort. In contrast, higher perceived sunlight positively influences the
respondent's com- fort. In addition, these influences affect comfort assessment through
four paths, namely: (1) thermal sensation; (2) acceptability of outdoor activity; (3)
thermal sensation and need satisfaction of outdoor activity; and (4) acceptability and
need satisfaction of outdoor activity. The individuals' perception of sound pressure level
negatively impacts the comfort assessment directly and through need satisfaction
indirectly. However, the perceived air quality positively influences comfort in both direct
and indirect ways. Respondents are more satisfied with better air quality for outdoor
activities. In addition, the perceived openness of the public space, as an indicator of
spatial setting, positively influences comfort. Through need satisfaction the indirect

impact of perceived openness is passed on comfort as well.
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Considering that comfort assessment may rely on individuals' experience, expectation
and preference, our results show that the expected thermal and wind condition have
evident connections with the acceptability of outdoor activity and comfort assessment.
If respondents expect a warmer outdoor thermal condition, they respond with higher
acceptability but a less comfortable feeling. The influence of expected wind speed
negatively influences acceptability and comfort assessment. In terms of the impacts of
respondents’ expectation of thermal and wind condition, individuals who thought the
outdoor thermal condition to be warm may have a high acceptability of outdoor activity.
However, when they go out and experience an outdoor thermal condition that is colder
than their expectation or out of their neutral range, they might respond with a lower

comfort assessment.

In the case of wind expectation, the situation is different from the expectation on
thermal condition. Individuals with high wind speed expectation find outdoor activities
disagreeable and also degrade their comfort feeling. The effects of the preference of
wind speed and sunlight on need satisfaction of outdoor activity and comfort assessment
are positive and significant. Since the data collection was conducted in a cool shoulder
season, the preference of sunlight naturally drives up the comfort assessment in outdoor
environments. In addition, people who prefer higher wind speed in general perceive

more comfort.

Furthermore, due to the importance of people's adaptation has been addressed in
existing outdoor comfort studies, we asked people, based on the actual spatial settings
and facilities, whether they did self-adaptation before outdoor activities and what their
perceived opportunities of adaptation are in the studied areas. Results signify that the
need satisfaction of outdoor activity increases if people adapted before going out.
Similarly, if respondents perceive more adaptive opportunities, they will endorse

outdoor activities.

6.5 Conclusions

Research on outdoor comfort in urban public spaces is of high importance to increase
the site attractiveness, people's outdoor activities, and the quality of life in general.
Comfort feeling in urban public spaces not only depends on an achievement of neutral
thermal sensation, but also on the combined influences of the perceived contextual
information, service level of infrastructure, and even people's psychological factors. A

proper method to evaluate the actual comfort of individuals is necessary for various
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stakeholders in urban management, design, and planning, in order to improve the

existing infrastructure and outdoor environments.

Therefore, to enhance the understanding of comfort assessment in urban public spaces,
this chapter presents a more comprehensive framework for outdoor comfort by
incorporating physical microclimate, social demographic information and individuals’
subjective perceptions, expectations, and preferences. A path analysis method is used
to examine the direct and indirect effects of various factors on the subjective comfort in
urban public spaces using the data collected in a field survey. Although our modeling is
conducted in the context of a Dutch city that is characterized by a temperate ocean
climate, the methodology proposed is generic and applicable in other contexts, e.g.,

different public spaces, diverse climate zones.

The results show that people's thermal sensation increases in accordance with air
temperature but decreases with increasing wind speed. The prospective microclimate of
outdoor environments in terms of thermal sensation and wind speed influences the
acceptability of outdoor activity in a positive way. However, their direct effects on
comfort are negative. Individuals who expected a warmer thermal condition and windy
outdoor environment had a higher acceptability of being out; in contrast, they have a
lower comfort assessment. When the real condition did not approximate previous
expectations, respondents were more likely to lower their assessments of comfort.
Moreover, preference of wind positively influences the need satisfaction of outdoor
activity and comfort assessment, which indicates that respondents with a preference for
windier outdoor conditions were apt to feel more comfortable. The preference for

sunlight also shows a direct positive effect on comfort.

When respondents prepared for adaptation to outdoor environments or received more
information on the adaptive opportunities approved by the public space spatial settings,
they may perceive more comfort. On the other hand, a better acquaintance with a
certain space and the positive impression of spatial openness improves an individual's
comfort assessment. Hence, behavioral adaptation, and good understanding of the
microclimate and urban settings could influence the acceptance level and satisfaction of

outdoor activities, as well as comfort assessment.

Further, we found that comfort assessment got worse with increasing activity duration
in the outdoor environment because the thermal sensation and satisfaction with

outdoor activity kept going down. However, the time spent in public spaces positively
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influenced satisfaction, thereby improving the assessment of comfort. This may be
attributed to the differences in visiting purpose. For instance, people who are immersed
in the destination and carry out their own activities may have a higher satisfaction.
However, the total duration in the outdoor environment normally comprises not only

the activity time of in the given public space but also the time for travel and for waiting.

As comfort feeling is fundamentally different from neutral thermal sensation, we
speculate that the higher comfort assessments of respondents depend on high
motivation and the acceptance of being outdoors, and the satisfaction with outdoor
activities. We contend that the direct simplified process from physical condition to
comfort assessment has to be substituted with an extended framework with more
complex structure of relationships between comfort assessment and the determinants
from different aspects. Regarding comfort assessment per se, the majority of
participants responded with a comfort feeling based on their own condition. If we
include the respondents who responded neutrally, neither comfort nor discomfort,
approximately 81.5% of the respondents perceived no discomfort in urban public spaces.
Thus, to further understand the outdoor comfort issue, more comprehensive data
collection and more sophisticated modeling approaches are required. Moreover, the
impact of transportation and urban spatial setting on thermal and comfort related

experiences might be considered in future studies.
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3 This chapter is based on Peng, Y., Feng, T., and Timmermans, H. (2021). Heterogeneity in outdoor comfort

assessment in urban public spaces. Science of the Total Environment, 790, 147941.
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Chapter 7. Heterogeneity in Comfort Assessment

7.1 Introduction

Many empirical studies conducted to calibrate rational thermal indices based on the
local contexts and individual preferences recognized the variability in comfort
assessments in similar environmental conditions (Lam et al., 2018; Shooshtarian, 2019).
The characteristics of the human body vary individually, which implies that the
standardized human physiological model may introduce errors in real-world situations
(Coccolo et al, 2016). On the other hand, outdoor complex environments are
characterized by diverse microclimates and environmental stimuli with large temporal
and spatial variation (Nikolopoulou et al., 2001; Hoppe, 2002; Spagnolo and de Dear,
2003Db).

The discrepancies between the predictions of rational indices and the subjective
assessments have been revealed in many empirical investigations, questioning the
general applicability of rational indices in outdoor environments and emphasizing
individuals’ conscious and unconscious adaptations (Nikolopoulou et al., 2001;
Nikolopoulou and Steemers, 2003; Thorsson et al., 2004; Knez and Thorsson, 2006;
Nikolopoulou and Lykoudis, 2006; Pantavou et al., 2013). The pure application of rational
indices in outdoor comfort assessment leads to a narrow focus on a small number of
variables which have a physical basis, and to a lack of attention to individuals’
psychological factors and inter-individual differences (Nikolopoulou et al., 2001;
Nikolopoulou and Steemers, 2003; Knez and Thorsson, 2006; Knez et al., 2009; Andrade
et al., 2011; Lin et al., 2013). In addition, unlike thermal sensation, outdoor comfort
involves individuals’ perceptions of various non-thermal environmental stimuli (Rossi et
al., 2015), which are inevitably affected by non-physical factors, such as individuals’
socio-demographic characteristics, emotions, preferences, expectations, and
adaptations (Knez et al., 2009; Lenzholzer and Koh, 2010; Klemm et al., 2015).

In this context, it is critical to appreciate that thermal comfort is defined as a state of
mind, which expresses satisfaction with the thermal environment (ASHRAE, 2017).
Beyond what is described in physiological models, perceived comfort refers to an
outcome of an interactive process between an individual and his/her environment,
which may vary from one person to another. Moreover, evidence from field studies
prove individuals’ subjective outdoor comfort assessments are much more elastic than
have been predicted through thermal indices (Nikolopoulou and Steemers, 2003). de

Dear and Brager (1998) introduced adaptive theory to outdoor comfort modeling, which
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is built on the premise that individuals play an active role to restore comfort by adapting
to the ambient thermal conditions instead of being simply passive recipients of thermal
stimuli according to the heat-balance model (Brager and de Dear, 1998; de Dear and
Brager, 1998). In reality, people may have different preferences about the ideal thermal
environment, which violates the underlying assumption of the heat-balance model that
thermal neutrality is equal to thermal comfort (Nikolopoulou and Lykoudis, 2006). The
uncertainty in uncovering the specifics of thermal interactions are credited to the
individuals” acclimatization, behavioral and psychological adaptation and “Alliesthesia”
(Auliciems, 1981; Nikolopoulou and Lykoudis, 2006; Eliasson et al., 2007; Parkinson and
de Dear, 2015). The comprehensive conceptual models of outdoor comfort incorporate
human dimensions which indicates people’s satisfaction under a given thermal condition
depends on a broad range of individuals’ behavioral and psychological factors in respect
of adaptations and expectations that are typically context-based (Nikolopoulou and
Steemers, 2003; Knez et al., 2009; Shooshtarian, 2015; Shooshtarian and Ridley, 2016;
Lenzholzer and de Vries, 2019; Li et al., 2020; Peng et al., 2021).

Many on-site investigations revealed the inconsistency of outdoor comfort assessments
and allude to the major causes referring to individuals’ differences in preferences,
expectations and adaptations (Nikolopoulou and Lykoudis, 2006; Hwang and Lin, 2007;
Thorsson et al., 2007; Knez et al., 2009; Lin, 2009). The factors that influence individuals’
expectations and the process of adaptations in real contexts are highly complex, and the
perception of outdoor microclimatic and environmental conditions differs across
individuals in the sense that the same factor may exert variant effects on subjective
comfort assessment (Nikolopoulou and Steemers, 2003; Stathopoulos et al.,, 2004,
Oliveira and Andrade, 2007; Lin, 2009). For instance, higher temperature may lead to
discomfort for some people, but not for those who like a warmer environment, while
someone who is less concerned about temperature may feel discomfort when exposed
to strong solar radiation or weak wind speed. When intending to go out, individuals
expect variability in their exposure to outdoor environments, variations of sun and shade,
and wind speed (Zacharias et al., 2001; Givoni et al., 2003; Gehl, 2011). The potential
effect of heterogeneity on individuals’ comfort assessments has not been widely

examined in outdoor comfort modeling, and empirical evidence is needed.

Given the complexity of the microclimates, environmental stimulus and individuals’
behaviors in outdoor comfort studies, heterogeneity is likely to exist in samples that are
used to develop, test, and refine models. However, both existing rational indices (e.g.
PMV, PET and UTCI) and empirical models, i.e. ASV models and Ordered models,
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(Nikolopoulou and Steemers, 2003; Lai et al., 2018) assume the coefficients (parameter
vectors) of influential explanatory factors are the same for all individuals, which result in
a lack of insights into the extent of heterogeneity in outdoor comfort assessment. The
standard method of investigating subjective comfort assessment in outdoor
environments is to carry out simultaneously interviews and meteorological
measurements (Kanto et al., 2012; Johansson et al.,, 2014). Based on the standard
method, studies have analyzed the effects of urban form, vegetation and personal
characteristics on comfort assessment in outdoor urban environments (Sharmin et al.,
2015; Kriger and Drach, 2017; Kriiger et al., 2017; Johansson et al., 2018; Peng et al,,
2021). Besides the standardization, it is of crucial importance to plan experiments well
in the sense that valuable information is obtained using only a limited number of samples
in given environments. In previous cross-sectional field studies, however, subjects were
not randomly assigned according to attributes of urban public spaces. Moreover,
individuals experience a wide range of thermal conditions when moving through time
and space in different urban micro-environments. It is difficult to reconstruct all parts of
experiences of people in on-site surveys due to time constraints, let alone to thoroughly
obtain the detailed information on people’s past expectations and preferences for the

current environment as well as their process of behavioral and psychological adaptations.

Observed heterogeneity occurs between groups are expected a priori that incorporates
moderators or contextual factors (Becker et al., 2013). From this point of view, much
effort has been spent on attempts to account for the inconsistent comfort assessments
under similar thermal conditions by stratifying individuals into homogeneous groups
based on observed person-related variables such as socio-demographic characteristics
(age, gender, education level, job condition, financial situation, lifestyle and cultural
background), psychological factors (environmental attitude and thermal preference),
behavioral factors (purpose of visit, past activity, duration of outdoor stay, length of local
residence, usage of air-conditioner) (Knez and Thorsson, 2006, 2008; Thorsson et al.,
2007; Aljawabra and Nikolopoulou, 2010; Kriger and Rossi, 2011; Karjalainen, 2012;
Tung et al., 2014; Shooshtarian, 2015; Kriiger et al., 2015; Shooshtarian and Ridley, 2016;
Elnabawi et al., 2016; Amindeldar et al., 2017; Lai et al., 2017; Lam et al., 2018).

On the one hand, stratification with respect to heterogeneous comfort assessments
cannot be accurately determined a priori by related observed variables. No consistency
exists in the findings about the effect of age (Knez and Thorsson, 2006; Kriiger and Rossi,
2011; Pantavou et al., 2013; Shooshtarian and Ridley, 2016). Similarly, conclusions of

various previous studies on gender difference in assessing outdoor comfort are
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contradictory. Some studies found insignificant or no effects of gender (Knez and
Thorsson, 2006; Kriger and Rossi, 2011; Pantavou et al., 2013; Shooshtarian and Ridley,
2016), others have indicated the influence of gender varies in different contexts (Oliveira
and Andrade, 2007; Tung et al., 2014). Specially, the females have superior thermal
physiological tolerance than the males, however, women might fear heat and sun
exposure and behaviorally adjust themselves using umbrellas and searching for shade.
Even if the assumption holds, the heterogeneity may be misclassified if stratification is
performed based on the wrong variables. For instance, it may be assumed that the
heterogeneity was caused by cultural background, but it may be influenced by
differences in the past thermal experiences of respondents. On the other hand, it is
impossible to explore complex high-order interactions among confounding variables. For
example, females probably feel more discomfort under strong solar radiation than males
in some Asian regions (Tung et al., 2014). Even two females from the same region may
still have different comfort assessments under the same conditions due to the difference
in their experiences. The true distribution of heterogeneity is never known a priori;
therefore, it is hard to find homogeneous segments of individuals in modeling
stratification. The unobserved heterogeneity in individuals’ outdoor comfort
assessments is not necessarily captured by the variables that are preconceived and
specified by existing theory and the conceptual model as it can exist beyond the

previously identified variables.

In addition, the assessment of outdoor comfort may involve a path structure framework
considering the complicated direct and indirect relationships between endogenous and
exogenous variables. For example, individuals’ positive emotion impacts directly their
comfort assessments, while the time individuals spend in the studied area may
significantly influence their comfort assessment through the intermediate effect of need
satisfaction of outdoor activity. A path model for outdoor comfort assessment was
developed, in which explanatory variables such as individual demographic, psychological
and contextual variables were incorporated in the path’s causal relationships. However,
based on adaptive theory and previous findings, heterogeneity may exist in the
relationships (direct and indirect) between endogenous variables and exogenous
variables, and the relationships among endogenous variables, which implies
idiosyncratic groups of outdoor comfort assessment. This means that the effects of
endogenous variables on comfort assessment under the assumed causal structure may
vary according to different groups of people. However, to the best of our knowledge,

studies on heterogeneity represented by latent segmentations in the estimated cause-
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effect relationships are still missing in the literature. The knowledge of heterogeneity in
comfort assessment remains fragmentary. To verify the hypothetical heterogeneity in
human comfort assessment in urban public spaces, this dissertation introduces a latent

class analysis based on path model.

This chapter aims at broadening our knowledge how the different comfort assessments
correspond to unobserved classes of the population in similar environments. Individuals’
inconsistent outdoor comfort assessments are assumed to depend on unobserved
classes, rather than simply being a function of measured variables. Therefore, we assume
heterogeneity prevails in individuals’ comfort assessments in outdoor environments and
estimate path structures for different underlying groups of the population. Latent class
analysis is used as an alternative to stratification. A model is developed which allows the
simultaneous estimation of latent classes and path structures of miscellaneous
influential factors to identify underlying groups with a homogeneous comfort
assessment and heterogeneous patterns of comfort assessment between groups. The
latent classes are identified to improve the predictivity of the path model, and the

membership will be linked with observable individual characteristics.

7.2 Latent class path model

The present conceptual framework aims at developing a model to uncover individuals’
heterogenous comfort assessment given the complex direct and indirect effects of an
expanded set of place-related and person-related variables and modify the
misrepresentations caused by the data aggregation and confounders in the previous
path model. Figure 7.1, which depicts a diagram of the conceptual framework
incorporating heterogeneity in comfort assessment, shows the hypothetical conditional
effects across latent classes and the corresponding influence of membership covariates.
The latent class path model (LCPM) has been advanced for synthetically considering the
effects of covariates on the class membership, and the effects varied between classes in
a path structure (Jiang et al., 2020). As two essential parts of the proposed model, the
path analysis is used for identifying the structure accounting for the nature and strength
of relationships among a set of measured variables, while the latent class analysis is
synchronized with path analysis to unravel class probabilities of individuals (Muthén and
Muthén, 2000). In general, the estimation of LCPM will be conducted for better
interpreting the data by searching typical pattern approximately shared by latent classes.

Theoretically, a latent class characterized by a pattern of conditional probability indicates
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the chance of certain comfort assessment the respondent evaluated. Accordingly, each

individual has a specific probability of belonging to a certain class.

Exogenous
variables

|

Exogenous
variables

Exogenous
variables

Membership
variables Class

!

Exogenous
variables

Figure 7.1 The conceptual framework of latent class in comfort assessment in urban public

spaces

The probability of class membership is allowed to vary as a function of covariates.
Suppose latent classes in a heterogeneous population are denoted by ¢; and the vector
of covariates (measured items) for class membership is represented by Z;, for individual
i. To examine the covariate dependent probability for individual i in a given class ¢; =

k (k =1,2,-,K) denoted by 1, a multinominal logistic regression is expressed as:

exp(Aox + Z;4y)

Tk (Cz | 1) 21]§=1 eXp(AOk + Zi)‘k)

(7.1)

where the intercept is denoted by Ay, and the vector of weight parameter is denoted
by 4,. The last class K is set as reference, specifically Ay = 0. Accordingly, Z;4,

measures the log-odds of belonging to class k instead of class K given the vector of Z;.

The studied population is a mixture of individuals from different latent classes so that
the scores on a set of indicators are assumed to come from the same probability

distributions. Suppose the vector of continuous indicators, also known as the
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endogenous variables (except comfort assessment) in path structure, denoted by L,,,
indexed by m(m=1,2,--,M —1) . The w;, is the mth endogenous variable
associated with the vector of influential factors, denoted by Xj,,,. The probability density

function of the measured scores of w,, is described as:

K

Oim = Z[”ikf(wimlci =k, Xim)] = Z(nikgimk) (7.2)

k=1 k=1

where m;, is the probability density function of being a member of latent class k for
individual i, and the class-specific normal density in the path structure denoted by 8,,,.
The value of m;, sums to 1 across K classes, and 6, is a class-specific conditional
probability depending on the mean value and covariance of indicators estimated for

each latent class.

Suppose the outcome assessment is denoted by y,, with the ordinal response y, =
j (G =1,2,,]) for individual i (i =1,2,--+,1), and y; as the related continuous

latent reference which is associated with the vector of independent variables X;,,, as

presented in the regression model
yi =XiuB +e¢ (7.3)

where ¢ is the normally distributed error term conditioned on X;,, and B is the vector

of weight parameters. The ordinal comfort assessment y, is resulted from

1, if yi <y

2 if Wi S Vi<W
yi=1? lfu,:l Vi S U (7.4)

5 ifyi =11

where 1 is the threshold point of y:f. The proportional odds of link function is the logit

transformation. The cumulative ordinal logit model is expressed as:

P(yi <))

logit[
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where the log of the probability that y, has a value greater than the lower values given
Xy is modeled. The regression coefficient vector f is constant across the logits,

whereas the intercepts 1, are not.

Regarding comfort assessment y, which is the Mth endogenous variable but ordinal, the

vector of all the related influential factors, denoted by X;), consists of both exogenous
and endogenous variables. Based on ordered logit model (Equation 3), the joint
probability function of the comfort assessment given X;,, conditional on latent class c;

is expressed as:
Piji = P(yile; = k, Xin)

exp(tix — XiuB')

, =1
1+ exp(uix — XimB') /
X B X B
.y exp(.u]k lMB ), _ eXp(.u]k lMB ), ,]. — 2'.”,] -1 (76)
1+ eXp(Mjk - XiuB ) 1+ eXp(ij - XiuB )
_ eXp(.“/k _XiMﬁ’) i=J
1+ eXp(.“]k - XiMp’) '

where the K is the threshold linked with latent class. Assuming conditional

independence, the probability of ordinal outcome, denoted by P;;, is expressed as:

iy

K K
Py = Z[T[ikp(yilci =k Xu)] = Z(ﬂikpijk) (7.7)
k=1

k=1

where the joint probability Pl-jk of comfort assessment v, =] conditional on class k,

which is indicated by the arrow from the circle of latent class to the rectangle of comfort
assessment in the diagram of conceptual framework (see Figure 7.1). The conditional

probability of endogenous variables given the latent class is obtained by a product:

M-1

P(yi, Rim|ci, Xim, Z;) = Pyjy, 1_[ Oimic (7.8)

m=1

Further, the manifest endogenous variables probability is expressed as:
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K -1
Py, Qim|Xim) = Z (Pijk 1_[ 9imk> Tk (7.9)

k=1 m=1

By Bayes’ Theorem, given i, Isijk and 9imk, respectively, the posterior probability that

each individual belongs to each class, conditional on the observed variables becomes

P(i, Rimlci, Xim, Z)P(c|Z;)

P(cilyi, Rim Xim, Z) = P (o 2o X o)
12 m m

_ R Prji TIAZE Qe o10)
ezt (Pujic T =3 Gt ) ik

As an iterative method for estimating the LCPM of comfort assessment conditional on
latent class membership, the Expectation-Maximization (EM) algorithm has been
typically employed where the unknown parameters can be estimated as weighted sums
of latent proportions (Takai and Kano, 2009). Based on log-likelihood, denoted by In L,
the membership probability and the conditional effects on the strength of relationships

in the path structure are modeled simultaneously. The In L can be written as:

1
InL =1In [r P(c; = K|1Z)P (i, Qimlci, Xim, Z;)

i=1

[ K J M-1
oxEieses N

The membership of individuals belonging to a latent class is assumed as missing
information. When estimating the parameters of LCPM, the EM algorithm maximizes
In L by alternating two steps until convergence, expectation, and maximization, which is
treated as an estimation problem in the presence of missing data. Hence, the EM
algorithm is based on the complete log-likelihood, which is denoted by In L* and written

as:

1
InL* = yy In [1_[ P(c; = k|Z)P (i, Rimlciy Xim, Z;)

i=1
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I K 1 K ]
_ Z Z Vi In(7) + Z Z Z Yie In(PyjicBOimic) (7.12)

where Yie = 1, if individual i belongs to latent class k, and Vi = 0, otherwise.

The corresponding conditional expect value of InL" given the current parameter value

@1 (t is the iteration number) and the observed data, which is obtained as:

E(@l‘pt_l) = E(ln L |yi1'rzim'Xim'Zi'd)t_1 )

I K J M-1
=3 stnf ([ Toue ([ T 713

The posterior expect value of y,, based on Bayes’ Theorem is computed as:
Pie = E(Vie|Yir i Xim, Z1, DY)
= P(yik = 1|yi'ﬂim'Xim: Z;, {ﬁt_l)

_ P(e; =kIZ)P(y;, Qim|ci, Xim, Z;) (7.14)
Yi P(ci = KIZ)P(yy, Rimlcy, Xim, Z;) .

The E-step computes ?ik for individual i in latent class k. The M-step maximizes
E(®|dt1) with respect to each ¥, substituted by ?ik as the new prior probability,
obtaining ®°.

7.3 LCPM estimation

In order to detect the correct number of latent classes, models were estimated with
incremental numbers of classes (from 2 to 4). Multiple statistical indices were computed,
to detect the best fit model. To support the decision on class number, a combination of

criteria was used (see Table 7.1), including information-based methods, likelihood ratio
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statistical tests, and entropy. The criteria include Akaike Information Criterion (AIC)
(Akaike, 1974, 1987), Bayesian Information Criterion (BIC) (Schwarz, 1978), sample-size
adjusted BIC (SABIC) (Sclove, 1987), Entropy (Celeux and Soromenho, 1996), Lo-Mendell-
Rubin Likelihood Ratio Test (LMR) (Vuong, 1989; Lo et al., 2001) and Bootstrap Likelihood
Ratio Test (BLRT) (McLachlan and Peel, 2000; Nylund et al., 2007).

AIC is not consistent and sometimes overestimates the number of classes. By contrast,
BIC and SABIC has been reported to perform well and consistently (Jedidi et al., 1997
Yang, 2006). A lower value indicates the best fitting model (Yang, 2006; Nylund et al.,
2007; Sharma and Tiwari, 2007; Berlin et al., 2014). Entropy is a standardized index of
model-based classification accuracy. The value of normalized entropy is between 0 and
1. Avalue approaching 1 indicates a clear separation of latent classes. Therefore, a higher
value of normalized entropy represents a better fit. In addition, when an entropy value
is greater than 0.80, the number of latent classes is identified as the most optimal
modeling solution for goodness of fit (Celeux and Soromenho, 1996). The LMR and BLRT
provide a value that can be used to compare the increase in model fit between
neighboring class models and determine if there is a statistically significant improvement
in fit for the inclusion of one more class. Based on the values of these criteria, we
selected the model with two latent classes (denoted by C1 and C2) as the most

appropriate in this study.

The membership of each latent class was estimated and shown in Table 7.2. The
coefficient vectors related to the weight of covariates, including gender, age, education
level, preceding adaptation, transport mode, and visiting frequency and purpose, for two
classes are denoted by 4.4 and A,. As for gender of respondents, the significant effect
was found that the males have a higher probability than females to be categorized as
the members of C2. The potential to be allocated to C2 is increasing when respondents
are ageing. The BMI, which represents the physical condition of respondent, is not
working and fall flat in membership prediction. While respondents with a postgraduate
degree more likely belong to C1 compared to those with undergraduate degree and high
school education or lower. Respondents who are accustomed to visit the study areas are
more likely to be members in C1. Moreover, the transport mode and purpose of visit
significantly affect the latent class membership. It is a high probability of being in C1 if

respondents walked to the study areas with the purpose of shopping.
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Table 7.1 The estimate indices for comparison of different number of latent classes

Class Amount AIC BIC SABIC Entropy LMR BLRT
2 9047.070  9497.768  9183.423 0.909 0.0016 0.000
3 8995.171 9705.362  9210.030 0.723 0.7787 1.000
4 8942.284  9911.968  9235.649 0.703 0.9093 1.000

Table 7.2 The covariates of membership in different latent classes

Covariate Acronym Acq Acy p-Value
Gender (Male=1) Gd** -0.346 0.346 0.019
Age Age** 0.021 -0.021 0.028
Body mass index BMI -0.058 0.058 0.137
Education: undergraduate ED1 -0.131 0.131 0.475
Education: postgraduate ED2** 0.552 -0.552 0.017
Preceding adaptation AD*** -0.558 0.558 0.001
Visit frequency: occasionally FR1 -0.210 0.210 0.479
Visit frequency: sometimes FR2*** 0.649 -0.649 0.002
Visit frequency: often FR3 -0.127 0.127 0.549
Transport mode: by foot M1*** 0.717 -0.717 0.000
Transport mode: by bike M2 0.066 -0.066 0.753
Purpose: transport transferring P1 0.248 -0.248 0.442
Purpose: social activity poXx* -0.959 0.959 0.004
Purpose: shopping p3¥** 0.822 -0.822 0.009
Purpose: rest P4 -0.135 0.135 0.669
Purpose: leisure P5* -0.810 0.810 0.072
Purpose: passing by Pe** -0.578 0.578 0.030

*0.05< p<0.1; ** 0.01< p < 0.05; *** p < 0.01
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Table 7. 3 The estimation results of LCPM.

Class 1 Class 2
Variables Acronym Bc1 p-value Bc2 p-value
Thermal Sensation  on
Air temperature Ta 0.098* 0.072 0.173*** 0.000
Wind velocity % -0.344***  0.003 -0.237*** 0.000
Sensation of wind Sv -0.037 0.646 -0.166*** 0.000
Sensation of sunlight Ss 0.275***  0.002 0.245%** 0.000
Total outdoor time Dt -0.165* 0.056 -0.173*** 0.000
Acceptability of outdoor activities  on
Relative Humidity RH -0.055***  0.000 -0.038*** 0.000
Wind velocity % -0.285 0.144 -0.115 0.114
Expectation of thermal condition Et 0.041 0.680 0.183%** 0.000
Sensation of wind Sv -0.047 0.626 -0.076 0.114
Sensation of sunlight Ss 0.351***  0.005 0.087** 0.036
Sensation of air quality Sa -0.134 0.182 0.092%** 0.046
Sensation of sound pressure level S 0.063 0.503 0.100** 0.036
Perceived adaptive facilities PA 0.091 0.268 0.073* 0.082
Thermal sensation 0.271** 0.044 0.273*** 0.000
Need satisfaction of outdoor activities on
Positive affects Pos -0.009 0.453 0.016%** 0.010
Negative affects Neg -0.009 0.643 -0.024*** 0.004
Total outdoor time Dt -0.256***  0.005 -0.083* 0.076
Time in current place Dc 0.348** 0.018 0.211%*** 0.000
Sensation of air quality Sa 0.094 0.164 0.056* 0.079
Sensation of sound pressure level Sl 0.066 0.285 -0.098*** 0.000
Perceived openness PO -0.011 0.875 0.134%*** 0.001
Thermal sensation 0.079 0.359 0.051* 0.081
Acceptability of outdoor activities 0.088 0.223 0.094*** 0.001
Comfort on
Positive affects Pos 0.103***  0.004 0.051%** 0.000
Negative affects Neg -0.019 0.626 -0.086*** 0.000
Expectation of thermal condition Et -0.239%** 0.030 -0.106* 0.086
Expectation of wind velocity Ev -0.420***  0.005 -0.086 0.157
Thermal sensation 0.815***  0.000 0.477%** 0.000
Acceptability of outdoor activities 0.092 0.440 0.143** 0.035
Need satisfaction of outdoor activities 0.381 0.295 0.720%** 0.000

*0.05< p<0.1; ** 0.01< p < 0.05; *** p < 0.01
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*0,05<p<0.10; ** 0.01 <p< 0.05; *** p < 0,01

Figure 7.2 Diagram of the estimation result of LCPM

Drawing on samples from cross-sectional surveys in different urban public spaces, the
findings of estimation regarding the path coefficients and the corresponding statistical
significance among two different latent classes are shown in Table 7.3. Consistent with
the existing literature (Tsitoura et al., 2016, 2017), the measured microclimatic variables,
including air temperature and wind velocity, and the total outdoor exposure duration of
respondents significantly influence their thermal sensation in both identified latent

classes. However, the magnitude of coefficients and significance regarding these direct
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exogenous effects are different in two latent classes. The air temperature positively
influences on respondents’ thermal sensation, whereas wind velocity and respondents’
total outdoor exposure duration affect respondents’ thermal sensation reversely.
Meanwhile, the differential path structures of two latent classes regarding the nature
and strength of relationships among comfort assessment and the arguments, including
endogenous and exogenous variables, are depicted in the diagrams (see Figure 7.2). The
obvious variations in path structures across latent classes strengthen the argument of
heterogeneity in the patterns of comfort assessment. Looking deeper into the
relationships among endogenous variables and comfort assessment, there is only one
connection between thermal sensation and comfort assessment in the path structure
with respect to C1. In contrast, three direct connections in the path structure regarding
C2 approve the hypothetical relationships respectively between the individual’s comfort
assessment and thermal sensation, acceptability of outdoor activity and need
satisfaction. In addition, more significant connections between endogenous variables
can be observed in C2 than in C1. The results underscore the influence of psychological

impacts of outdoor activity in C2.

The effects of exogenous variables on thermal sensation regarding the measured air
temperature and wind velocity as well as the respondent’s sensations of wind speed and
sunlight strength and total duration of exposure in outdoor environments are significant
in C2. The measured air temperature and respondent’s sensation of sunlight are in
proportion to comfort assessment. However, the contrary is proved that influences of
measured wind velocity, and respondent’s sensation of wind velocity and total duration
of exposure in outdoor environments negatively impact comfort assessment. The
significant exogenous influences on thermal sensation in C1 are only wind velocity and

respondent’s sensation of sunlight.

The direct relationships between exogeneous variables and comfort assessment also
differ across latent classes. Positive emotional affects account for comfort assessment
regardless of classes membership. However, the individual’s negative emotional affects
only take effects on comfort assessment in C2. Comfort assessment varies inversely with
the expectations of outdoor thermal condition in both classes, while the expectation of

wind velocity negatively influences comfort assessment in C1.

Aside from the variance in direct impact across latent classes, the estimates of LCPM also
provide evidence to substantiate the difference in indirect effects between latent classes.

Moreover, the relationships between exogenous variables and corresponding
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endogenous variables differ largely across latent classes. As for thermal sensation,
compared with the structure regarding C1, one more inverse influence from sensation

of wind is significant in the path structure of C2.

Wide differences between the two latent classes are found in terms of exogenous effects
on need satisfaction and acceptability of outdoor activity. According to the estimated
results related to C1, acceptability of outdoor activity is negatively affected by measured
humidity and individual’s sensation of sunlight. Moreover, need satisfaction of outdoor
activity is affected by time spent in the study area and the time spent for all outdoor
activities. In case of C2, more indirect effects are revealed, which relate to people’s

perceptions of environment and momentary emotional affects.

7.4 Conclusions

With respect to the rational thermal indices based on the heat-balance model, the
predicted result of thermal comfort is treated as an average estimated outcome of
individuals’ comfort assessment in a certain thermal condition, no matter what people
evaluate and their past behaviors and experiences. However, the literatures pertaining
to empirical outdoor comfort studies have indicated that the modeling of comfort
assessment should represent the complex nature of the involved person-related
determinants and acknowledge the heterogeneity in the sampled population. Therefore,
we remove the implicit assumption of “average person” through extending the
theoretical framework by introducing heterogeneous outdoor comfort assessment
across different latent classes. It is conceptually appealing that latent class integrated
with path analysis exerts the thinking about heterogeneity in comfort model and reveals
the role of human being more holistically. A finite mixture approach to the path model
was developed in which latent class estimation improves the understanding of

systematic heterogeneity in assessment of outdoor comfort.
The results of the model estimations indicate:

(1) the paths among exogenous and endogenous variables, and corresponding
coefficients in structure model vary across two latent classes, which is representing the
different nature and strength of the relationships between influential factors and

outdoor comfort assessment.
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(2) Latent class 1 assesses the comfort mainly based on thermal sensation and
expectations of thermal and wind conditions. Latent class 2 comprehensively considered
the non-thermal influences and psychological acceptability and need satisfaction of

outdoor activity.

(3) Such a difference may be attributed to the individual’s socio-demographic
characteristics and behavioral factors, as treated in membership specification. For
example, the comfort assessment of younger males in class 2 who made preparations
before going outside are influenced by their acceptability and need satisfaction
regarding social or leisure outdoor activities. However, such an effect was not found for

peoplein class 1.

In conclusion, the heterogeneity in the process of outdoor comfort assessment modeling
is persuasive as it stands. The conceptual framework and LCPM present the theoretical
improvement on outdoor comfort assessment modeling. Methodologically, the
consideration of heterogeneity in modeling contributes to the outdoor comfort
literature by allowing researchers to detect unobservable moderating classes which
account for heterogeneity among the studied population. To examine the pervasiveness
of heterogeneity and strengthen the effects of individuals’ difference in comfort
modeling, more empirical investigations are expected to provide supportive evidence in
different regions and contexts. The findings of this study relied on the cross-sectional
data where no changes in the latent classes and path structure can be explored. More
comprehensive studies in future are expected to contribute and support the decision-
making process from a longitudinal perspective for better planning and management of

outdoor comfort spaces.
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8.1 Summary

Comfort in urban public space is a goal to be sought through the concerted efforts of
residents, planners, policy makers and other different stakeholders concerned.
Comfortable public spaces improve urban residents’ quality of life by accommodating
encounters with fellow citizens, offering recreational opportunities and considerable
social and commercial value. This dissertation builds a disruptive conceptual framework
for providing a better understanding of the expanded set of factors influencing outdoor
comfort assessment in urban public spaces. The findings of this empirical investigation
present a discourse of whether and to what extent human behavioral and psychological
factors are associated with their comfort assessment in a certain geographical context.
In light of context-based adaptive approach, the findings of this study confirm the active
role of individual people’s varying perceptions and expectations on different
microclimatic and environmental variables. Further, some progress has been made in
exploring the comprehensive conceptual framework with an expanded set of influential
factors on comfort assessment in urban public spaces. The nonlinear effects of influential
factors have been addressed, as well as the direct and indirect effects of influential
factors on comfort assessment were investigated. Moreover, the heterogeneity in

comfort assessment among individuals has been examined.

To understand the response of people to the outdoor built environments with respect
to thermal conditions, sound pressure level and air quality, field investigations were
carried out in a real-world outdoor setting in the city center of Eindhoven, including a
questionnaire-based survey and simultaneous measurement of meteorological
conditions. In total, 701 respondents completed the survey. Their outdoor comfort
assessments were analyzed using multiple linear regression, nonlinear regression with

Box-Cox transformations, path analysis, and a latent class path model.

This study provides a full perspective of a human-centered paradigm to rethink the
philosophy of comfort with reference to human preferences, expectations, perceptions,
acceptability, and satisfaction, among other psychological and behavioral factors. The
main findings verified the necessity of an expanded set of factors and indicated that the
relationship between comfort and thermal neutrality is not straightforward. Nonlinear
effects of microclimatic variables and environmental stimuli on human perceptions and
comfort assessment were validated. Meanwhile, the mediate effects through

psychological factors link outdoor comfort and the exogenous influences of external
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microclimatic and environmental conditions and direct sensations of individuals. The
results also raise awareness of the need to reconsider variations among different

individuals in outdoor comfort assessments.

Although a growing body of literature is arguing the theoretical limitation of existing
approaches of outdoor comfort assessment, the varying individuals’ expectation and
adaptation in certain geographical and socio-cultural contexts have been seldomly
studied from a human-centered perspective. Motivated by this knowledge gap in
outdoor comfort studies, this doctoral research fills the gap through an integrative
method, which investigates subjective comfort assessment in urban public spaces with
an explicit focus on the role of humans with respect to socio-demographic characteristics,
behavioral factors, and psychological factors, and the corresponding microclimatic and
environmental stimuli. This study contributes to the literature on modeling human
outdoor comfort in urban public spaces, especially providing insights into human factors.
It also stresses the importance of extending the current standards of thermal comfort to

provide more valid comfort assessing approaches in outdoor environments.

The other contribution of this study to the theory of comfort assessment in outdoor
environment is introducing the comprehensive conceptual framework with an expanded
set of determinants. In formulating the conceptual framework, overall comfort
assessment is assumed as a function of the place-human interaction, in which the
importance of human perceptions and adaptations emerges. The discourse was
presented with regard to the expanded set of influential factors, including microclimatic
variables and human socio-demographic, behavioral and psychological factors. This
framework provides the opportunity to explore the influence of contextual factors on

individuals” assessments.

Chapter 5 explored the effects of the measured objective microclimatic variables and
surveyed personal socio-demographic characteristics, behavioral factors and subjective
psychological factors using both linear and nonlinear models. The estimation results
provide convincing evidence that behavioral and psychological dimensions have
significant effects on human comfort assessment in urban public spaces, beyond the

single heat exchange dimension.

Chapter 6, further, addressed the mediate effects of psychological factors through path
analysis. The results highlighted the intermediate effect of endogenous psychological

variables. Besides thermal sensation, individual’s comfort assessment heavily relies on
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acceptability and need satisfaction of conducting outdoor activities. Unlike the direct
influences in linear and nonlinear models, some exogenous variables indirectly impact
comfort assessment via the intermediate endogenous variables. The simplified process
from physical condition to comfort assessment has been substituted with an extended
framework with verified direct and indirect influences based on the interaction of human

and environment.

Chapter 7 focused on heterogeneity in comfort assessment among different individuals,
providing insight on the unobserved classification in respondents depending on personal
characteristics and behavioral factors related to long-term and short-term experiences.
Latent class analysis was applied and integrated into the path structure. Two
unobservable moderating groups were verified, stressing the underlying individual

differences pertaining to human thermal history and experience.

8.2 Implications for urban planning

Research on outdoor comfort in urban public spaces is of high importance to increase
the site attractiveness, promote people's outdoor activities, and improve the living
quality in general. Thereby, outdoor comfort should be an important consideration in
the process of urban planning, design, policymaking, management, and related practices.
The raising awareness of human-environment interaction drives more attention on
responsive urban design and planning in climate and cultural contexts. It is important to
acknowledge the characteristics of the target populations, understanding how they
interact with urban microclimates and environments, and to compromise their
preferences in favor of spending time outdoors. This research aims to introduce the
comfort assessment methods and contribute to the scientific understanding of

comprehensive determinants in real-world urban settings.

This study, thereby, provides a disruptive conceptual framework with an expanded set
of influential factors for outdoor comfort assessment modeling, meanwhile, presents an
integrated approach to ravel the underlying diversity of population in comfort
assessment. The findings shed light on to what extent people’s preferences,
expectations and adaptations influence their comfort in a complex outdoor urban
environment. The expanded conceptual framework also brought insights of context-
based adaptation into comfort modeling, which beyond the way of only incorporating
the effect of thermal conditions. The socio-demographic characteristics and behavioral

factors are proved to affect people’s expectations and preferences, therefore, the
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practices of developing or redeveloping urban public spaces should take the influence of
diverse users and the main driver of their backgrounds into account. In addition, the
results of this study regarding locations with different features will help implementing

the measures of improvement in various urban settings.

When it comes to the municipal management on urban public spaces, the methodology
and findings of this study imply that better solutions may be obtained if the nature and
strength of the relationship between comfort and its determinants are fully informed.
Higher quality of public spaces incorporating the provision of facilities and opportunities
for adaptation will also encouraging more outdoor attendance. For design and planning
in practice, planners should not only consider the microclimate environment but also the
characteristics of public spaces and behavioral factors, such as transport modes,

frequency of visit, durations, and purposes.

8.3 Limitations and future research

Due to limited human resources and budget, a relatively small sample size was obtained
in one city in this study. It implies that the generalizability of the results is rather limited,
although the methodology, which has some innovative components, is generic. In
particular, the selection of locations using orthogonal design and the use of the latent
class path model solved the problem of bias estimates in most previous applications of
regression models of outdoor comfort assessment and offer a different perspective on
heterogeneity from latent classes of comfort assessment equations to heterogeneity in
causal structures leading to outdoor comfort assessments. Longitudinal surveys and
measurements in different spaces with similar thermal conditions could provide more
useful information regarding the interactions between people and their immediate

environments.

In addition, time limitations in the survey to some extent hindered acquiring in-depth
descriptions concerning respondents’ thermal history, and their full course of past
activity experiences, which could have provided adaptation insights into the dynamics of

outdoor comfort in different urban public spaces.

The findings of this study widen our understanding of comfort assessment in urban
public spaces from the perspective of a human-centered paradigm. Based on this study
in the Netherlands, it is important to draw a more general conclusion through

investigations in different climatic and cultural contexts. Furthermore, rather than
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relying on data collected in one season, future studies are highly recommended to be

carried out in different seasonal contexts.

Finally, further research concerning the people’s expectations of diverse predictors on
comfort assessment and the corresponding ameliorations of outdoor settings is worth
to examine. Such investigation may explore people’s need-based preferences that
encourage them to spend more time on outdoor activities, which may contribute to
developing incentives and policies to improve urban livability and vitality and residents’

well-being.

135






References

137






References

Ahmed, K. S. (2003). Comfort in urban spaces: Defining the boundaries of outdoor
thermal comfort for the tropical urban environments. Energy and Buildings, 35(1),
103-110. https://doi.org/10.1016/50378-7788(02)00085-3

Akaike, H. (1974). A new look at the statistical model identification. /EEE Transactions on
Automatic Control, 19(6), 716—723. https://doi.org/10.1109/TAC.1974.1100705

Akaike, H. (1987). Factor analysis and AIC. Psychometrika, 52(3), 317-332.
https://doi.org/10.1007/BF02294359

Albers, R. A. W., Bosch, P. R., Blocken, B., van den Dobbelsteen, A. A. J. F., van Hove, L.
W. A, Spit, T. J. M., van de Ven, F., van Hooff, T., and Rovers, V. (2015). Overview
of challenges and achievements in the climate adaptation of cities and in the
Climate Proof Cities program. Building and Environment, 83(December 2014), 1—
10. https://doi.org/10.1016/j.buildenv.2014.09.006

Ali, S. B., and Patnaik, S. (2018). Thermal comfort in urban open spaces: Objective
assessment and subjective perception study in tropical city of Bhopal, India. Urban
Climate, 24(October 2017), 954-967.
https://doi.org/10.1016/j.uclim.2017.11.006

Aljawabra, F., and Nikolopoulou, M. (2010). Influence of hot arid climate on the use of
outdoor urban spaces and thermal comfort: Do cultural and social backgrounds
matter? Intelligent Buildings International, 2(3), 198-217.
https://doi.org/10.3763/inbi.2010.0046

Aljawabra, F., and Nikolopoulou, M. (2018). Thermal comfort in urban spaces: a cross-
cultural study in the hot arid climate. International Journal of Biometeorology,
62(10), 1901-1909. https://doi.org/10.1007/s00484-018-1592-5

Amindeldar, S., Heidari, S., and Khalili, M. (2017). The effect of personal and
microclimatic variables on outdoor thermal comfort: A field study in Tehran in cold
season. Sustainable Cities and Society, 32(25), 153-159.
https://doi.org/10.1016/j.scs.2017.03.024

Andrade, H., Alcoforado, M. jodo, and Oliveira, S. (2011). Perception of temperature and
wind by users of public outdoor spaces: relationships with weather parameters
and personal characteristics. International Journal of Biometeorology, 55(5), 665—
680. https://doi.org/10.1007/s00484-010-0379-0

Arnfield, A. J. (2003). Two decades of urban climate research: A review of turbulence,
exchanges of energy and water, and the urban heat island. International Journal of
Climatology, 23(1), 1-26. https://doi.org/10.1002/joc.859

ASHRAE. (2017). Thermal environmental conditions for human occupancy. ANSI/ASHRAE
Standard - 55, 55, 263. www.ashrae.org

Auliciems, A. (1981). Towards a psycho-physiological model of thermal perception.
International Journal of Biometeorology, 25(2), 109-122.

139



Comfort in Urban Public Spaces

https://doi.org/10.1007/BF02184458

Baruti, M. M., Johansson, E., and Astrand, J. (2019). Review of studies on outdoor
thermal comfort in warm humid climates: challenges of informal urban fabric.
International Journal of Biometeorology, 63(10), 1449-1462.
https://doi.org/10.1007/s00484-019-01757-3

Becker, J. M., Rai, A., Ringle, C. M., and Valckner, F. (2013). Discovering unobserved
heterogeneity in structural equation models to avert validity threats. MIS
Quarterly: Management Information Systems, 37(3), 665—694.
https://doi.org/10.25300/MI1SQ/2013/37.3.01

Becker, S., Potchter, O., and Yaakov, Y. (2003). Calculated and observed human thermal
sensation in an extremely hot and dry climate. Energy and Buildings, 35(8), 747—
756. https://doi.org/10.1016/S0378-7788(02)00228-1

Bentler, P. M., and Bonett, D. G. (1980). Significance tests and goodness of fit in the
analysis of covariance structures. Psychological Bulletin, 88(3), 588-606.
https://doi.org/10.1037/0033-2909.88.3.588

Berlin, K. S., Williams, N. A., and Parra, G. R. (2014). An introduction to latent variable
mixture modeling (Part 1): Overview and cross-sectional latent class and latent
profile analyses. Journal of Pediatric Psychology, 39(2), 174-187.
https://doi.org/10.1093/jpepsy/jst084

Binarti, F., Koerniawan, M. D., Triyadi, S., Utami, S. S., and Matzarakis, A. (2020). A review
of outdoor thermal comfort indices and neutral ranges for hot-humid regions.
Urban Climate, 31(August 2019), 100531.
https://doi.org/10.1016/j.uclim.2019.100531

Btazejczyk, K., Epstein, Y., Jendritzky, G., Staiger, H., and Tinz, B. (2012). Comparison of
UTCI to selected thermal indices. International Journal of Biometeorology, 56(3),
515-535. https://doi.org/10.1007/s00484-011-0453-2

Blocken, B., and Carmeliet, J. (2004). Pedestrian wind environment around buildings:
Literature review and practical examples. Journal of Thermal Envelope and Building
Science, 28(2), 107-159. https://doi.org/10.1177/1097196304044396

Blocken, B., Janssen, W. D., and van Hooff, T. (2012). CFD simulation for pedestrian wind
comfort and wind safety in urban areas: General decision framework and case
study for the Eindhoven University campus. Environmental Modelling and
Software, 30, 15—34. https://doi.org/10.1016/j.envsoft.2011.11.009

Box, G. E. P., and Tidwell, P. W. (1962). Transformation of the Independent Variables.
Technometrics, 4(4), 531-550.

Brager, G., and de Dear, R. (1998). Thermal adaptation in the built environment: a
literature review. Energy and Buildings, 27(1), 83-96.
https://doi.org/10.1016/50378-7788(97)00053-4

140



References

Brode, P., Fiala, D., Btazejczyk, K., Holmér, I., Jendritzky, G., Kampmann, B., Tinz, B., and
Havenith, G. (2012). Deriving the operational procedure for the Universal Thermal
Climate Index (UTCI). International Journal of Biometeorology, 56(3), 481-494.
https://doi.org/10.1007/s00484-011-0454-1

Brode, P., Kriger, E., Rossi, F., and Fiala, D. (2012). Predicting urban outdoor thermal
comfort by the Universal Thermal Climate Index UTCl—a case study in Southern
Brazil.  International  Journal of Biometeorology, 56(3), 471-480.
https://doi.org/10.1007/s00484-011-0452-3

Brychkov, D., Garb, Y., and Pearimutter, D. (2018). The influence of climatocultural
background on outdoor thermal perception. International Journal of
Biometeorology, 62(10), 1873—-1886. https://doi.org/10.1007/s00484-018-1590-7

Budd, G. M. (2008). Wet-bulb globe temperature (WBGT)—its history and its limitations.
Journal  of  Science and  Medicine in  Sport, 11(1), 20-32.
https://doi.org/10.1016/j.jsams.2007.07.003

Canan, F., Golasi, |., Ciancio, V., Coppi, M., and Salata, F. (2019). Outdoor thermal
comfort conditions during summer in a cold semi-arid climate. A transversal field
survey in Central Anatolia (Turkey). Building and Environment, 148(November
2018), 212-224. https://doi.org/10.1016/j.buildenv.2018.11.008

Celeux, G., and Soromenho, G. (1996). An entropy criterion for assessing the number of
clusters in a mixture model. Journal of Classification, 13(2), 195-212.
https://doi.org/10.1007/BF01246098

Chan, S. Y., and Chau, C. K. (2019). Development of artificial neural network models for
predicting thermal comfort evaluation in urban parks in summer and winter.
Building and Environment, 164(August), 106364.
https://doi.org/10.1016/j.buildenv.2019.106364

Chan, S. Y., Chau, C. K., and Leung, T. M. (2017). On the study of thermal comfort and
perceptions of environmental features in urban parks: A structural equation
modeling  approach.  Building and  Environment, 122, 171-183.
https://doi.org/10.1016/j.buildenv.2017.06.014

Chappells, H., and Shove, E. (2005). Debating the future of comfort: Environmental
sustainability, energy consumption and the indoor environment. Building Research
and Information, 33(1), 32—40. https://doi.org/10.1080/0961321042000322762

Chen, L., and Ng, E. (2012). Outdoor thermal comfort and outdoor activities: A review of
research in the past decade. Cities, 29(2), 118-125.
https://doi.org/10.1016/j.cities.2011.08.006

Chen, L., Wen, Y., Zhang, L., and Xiang, W. N. (2015). Studies of thermal comfort and
space use in an urban park square in cool and cold seasons in Shanghai. Building
and Environment, 94, 644—653. https://doi.org/10.1016/j.buildenv.2015.10.020

141



Comfort in Urban Public Spaces

Chen, X., Xue, P., Liu, L., Gao, L., and Liu, J. (2018). Outdoor thermal comfort and
adaptation in severe cold area: A longitudinal survey in Harbin, China. Building and
Environment, 143(73), 548-560. https://doi.org/10.1016/].buildenv.2018.07.041

Chen, Y. C, and Matzarakis, A. (2014). Modification of physiologically equivalent
temperature. Journal of Heat Island Institute International, 9(2), 26-32.
http://www.heat-island.jp/web_journal/Special_Issue_7JGM/15_chen.pdf

Cheng, V., Ng, E., Chan, C., and Givoni, B. (2012). Outdoor thermal comfort study in a
sub-tropical climate: A longitudinal study based in Hong Kong. International
Journal of Biometeorology, 56(1), 43-56. https://doi.org/10.1007/s00484-010-
0396-z

Cheung, P. K., and Jim, C. Y. (2017). Determination and application of outdoor thermal
benchmarks. Building and Environment, 123, 333-350.
https://doi.org/10.1016/j.buildenv.2017.07.008

Cheung, P. K., and Jim, C. Y. (2018). Subjective outdoor thermal comfort and urban green
space usage in humid-subtropical Hong Kong. Energy and Buildings, 173, 150-162.
https://doi.org/10.1016/j.enbuild.2018.05.029

Cheung, P. K., and Jim, C. Y. (2019). Improved assessment of outdoor thermal comfort:
1-hour acceptable temperature range. Building and Environment, 151(November
2018), 303-317. https://doi.org/10.1016/].buildenv.2019.01.057

Chindapol, S., Blair, J., Osmond, P., and Prasad, D. (2017). A Suitable Thermal Stress Index
for the Elderly in Summer Tropical Climates. Procedia Engineering, 180, 932-943.
https://doi.org/10.1016/j.proeng.2017.04.253

Chow, W. T. L., Akbar, S. N. A. B. A, Heng, S. L., and Roth, M. (2016). Assessment of
measured and perceived microclimates within a tropical urban forest. Urban
Forestry and Urban Greening, 16, 62-75.
https://doi.org/10.1016/j.ufug.2016.01.010

Coccolo, S., Kampf, J., Scartezzini, J. L., and Pearlmutter, D. (2016). Outdoor human
comfort and thermal stress: A comprehensive review on models and standards.
Urban Climate, 18, 33-57. https://doi.org/10.1016/j.uclim.2016.08.004

Cohen, J. E. (2003). Human Population: The Next Half Century. Science, 302(5648), 1172—
1175. https://doi.org/10.1126/science.1088665

Cohen, P., Potchter, 0., and Matzarakis, A. (2013). Human thermal perception of Coastal
Mediterranean outdoor urban environments. Applied Geography, 37(1), 1-10.
https://doi.org/10.1016/j.apgeog.2012.11.001

Cohen, P., Shashua-Bar, L., Keller, R., Gil-Ad, R., Yaakov, Y., Lukyanov, V., Bar (Kutiel), P.,
Tanny, J., Cohen, S., and Potchter, O. (2019). Urban outdoor thermal perception in
hot arid Beer Sheva, Israel: Methodological and gender aspects. Building and
Environment, 160(March), 106169.

142



References

https://doi.org/10.1016/j.buildenv.2019.106169

Cole, R. J., Robinson, J., Brown, Z., and O’Shea, M. (2008). Re-contextualizing the notion
of comfort. Building Research and Information, 36(4), 323-336.
https://doi.org/10.1080/09613210802076328

da Silva, F. T., and de Alvarez, C. E. (2015). An integrated approach for ventilation’s
assessment on outdoor thermal comfort. Building and Environment, 87, 59-71.
https://doi.org/10.1016/j.buildenv.2015.01.018

de Dear, R. (2011). Revisiting an old hypothesis of human thermal perception:
Alliesthesia.  Building ~ Research  and  Information,  39(2), 108-117.
https://doi.org/10.1080/09613218.2011.552269

de Dear, R., and Brager, G. (1998). Developing an adaptive model of thermal comfort and
preference. ASHRAE Transactions, 104(1), 1-18.

de Dear, R., Foldvary, V., Zhang, H., Aren, E., Luo, M., Parkinson, T., Du, X., Zhang, W.,
Chun, C., and Liu, S. (2016). Comfort is in the mind of the beholder, A review of
progress in adaptive thermal comfort research over the past two decades. The
Fifth International Conference on Human-Environment System. Nagoya, Japan.
October 29-November 2. Www.Escholarship.Org/Uc/Item/62n2985w.

de Dear, R., Xiong, J., Kim, J., and Cao, B. (2020). A review of adaptive thermal comfort
research since 1998. Energy  and  Buildings, 214, 109893.
https://doi.org/10.1016/j.enbuild.2020.109893

de Freitas, C. R.,, and Grigorieva, E. A. (2015). A comprehensive catalogue and
classification of human thermal climate indices. International Journal of
Biometeorology, 59(1), 109—-120. https://doi.org/10.1007/s00484-014-0819-3

de Freitas, C. R., and Grigorieva, E. A. (2017). A comparison and appraisal of a
comprehensive range of human thermal climate indices. International Journal of
Biometeorology, 61(3), 487-512. https://doi.org/10.1007/s00484-016-1228-6

Dunji¢, J. (2019). Outdoor thermal comfort research in urban areas of Central and
Southeast Europe: A review. Geographica Pannonica, 23(4), 359-373.
https://doi.org/10.5937/gp23-24458

Eliasson, 1., Knez, |., Westerberg, U., Thorsson, S., and Lindberg, F. (2007). Climate and
behaviour in a Nordic city. Landscape and Urban Planning, 82(1-2), 72-84.
https://doi.org/10.1016/j.landurbplan.2007.01.020

Elnabawi, M. H., and Hamza, N. (2019). Behavioural Perspectives of Outdoor Thermal
Comfort in Urban Areas: A Critical Review. Atmosphere, 11(1), 51.
https://doi.org/10.3390/atmos11010051

Elnabawi, M. H., Hamza, N., and Dudek, S. (2016). Thermal perception of outdoor urban
spaces in the hot arid region of Cairo, Egypt. Sustainable Cities and Society, 22,

143



Comfort in Urban Public Spaces

136-145. https://doi.org/10.1016/j.5cs.2016.02.005

Epstein, Y., and Moran, D. S. (2006). Thermal comfort and the heat stress indices.
Industrial Health, 44(3), 388—398. https://doi.org/10.2486/indhealth.44.388

Fang, Z., Feng, X., Liu, J., Lin, Z.,, Mak, C. M., Niu, J., Tse, K. T., and Xu, X. (2019).
Investigation into the differences among several outdoor thermal comfort indices
against field survey in subtropics. Sustainable Cities and Society, 44(March 2018),
676—690. https://doi.org/10.1016/j.scs.2018.10.022

Fang, Z., Lin, Z., Mak, C. M., Niu, J., and Tse, K. T. (2018). Investigation into sensitivities
of factors in outdoor thermal comfort indices. Building and Environment,
128(September 2017), 129-142. https://doi.org/10.1016/j.buildenv.2017.11.028

Fanger, P. O. (1970). Thermal comfort: analysis and applications in environmental
engineering. McGraw-Hill. https://books.google.nl/books?id=mUFSAAAAMAA)J

Fiala, D., Havenith, G., Brode, P., Kampmann, B., and Jendritzky, G. (2012). UTCI-Fiala
multi-node model of human heat transfer and temperature regulation.
International Journal of Biometeorology, 56(3), 429-441.
https://doi.org/10.1007/s00484-011-0424-7

Fong, C. S., Aghamohammadi, N., Ramakreshnan, L., Sulaiman, N. M., and Mohammadi,
P. (2019). Holistic recommendations for future outdoor thermal comfort
assessment in tropical Southeast Asia: A critical appraisal. Sustainable Cities and
Society, 46(September 2018), 101428. https://doi.org/10.1016/j.s¢cs.2019.101428

Gagge, A. P. (1936). The linearity criterion as applied to partitional calorimetry. American
Journal of Physiology-Legacy Content, 116(3), 656—668.

Gagge, A. P., Fobelets, A. P., and Berglund, L. G. (1986). A standard predictive index of
human reponse to thermal enviroment. ASHRAE Transactions, 92(2B), 709-731.
https://www.aivc.org/sites/default/files/airbase_2522.pdf%0Ahttp://oceanrep.g
eomar.de/42985/

Gagge, A. P., Stolwijk, J. A. J., and Saltin, B. (1969). Comfort and thermal sensations and
associated physiological responses during exercise at various ambient
temperatures. Environmental Research, 2(3), 209-229.
https://doi.org/10.1016/0013-9351(69)90037-1

Galindo, T., and Hermida, M. A. (2018). Effects of thermophysiological and non-thermal
factors on outdoor thermal perceptions: The Tomebamba Riverbanks case.
Building and Environment, 138(January), 235-249.
https://doi.org/10.1016/j.buildenv.2018.04.024

Gao, J, Sun, Y., Liu, Q.,, Zhou, M., Lu, Y., and Li, L. (2015). Impact of extreme high
temperature on mortality and regional level definition of heat wave: A multi-city
study in China. Science of the Total Environment, 505, 535-544.
https://doi.org/10.1016/j.scitotenv.2014.10.028

144



References

Gehl, J. (2011). Life between buildings: using public space. Island press.

Giannakis, E., Bruggeman, A., Poulou, D., Zoumides, C., and Eliades, M. (2016). Linear
Parks along Urban Rivers: Perceptions of Thermal Comfort and Climate Change
Adaptation in Cyprus. Sustainability, 8(10), 1023.
https://doi.org/10.3390/su8101023

Givoni, B., Khedari, J., Wong, N. H., Feriadi, H., and Noguchi, M. (2006). Thermal
sensation responses in hot, humid climates: Effects of humidity. Building Research
and Information, 34(5), 496-506. https://doi.org/10.1080/09613210600861269

Givoni, B., Noguchi, M., Saaroni, H., Potchter, O., Yaakov, Y., Feller, N., and Becker, S.
(2003). Outdoor comfort research issues. Energy and Buildings, 35(1), 77—-86.
https://doi.org/10.1016/5S0378-7788(02)00082-8

Gobo, J. P. A, Faria, M. R., Galvani, E., Amorim, M. C. de C. T., Celuppi, M. C., and
Wollmann, C. A. (2019). Empirical Model of Thermal Comfort for Medium-Sized
Cities in Subtropical Climate. Atmosphere, 10(10), 576.
https://doi.org/10.3390/atmos10100576

Golasi, |., Salata, F., de Lieto Vollaro, E., and Coppi, M. (2018). Complying with the
demand of standardization in outdoor thermal comfort: a first approach to the
Global Outdoor Comfort Index (GOCI). Building and Environment, 130(December
2017), 104-119. https://doi.org/10.1016/].buildenv.2017.12.021

Golasi, I., Salata, F., de Lieto Vollaro, E., Coppi, M., and de Lieto Vollaro, A. (2016).
Thermal perception in the mediterranean area: Comparing the mediterranean
outdoor comfort index (moci) to other outdoor thermal comfort indices. Energies,
9(7), 1-16. https://doi.org/10.3390/en9070550

Gomez, F., Gil, L., and Jabaloyes, J. (2004). Experimental investigation on the thermal
comfort in the city: Relationship with the green areas, interaction with the urban
microclimate. Building and Environment, 39(9), 1077-1086.
https://doi.org/10.1016/j.buildenv.2004.02.001

Grimm, N. B., Faeth, S. H., Golubiewski, N. E., Redman, C. L., Wu, J., Bai, X., and Briggs, J.
M. (2008). Global change and the ecology of cities. Science, 319(5864), 756—760.
https://doi.org/10.1126/science.1150195

Hadianpour, M., Mahdavinejad, M., Bemanian, M., Haghshenas, M., and Kordjamshidi,
M. (2019). Effects of windward and leeward wind directions on outdoor thermal
and wind sensation in Tehran. Building and Environment, 150(October 2018), 164—
180. https://doi.org/10.1016/j.buildenv.2018.12.053

Hashim, N. H. M., Tan, K. W., and Ling, Y. (2016). Determination of thermal comfort for
social impact assessment: Case study in Kota Damansara, Selangor, Malaysia.
American Journal of  Applied Sciences, 13(11), 1156-1170.
https://doi.org/10.3844/ajassp.2016.1156.1170

145



Comfort in Urban Public Spaces

Heidari, S., and Azizi, M. (2017). Evaluation of thermal comfort in urban areas.
International Journal of Urban Manage Energy Sustainability, 1(1), 49-58.
https://doi.org/10.22034/ ijumes.2017.01.01.005

Heng, S. L., and Chow, W. T. L. (2019). How ‘hot’ is too hot? Evaluating acceptable
outdoor thermal comfort ranges in an equatorial urban park. International Journal
of Biometeorology, 801-816. https://doi.org/10.1007/s00484-019-01694-1

Hensen, J. L. M. (1990). Literature review on thermal comfort in transient conditions.
Building and Environment, 25(4), 309-316. https://doi.org/10.1016/0360-
1323(90)90004-B

Heusinkveld, B. G., Steeneveld, G. J., van Hove, L. W. A, Jacobs, C. M. J., and Holtslag, A.
A. M. (2014). Spatial variability of the Rotterdam urban heat island as influenced
by urban land use. Journal of Geophysical Research: Atmospheres, 119(2), 677—
692. https://doi.org/10.1002/2012J/D019399

Hirashima, S. Q. da S., Assis, E. S. de, and Nikolopoulou, M. (2016). Daytime thermal
comfort in urban spaces: A field study in Brazil. Building and Environment, 107,
245-253. https://doi.org/10.1016/].buildenv.2016.08.006

Hondula, D. M., Balling, R. C., Andrade, R., Scott Krayenhoff, E., Middel, A., Urban, A,
Georgescu, M., and Sailor, D. J. (2017). Biometeorology for cities. International
Journal of Biometeorology, 61, 59—69. https://doi.org/10.1007/s00484-017-1412-
3

Hoppe, P. (1999). The physiological equivalent temperature - a universal index for the
biometeorological assessment of the thermal environment. International Journal
of Biometeorology, 43(2), 71-75. https://doi.org/10.1007/s004840050118

Hoppe, P. (2002). Different aspects of assessing indoor and outdoor thermal comfort.
Energy and Buildings, 34(6), 661-665. https://doi.org/10.1016/50378-
7788(02)00017-8

Hou, T., Lu, M., and Fu, J. (2017). Microclimate perception features of commercial street
in severe cold cities. Energy Procedia, 134, 528-535.
https://doi.org/10.1016/j.egypro.2017.09.559

Huang, J., Zhou, C., Zhuo, Y., Xu, L., and Jiang, Y. (2016). Outdoor thermal environments
and activities in open space: An experiment study in humid subtropical climates.
Building and Environment, 103, 238-249.
https://doi.org/10.1016/j.buildenv.2016.03.029

Huang, T., Li, J., Xie, Y., Niu, J., and Mak, C. M. (2017). Simultaneous environmental
parameter monitoring and human subject survey regarding outdoor thermal
comfort and its modelling. Building and Environment, 125, 502-514.
https://doi.org/10.1016/j.buildenv.2017.09.015

Huang, Z., Cheng, B., Gou, Z., and Zhang, F. (2019). Outdoor thermal comfort and

146



References

adaptive behaviors in a university campus in China’s hot summer-cold winter
climate region. Building and  Environment,  165(August), 106414.
https://doi.org/10.1016/j.buildenv.2019.106414

|u

Humphreys, M., and Hancock, M. (2007). Do people like to feel “neutral”?. Exploring the
variation of the desired thermal sensation on the ASHRAE scale. Energy and
Buildings, 39(7), 867-874. https://doi.org/10.1016/j.enbuild.2007.02.014

Humphreys, M., and Nicol, F. (1998). Understanding the adaptive approach to thermal
comfort. ASHRAE Transactions, 104(Pt 1B), 991-1004.

Humphreys, M., Nicol, F., and Raja, I. A. (2007). Field studies of indoor thermal comfort
and the progress of the adaptive approach. Advances in Building Energy Research,
1(1), 55-88. https://doi.org/10.1080/17512549.2007.9687269

Huynen, M. M. T. E., Martens, P., Schram, D., Weijenberg, M. P., and Kunst, A. E. (2001).
The impact of heat waves and cold spells on mortality rates in the Dutch population.
Environmental Health Perspectives, 109(5), 463-470.
https://doi.org/10.1289/ehp.01109463

Hwang, R. L., and Lin, T. P. (2007). Thermal Comfort Requirements for Occupants of Semi-
Outdoor and Outdoor Environments in Hot-Humid Regions. Architectural Science
Review, 50(4), 357-364. https://doi.org/10.3763/asre.2007.5043

Hwang, R. L, Lin, T. P., Cheng, M. J,, and Lo, J. H. (2010). Adaptive comfort model for
tree-shaded outdoors in Taiwan. Building and Environment, 45(8), 1873—1879.
https://doi.org/10.1016/j.buildenv.2010.02.021

Indraganti, M., and Rao, K. D. (2010). Effect of age, gender, economic group and tenure
on thermal comfort: A field study in residential buildings in hot and dry climate
with  seasonal variations. Energy and Buildings, 42(3), 273-281.
https://doi.org/10.1016/j.enbuild.2009.09.003

IPCC. (2019). Summary for Policymakers - Global warming of 1.50C, an IPCC special
report. IPCC Special Report.

ISO 7243.(1989). Hot environments-Estimation of heat stress on working man, based on
the WBGT-index (wet bulb globe temperature). Geneva: International Standards
Organization, 1989.

ISO 7726. (1998). Ergonomics of the Thermal Environments - Instruments for Measuring
Physical Quantities (p. 51). International Organization for Standardization.

ISO 7730. (2005). Ergonomics of the Thermal Environment: Analytical Determination and
Interpretation of Thermal Comfort Using Calculation of the PMV and PPD Indices
and Local Thermal Comfort Criteria. In International Standards, ISO: Geneva,
Switzerland.

Jedidi, K., Jagpal, H. S., and DeSarbo, W. S. (1997). Finite-mixture structural equation

147



Comfort in Urban Public Spaces

models for response-based segmentation and unobserved heterogeneity.
Marketing Science, 16(1), 39-59. https://doi.org/10.1287/mksc.16.1.39

Jendritzky, G., Maarouf, A., and Staiger, H. (2001). Looking for a universal thermal climate
index UTCI for outdoor applications. Windsor-Conference on Thermal Standards,
April 5-8, 2001, Windsor, UK, 1970, 353-367.

Jendritzky, G., and Nibler, W. (1981). A model analysing the urban thermal environment
in physiologically significant terms. Archives for Meteorology, Geophysics, and
Bioclimatology Series B, 29(4), 313—326. https://doi.org/10.1007/BF02263308

Jeong, M. A,, Park, S., and Song, G. S. (2016). Comparison of human thermal responses
between the urban forest area and the central building district in Seoul, Korea.
Urban Forestry and Urban Greening, 15, 133-148.
https://doi.org/10.1016/j.ufug.2015.12.005

Jiang, W., Feng, T., and Timmermans, H. (2020). Latent class path model of intention to
move house. Socio-Economic Planning Sciences, 70(September 2019), 100743.
https://doi.org/10.1016/j.seps.2019.100743

Johansson, E., and Emmanuel, R. (2006). The influence of urban design on outdoor
thermal comfort in the hot, humid city of Colombo, Sri Lanka. International Journal
of Biometeorology, 51(2), 119-133. https://doi.org/10.1007/s00484-006-0047-6

Johansson, E., Thorsson, S., Emmanuel, R., and Kriger, E. (2014). Instruments and
methods in outdoor thermal comfort studies - The need for standardization. Urban
Climate, 10(P2), 346—366. https://doi.org/10.1016/j.uclim.2013.12.002

Johansson, E., Yahia, M. W., Arroyo, |., and Bengs, C. (2018). Outdoor thermal comfort in
public space in warm-humid Guayaquil, Ecuador. International Journal of
Biometeorology, 62(3), 387—-399. https://doi.org/10.1007/s00484-017-1329-x

Kalnay, E., and Cai, M. (2003). Impact of urbanization and land-use change on climate.
Nature, 423(May), 528-531. https://doi.org/doi.org/10.1038/nature01675

Kantor, N., Egerhdzi, L., and Unger, J. (2012). Subjective estimation of thermal
environment in recreational urban spaces-Part 1: Investigations in Szeged,
Hungary. International Journal of Biometeorology, 56(6), 1075-1088.
https://doi.org/10.1007/s00484-012-0523-0

Kéntor, N., Kovécs, A., and Takécs, A. (2016). Seasonal differences in the subjective
assessment of outdoor thermal conditions and the impact of analysis techniques
on the obtained results. International Journal of Biometeorology, 60(11), 1615—
1635. https://doi.org/10.1007/s00484-016-1151-x

Kéntor, N., Unger, J., and Gulyés, A. (2007). Human bioclimatological evaluation with
objective and subjective approaches on the thermal conditions of a square in the
centre of Szeged. Acta Climatologica Et Chorologica, May 2016, 47-58.

148



References

Kéntor, N., Unger, J., and Gulyds, A. (2012). Subjective estimations of thermal
environment in recreational urban spaces-Part 2: International comparison.
International Journal of Biometeorology, 56(6), 1089-1101.
https://doi.org/10.1007/s00484-012-0564-4

Kariminia, S., Motamedi, S., Shamshirband, S., Piri, J., Mohammadi, K., Hashim, R., Roy,
C., Petkovi¢, D., and Bonakdari, H. (2016). Modelling thermal comfort of visitors at
urban squares in hot and arid climate using NN-ARX soft computing method.
Theoretical and Applied Climatology, 124(3-4), 991-1004.
https://doi.org/10.1007/s00704-015-1462-6

Karjalainen, S. (2012). Thermal comfort and gender: A literature review. Indoor Air, 22(2),
96-109. https://doi.org/10.1111/j.1600-0668.2011.00747 .x

Kati¢, K., Li, R., and Zeiler, W. (2016). Thermophysiological models and their applications:
A review. Building and Environment, 106, 286—300.
https://doi.org/10.1016/j.buildenv.2016.06.031

Kenawy, |., and Elkadi, H. (2018). The outdoor thermal benchmarks in Melbourne urban
climate. Sustainable Cities and Society, 43, 587-600.
https://doi.org/10.1016/j.scs.2018.09.004

Kim, H., and Macdonald, E. (2017). Measuring the effectiveness of San Francisco’s
planning standard for pedestrian wind comfort. International Journal of
Sustainable Development & World Ecology, 24(6), 502-511.
https://doi.org/10.1080/13504509.2016.1232319

Kim, J., Kim, K. R., Choi, B. C., Lee, D. G., and Kim, J. S. (2009). Regional distribution of
perceived temperatures estimated by the human heat budget model (the Klima-
Michel model) in South Korea. Advances in Atmospheric Sciences, 26(2), 275—-282.
https://doi.org/10.1007/s00376-009-0275-x

Klemm, W., Heusinkveld, B. G., Lenzholzer, S., Jacobs, M. H., and van Hove, B. (2015).
Psychological and physical impact of urban green spaces on outdoor thermal
comfort during summertime in The Netherlands. Building and Environment, 83,
120-128. https://doi.org/10.1016/j.buildenv.2014.05.013

Klemm, W., Heusinkveld, B. G., Lenzholzer, S., and van Hove, B. (2015). Street greenery
and its physical and psychological impact on thermal comfort. Landscape and
Urban Planning, 138, 87-98. https://doi.org/10.1016/j.landurbplan.2015.02.009

Klepeis, N. E., Nelson, W. C., Ott, W. R., Robinson, J. P,, Tsang, A. M., Switzer, P., Behar,
J. V., Hern, S. C., and Engelmann, W. H. (2001). The National Human Activity
Pattern Survey (NHAPS): A resource for assessing exposure to environmental
pollutants. Journal of Exposure Analysis and Environmental Epidemiology, 11(3),
231-252. https://doi.org/10.1038/sj.jea.7500165

Knez, I., and Thorsson, S. (2006). Influences of culture and environmental attitude on

149



Comfort in Urban Public Spaces

thermal, emotional and perceptual evaluations of a public square. International
Journal of Biometeorology, 50(5), 258—268. https://doi.org/10.1007/s00484-006-
0024-0

Knez, I., and Thorsson, S. (2008). Thermal, emotional and perceptual evaluations of a
park: Cross-cultural and environmental attitude comparisons. Building and
Environment, 43(9), 1483-1490. https://doi.org/10.1016/j.buildenv.2007.08.002

Knez, I., Thorsson, S., Eliasson, I., and Lindberg, F. (2009). Psychological mechanisms in
outdoor place and weather assessment: Towards a conceptual model.
International Journal of Biometeorology, 53(1), 101-111.
https://doi.org/10.1007/s00484-008-0194-z

Kondo, A., Ueno, M., Kaga, A., and Yamaguchi, K. (2001). The influence of urban canopy
configuration on urban albedo. Boundary-Layer Meteorology, 100(2), 225-242.
https://doi.org/10.1023/A:1019243326464

Kottek, M., Grieser, J., Beck, C., Rudolf, B., and Rubel, F. (2006). World map of the
Koppen-Geiger climate classification updated. Meteorologische Zeitschrift, 15(3),
259-263. https://doi.org/10.1127/0941-2948/2006/0130

Kovdcs, A., Unger, J., Gal, C. V., and Kéantor, N. (2016). Adjustment of the thermal
component of two tourism climatological assessment tools using thermal
perception and preference surveys from Hungary. Theoretical and Applied
Climatology, 125(1-2), 113-130. https://doi.org/10.1007/s00704-015-1488-9

Kovats, R.S., and Hajat, S. (2008). Heat Stress and Public Health: A Critical Review. Annual
Review of Public Health, 29(1), 41-55.
https://doi.org/10.1146/annurev.publhealth.29.020907.090843

Kriger, E. (2017). Impact of site-specific morphology on outdoor thermal perception: A
case-study in a subtropical location. Urban Climate, 21, 123-135.
https://doi.org/10.1016/j.uclim.2017.06.001

Krtger, E., and Drach, P. (2017). Identifying potential effects from anthropometric
variables on outdoor thermal comfort. Building and Environment, 117, 230-237.
https://doi.org/10.1016/j.buildenv.2017.03.020

Kruger, E., Drach, P., and Bréde, P. (2015). Implications of air-conditioning use on thermal
perception in open spaces: A field study in downtown Rio de Janeiro. Building and
Environment, 94, 417-425. https://doi.org/10.1016/j.buildenv.2015.07.024

Kruger, E., Drach, P., and Broede, P. (2017). Outdoor comfort study in Rio de Janeiro:
site-related context effects on reported thermal sensation. International Journal
of Biometeorology, 61(3), 463—475. https://doi.org/10.1007/s00484-016-1226-8

Kruger, E., Drach, P., Emmanuel, R., and Corbella, O. (2013). Assessment of daytime
outdoor comfort levels in and outside the urban area of Glasgow, UK. International
Journal of Biometeorology, 57(4), 521-533. https://doi.org/10.1007/s00484-012-

150



References

0578-y

Kriger, E., and Rossi, F. (2011). Effect of personal and microclimatic variables on
observed thermal sensation from a field study in southern Brazil. Building and
Environment, 46(3), 690—697. https://doi.org/10.1016/j.buildenv.2010.09.013

Kriger, E., Rossi, F., and Drach, P. (2017). Calibration of the physiological equivalent
temperature index for three different climatic regions. International Journal of
Biometeorology, 61(7), 1323—1336. https://doi.org/10.1007/s00484-017-1310-8

Kriger, E., Tamura, C. A., Brode, P., Schweiker, M., and Wagner, A. (2017). Short- and
long-term acclimatization in outdoor spaces: Exposure time, seasonal and
heatwave adaptation effects. Building and Environment, 116, 17-29.
https://doi.org/10.1016/j.buildenv.2017.02.001

Kumar, P., and Sharma, A. (2020). Study on importance, procedure, and scope of outdoor
thermal comfort —A review. Sustainable Cities and Society, 61(May), 102297.
https://doi.org/10.1016/j.scs.2020.102297

Kurazumi, Y., Ishii, J., Fukagawa, K., Kondo, E., and Aruninta, A. (2016). Ethnic Differences
in Thermal Responses between Thai and Japanese Females in Tropical Urban
Climate. American  Journal of Climate Change, 05(01), 52-68.
https://doi.org/10.4236/ajcc.2016.51007

Lai, D., Chen, C., Liu, W., Shi, Y., and Chen, C. (2018). An ordered probability model for
predicting outdoor thermal comfort. Energy and Buildings, 168, 261-271.
https://doi.org/10.1016/j.enbuild.2018.03.043

Lai, D., Guo, D., Hou, Y., Lin, C., and Chen, Q. (2014). Studies of outdoor thermal comfort
in northern  China.  Building ~and  Environment, 77, 110-118.
https://doi.org/10.1016/j.buildenv.2014.03.026

Lai, D., Zhou, C., Huang, J., Jiang, Y., Long, Z., and Chen, Q. (2014). Outdoor space quality:
A field study in an urban residential community in central China. Energy and
Buildings, 68(PART B), 713—720. https://doi.org/10.1016/j.enbuild.2013.02.051

Lai, D., Zhou, X., and Chen, Q. (2017). Modelling dynamic thermal sensation of human
subjects in outdoor environments. Energy and Buildings, 149, 16-25.
https://doi.org/10.1016/j.enbuild.2017.05.028

Lam, C. K. C.,, Cui, S, Liu, J., Kong, X., Ou, C., and Hang, J. (2020). Influence of
acclimatization and short-term thermal history on outdoor thermal comfort in
subtropical  South  China.  Energy and  Buildings, xxxx, 110541.
https://doi.org/10.1016/j.enbuild.2020.110541

Lam, C. K. C., Gallant, A. J. E., and Tapper, N. (2018). Perceptions of thermal comfort in
heatwave and non-heatwave conditions in Melbourne, Australia. Urban Climate,
23, 204-218. https://doi.org/10.1016/j.uclim.2016.08.006

151



Comfort in Urban Public Spaces

Lam, C. K. C., and Lau, K. K. L. (2018). Effect of long-term acclimatization on summer
thermal comfort in outdoor spaces: a comparative study between Melbourne and
Hong Kong. International Journal of Biometeorology, 62(7), 1311-1324.
https://doi.org/10.1007/s00484-018-1535-1

Lam, C. K. C,, Loughnan, M., and Tapper, N. (2018). Visitors’ perception of thermal
comfort during extreme heat events at the Royal Botanic Garden Melbourne.
International Journal of Biometeorology, 62(1), 97-112.
https://doi.org/10.1007/s00484-015-1125-4

Lamarca, C., Qlense, J., and Henriquez, C. (2018). Thermal comfort and urban canyons
morphology in coastal temperate climate, Concepcién, Chile. Urban Climate, 23,
159-172. https://doi.org/10.1016/j.uclim.2016.10.004

Langevin, J., Wen, J., and Gurian, P. L. (2013). Modeling thermal comfort holistically:
Bayesian estimation of thermal sensation, acceptability, and preference
distributions for office building occupants. Building and Environment, 69, 206—226.
https://doi.org/10.1016/j.buildenv.2013.07.017

Lau, K. K. L., Chung, S. C., and Ren, C. (2019). Outdoor thermal comfort in different urban
settings of sub-tropical high-density cities: An approach of adopting local climate
zone (LCZ) classification. Building and Environment, 154(January), 227-238.
https://doi.org/10.1016/j.buildenv.2019.03.005

Leng, H., Liang, S., and Yuan, Q. (2019). Outdoor thermal comfort and adaptive behaviors
in the residential public open spaces of winter cities during the marginal season.
International Journal of Biometeorology, Pressman 1995.
https://doi.org/10.1007/s00484-019-01709-x

Lenzholzer, S. (2010). Engrained experience-a comparison of microclimate perception
schemata and microclimate measurements in Dutch urban squares. International
Journal of Biometeorology, 54(2), 141-150. https://doi.org/10.1007/s00484-009-
0262-z

Lenzholzer, S. (2012). Research and design for thermal comfort in Dutch urban squares.
Resources, Conservation and Recycling, 64, 39-48.
https://doi.org/10.1016/j.resconrec.2011.06.015

Lenzholzer, S., Carsjens, G. J., Brown, R. D., Tavares, S., Vanos, J., Kim, Y. J,, and Lee, K.
(2020). Awareness of urban climate adaptation strategies —an international
overview. Urban Climate, 34(December 2019), 100705.
https://doi.org/10.1016/j.uclim.2020.100705

Lenzholzer, S., and de Vries, S. (2019). Exploring outdoor thermal perception—a revised
model. International Journal of Biometeorology. https://doi.org/10.1007/s00484-
019-01777-z

Lenzholzer, S., Klemm, W., and Vasilikou, C. (2018). Qualitative methods to explore

152



References

thermo-spatial perception in outdoor urban spaces. Urban Climate, 23, 231-249.
https://doi.org/10.1016/j.uclim.2016.10.003

Lenzholzer, S., and Koh, J. (2010). Immersed in microclimatic space: Microclimate
experience and perception of spatial configurations in Dutch squares. Landscape
and Urban Planning, 95(1-2), 1-15.
https://doi.org/10.1016/j.landurbplan.2009.10.013

Lenzholzer, S., and van der Wulp, N. Y. (2010). Thermal experience and perception of the
built environment in Dutch urban squares. Journal of Urban Design, 15(3), 375-
401. https://doi.org/10.1080/13574809.2010.488030

Li, J., and Liu, N. (2020). The perception, optimization strategies and prospects of
outdoor thermal comfort in China: A review. Building and Environment,
170(December 2019), 106614. https://doi.org/10.1016/j.buildenv.2019.106614

Li, J., Pan, Q. Peng, Y, Feng, T, Liu, S., Cai, X., Zhong, C., Yin, Y., and Lai, W. (2020).
Perceived quality of urban wetland parks: A second-order factor structure
equation modeling. Sustainability (Switzerland), 12(17).
https://doi.org/10.3390/su12177204

Li, K., Zhang, Y., and Zhao, L. (2016). Outdoor thermal comfort and activities in the urban
residential community in a humid subtropical area of China. Energy and Buildings,
133, 498-511. https://doi.org/10.1016/j.enbuild.2016.10.013

Lim, J., Akashi, Y., Song, D., Hwang, H., Kuwahara, Y., Yamamura, S., Yoshimoto, N., and
Itahashi, K. (2018). Hierarchical Bayesian modeling for predicting ordinal responses
of personalized thermal sensation: Application to outdoor thermal sensation data.
Building and Environment, 142(June), 414-426.
https://doi.org/10.1016/j.buildenv.2018.06.045

Lin, C. H., Lin, T. P., and Hwang, R. L. (2013). Thermal Comfort for Urban Parks in
Subtropics: Understanding Visitor’s Perceptions, Behavior and Attendance.
Advances in Meteorology, 2013, 1-8. https://doi.org/10.1155/2013/640473

Lin, T. P. (2009). Thermal perception, adaptation and attendance in a public square in
hot and humid regions. Building and Environment, 44(10), 2017-2026.
https://doi.org/10.1016/j.buildenv.2009.02.004

Lin, T. P., de Dear, R., and Hwang, R. L. (2011). Effect of thermal adaptation on seasonal
outdoor thermal comfort. International Journal of Climatology, 31(2), 302—312.
https://doi.org/10.1002/joc.2120

Lin, T. P., and Matzarakis, A. (2008). Tourism climate and thermal comfort in Sun Moon
Lake, Taiwan. International Journal of Biometeorology, 52(4), 281-290.
https://doi.org/10.1007/s00484-007-0122-7

Lin, T. P., Matzarakis, A., and Hwang, R. L. (2010). Shading effect on long-term outdoor
thermal comfort. Building  and  Environment, 45(1), 213-221.

153



Comfort in Urban Public Spaces

https://doi.org/10.1016/j.buildenv.2009.06.002

Lin, T. P., Tsai, K. T., Liao, C. C., and Huang, Y. C. (2013). Effects of thermal comfort and
adaptation on park attendance regarding different shading levels and activity types.
Building and Environment, 59, 599-611.
https://doi.org/10.1016/j.buildenv.2012.10.005

Lin, T. P, Yang, S. R., and Matzarakis, A. (2015). Customized rating assessment of climate
suitability (CRACS): climate satisfaction evaluation based on subjective perception.
International Journal of Biometeorology, 59(12), 1825-1837.
https://doi.org/10.1007/s00484-015-0990-1

Lindner-cendrowska, K. (2013). Assessment of bioclimatic conditions in cities for tourism
and recreational purposes (A Warsaw case study). Geographia Polonica, 86(1), 55—
66. https://doi.org/http://dx.doi.org./10.7163/GPol.2013.7

Lindner-Cendrowska, K., and Btazejczyk, K. (2018). Impact of selected personal factors
on seasonal variability of recreationist weather perceptions and preferences in
Warsaw (Poland). International Journal of Biometeorology, 62(1), 113-125.
https://doi.org/10.1007/s00484-016-1220-1

Liu, L., Lin, Y., Xiao, Y., Xue, P., Shi, L., Chen, X., and Liu, J. (2018). Quantitative effects of
urban spatial characteristics on outdoor thermal comfort based on the LCZ scheme.
Building and Environment, 143(February), 443-460.
https://doi.org/10.1016/j.buildenv.2018.07.019

Liu, S., Nazarian, N., Niu, J., Hart, M. A,, and de Dear, R. (2020). From thermal sensation
to thermal affect: A multi-dimensional semantic space to assess outdoor thermal
comfort. Building and Environment, 182(March), 107112.
https://doi.org/10.1016/j.buildenv.2020.107112

Liu, W., Zhang, Y., and Deng, Q. (2016). The effects of urban microclimate on outdoor
thermal sensation and neutral temperature in hot-summer and cold-winter
climate. Energy and Buildings, 128, 190-197.
https://doi.org/10.1016/j.enbuild.2016.06.086

Lo, Y., Mendell, N. R., and Rubin, D. B. (2001). Testing the number of components in a
normal mixture. Biometrika, 88(3), 767-778.
https://doi.org/10.1093/biomet/90.4.991

Lu, M., Hou, T., Fu, J., and Wei, Y. (2019). The effects of microclimate parameters on
outdoor thermal sensation in severe cold cities. Sustainability, 11(6), 1572.
https://doi.org/10.3390/su11061572

Lucchese, J. R, and Andreasi, W. A. (2017). Designing Thermally Pleasant Open Areas:
The Influence of Microclimatic Conditions on Comfort and Adaptation in Midwest
Brazil. Journal of Sustainable Development, 10(4), 11.
https://doi.org/10.5539/jsd.v10n4p11

154



References

Lucchese, J. R., Mikuri, L., de Freitas, N., and Andreasi, W. A. (2016). Application of
selected indices on outdoor thermal comfort assessment in Midwest Brazil.
International Journal of Energy and Environment, 7(4), 291-302.

Mahmoud, A. H. A. (2011). Analysis of the microclimatic and human comfort conditions
in an urban park in hot and arid regions. Building and Environment, 46(12), 2641—
2656. https://doi.org/10.1016/j.buildenv.2011.06.025

Makaremi, N., Salleh, E., Jaafar, M. Z., and GhaffarianHoseini, A. H. (2012). Thermal
comfort conditions of shaded outdoor spaces in hot and humid climate of Malaysia.
Building and Environment, 48(1), 7-14.
https://doi.org/10.1016/j.buildenv.2011.07.024

Maras, I., Schmidt, T., Paas, B., Ziefle, M., and Schneider, C. (2016). The impact of human-
biometeorological factors on perceived thermal comfort in urban public places.
Meteorologische Zeitschrift, 25(4), 407-420.
https://doi.org/10.1127/metz/2016/0705

Mclintyre, D. A. (1978). Three Approaches to Thermal Comfort. ASHRAE Transactions,
84(1), 101-1009.

Mclintyre, D. A. (1981). Chapter 13 Design Requirements for a Comfortable Environment.
Bioengineering, Thermal Physiology and Comfort, Volume 10, 195-220.
http://www.sciencedirect.com/science/article/B8GXY-4SDPB2X-
K/2/096d416f9104f2f88b0448772d10b05f

Mclntyre, D. A. (1982). Chamber Studies- Reductio ad Absurdum ? Energy and Buildings,
5, 89-96.

Mclachlan, G., and Peel, D. (2000). Finite Mixture Models.pdf (Cressie, N., Fisher, N.,
Johnstone, I., Kadane, J. B., Scott, D., Silverman, B., Smith, A., Teugels, J., Barnett,
V., Bradley, R., Hunter, J. S., & Kendall, D. (eds.); p. 446). John Wiley & Sons, Ltd.

Metje, N., Sterling, M., and Baker, C. J. (2008). Pedestrian comfort using clothing values
and body temperatures. Journal of Wind Engineering and Industrial Aerodynamics,
96(4), 412-435. https://doi.org/10.1016/j.jweia.2008.01.003

Michel, C. (1971). Physiological Role of Pleasure. Science, 173(4002), 1103-1107.
https://doi.org/10.1126/science.173.4002.1103

Middel, A., Selover, N., Hagen, B., and Chhetri, N. (2016). Impact of shade on outdoor
thermal comfort—a seasonal field study in Tempe, Arizona. International Journal
of Biometeorology, 60(12), 1849-1861. https://doi.org/10.1007/s00484-016-
1172-5

Mills, G., Cleugh, H., Emmanuel, R., Endlicher, W., Erell, E., McGranahan, G., Ng, E.,
Nickson, A., Rosenthal, J., and Steemer, K. (2010). Climate information for
improved planning and management of mega cities (Needs Perspective). Procedia
Environmental Sciences, 1(1), 228-246.

155



Comfort in Urban Public Spaces

https://doi.org/10.1016/j.proenv.2010.09.015

Muthén, B., and Muthén, L. (2000). Integrating person-centered and variable-centered
analyses: Growth mixture modeling with latent trajectory classes. Alcoholism:
Clinical and Experimental Research, 24(6), 882-891.
https://doi.org/10.1111/j.1530-0277.2000.tb02070.x

Nasir, R. A., Ahmad, S. S., and Ahmed, A. Z. (2012). Psychological Adaptation of Outdoor
Thermal Comfort in Shaded Green Spaces in Malaysia. Procedia - Social and
Behavioral Sciences, 68(November), 865—-878.
https://doi.org/10.1016/j.sbspro.2012.12.273

Nasrollahi, N., Hatami, Z., and Taleghani, M. (2017). Development of outdoor thermal
comfort model for tourists in urban historical areas; A case study in Isfahan.
Building and Environment, 125, 356—-372.
https://doi.org/10.1016/j.buildenv.2017.09.006

Ndetto, E. L., and Matzarakis, A. (2017). Assessment of human thermal perception in the
hot-humid climate of Dar es Salaam, Tanzania. International Journal of
Biometeorology, 61(1), 69—-85. https://doi.org/10.1007/s00484-016-1192-1

Ng, E., Chen, L., Wang, Y., and Yuan, C. (2012). A study on the cooling effects of greening
in a high-density city: An experience from Hong Kong. Building and Environment,
47(1), 256-271. https://doi.org/10.1016/j.buildenv.2011.07.014

Nicol, F., and Humphreys, M. (1973). Thermal Comfort As Part of a Self-Regulating
System. Build Res Pract, 1(3), 174-179.
https://doi.org/10.1080/09613217308550237

Nicol, F., and Humphreys, M. (2002). Adaptive thermal comfort and sustainable thermal
standards  for  buildings. Energy and Buildings, 34(6), 563-572.
https://doi.org/10.1016/50378-7788(02)00006-3

Nicol, F., and Roaf, S. (2017). Rethinking thermal comfort. Building Research and
Information, 45(7), 711-716. https://doi.org/10.1080/09613218.2017.1301698

Nikolopoulou, M. (2004). Designing open spaces in the urban environment: a bioclimatic
approach. http://alpha.cres.gr/ruros/

Nikolopoulou, M. (2011). Outdoor thermal comfort. Frontiers in Bioscience, 3, 1552—
1568.

Nikolopoulou, M., Baker, N., and Steemers, K. (2001). Thermal comfort in outdoor urban
spaces: Understanding the Human parameter. Solar Energy, 70(3), 227-235.
https://doi.org/10.1016/50038-092X(00)00093-1

Nikolopoulou, M., and Lykoudis, S. (2006). Thermal comfort in outdoor urban spaces:
Analysis across different European countries. Building and Environment, 41(11),
1455-1470. https://doi.org/10.1016/j.buildenv.2005.05.031

156



References

Nikolopoulou, M., and Lykoudis, S. (2007). Use of outdoor spaces and microclimate in a
Mediterranean urban area. Building and Environment, 42(10), 3691-3707.
https://doi.org/10.1016/j.buildenv.2006.09.008

Nikolopoulou, M., and Steemers, K. (2003). Thermal comfort and psychological
adaptation as a guide for designing urban spaces. Energy and Buildings, 35(1), 95—
101. https://doi.org/10.1016/50378-7788(02)00084-1

Ning, H., Wang, Z., and Ji, Y. (2016). Thermal history and adaptation: Does a long-term
indoor thermal exposure impact human thermal adaptability? Applied Energy, 183,
22-30. https://doi.org/10.1016/j.apenergy.2016.08.157

Niu, J., Liu, J., Lee, T. cheung, Lin, Z., Mak, C. M., Tse, K. T., Tang, B. sin, and Kwok, K. C. S.
(2015). A new method to assess spatial variations of outdoor thermal comfort:
Onsite monitoring results and implications for precinct planning. Building and
Environment, 91, 263-270. https://doi.org/10.1016/j.buildenv.2015.02.017

Nouri, A. S., and Costa, J. P. (2017). Placemaking and climate change adaptation: new
qualitative and quantitative considerations for the “Place Diagram.” Journal of
Urbanism, 10(3), 356—-382. https://doi.org/10.1080/17549175.2017.1295096

Nylund, K. L., Asparouhov, T., and Muthén, B. (2007). Deciding on the number of classes
in latent class analysis and growth mixture modeling: A Monte Carlo simulation
study. Structural Equation Modeling, 14(4), 535-569.
https://doi.org/10.1080/10705510701575396

OFCM. (2003). Wind Chill Temperature and Extreme Heat Indices: Evaluation and
Improvement Projects (Issue January 2003).

Oke, T. R. (1982). The energetic basis of the urban heat island. Quarterly Journal of the
Royal Meteorological Society, 108(455), 1-24.
https://doi.org/10.1002/qj.49710845502

Oke, T. R. (1988). Street design and urban canopy layer climate. Energy and Buildings,
11(1-3), 103-113. https://doi.org/10.1016/0378-7788(88)90026-6

Oliveira, S., and Andrade, H. (2007). An initial assessment of the bioclimatic comfort in
an outdoor public space in Lisbon. International Journal of Biometeorology, 52(1),
69-84. https://doi.org/10.1007/s00484-007-0100-0

Pantavou, K., Santamouris, M., Asimakopoulos, D., and Theoharatos, G. (2013).
Evaluating the performance of bioclimatic indices on quantifying thermal
sensation for pedestrians. Advances in Building Energy Research, 7(2), 170-185.
https://doi.org/10.1080/17512549.2013.865557

Pantavou, K., Santamouris, M., Asimakopoulos, D., and Theoharatos, G. (2014). Empirical
calibration of thermal indices in an urban outdoor Mediterranean environment.
Building and Environment, 80, 283-292.
https://doi.org/10.1016/j.buildenv.2014.06.001

157



Comfort in Urban Public Spaces

Pantavou, K., Theoharatos, G., Santamouris, M., and Asimakopoulos, D. (2013). Outdoor
thermal sensation of pedestrians in a Mediterranean climate and a comparison
with UTCl. Building and Environment, 66, 82-95.
https://doi.org/10.1016/j.buildenv.2013.02.014

Parkinson, T., and de Dear, R. (2015). Thermal pleasure in built environments: Physiology
of alliesthesia. Building Research and Information, 43(3), 288-301.
https://doi.org/10.1080/09613218.2015.989662

Pearlmutter, D., Jiao, D., and Garb, Y. (2014). The relationship between bioclimatic
thermal stress and subjective thermal sensation in pedestrian spaces.
International Journal of Biometeorology, 58(10), 2111-2127.
https://doi.org/10.1007/s00484-014-0812-x

Peng, S., Piao, S., Ciais, P., Friedlingstein, P., and Ottle, C. (2012). Surface Urban Heat
Island Across 419 Global Big Cities.

Peng, Y., Peng, Z., Feng, T., Zhong, C., and Wang, W. (2021). Assessing Comfort in Urban
Public Spaces: A Structural Equation Model Involving Environmental Attitude and
Perception. International Journal of Environmental Research and Public Health,
18(3), 1287. https://doi.org/10.3390/ijerph18031287

Pickup, J., and de Dear, R. (2000). An outdoor thermal comfort index ( OUT-SET *) - Part
| - The model and its assumptions. In de Dear, R., Kalma, J. D., Oke, T. R,, &
Auliciems, A. (Eds.), ICB-ICUC’99 Conference, Sydney, WCASP 50, WMO/TD
No.1026. World Meteorological Organization.

Piselli, C., Castaldo, V. L., Pigliautile, I., Pisello, A. L., and Cotana, F. (2018). Outdoor
comfort conditions in urban areas: On citizens’ perspective about microclimate
mitigation of urban transit areas. Sustainable Cities and Society, 39(February), 16—
36. https://doi.org/10.1016/j.5¢s.2018.02.004

Potchter, O., Cohen, P, Lin, T. P., and Matzarakis, A. (2018). Outdoor human thermal
perception in various climates: A comprehensive review of approaches, methods
and quantification. Science of the Total Environment, 631-632, 390-406.
https://doi.org/10.1016/j.scitotenv.2018.02.276

Prospective Studies Collaboration. (2009). Body-mass index and cause-specific mortality
in 900 000 adults: collaborative analyses of 57 prospective studies. The Lancet,
373(9669), 1083—-1096. https://doi.org/10.1016/50140-6736(09)60318-4

Reiter, S., and De Herde, A. (2003). Qualitative and quantitative criteria for comfortable
urban public spaces. Proceedings of the 2nd International Conference on Building
Physics, 1001-1009.

Rossi, F., Anderini, E., Castellani, B., Nicolini, A., and Morini, E. (2015). Integrated
improvement of occupants’ comfort in urban areas during outdoor events.
Building and Environment, 93(P2), 285-292.

158



References

https://doi.org/10.1016/j.buildenv.2015.07.018

Ruiz, M. A., and Correa, E. N. (2015a). Adaptive model for outdoor thermal comfort
assessment in an Oasis city of arid climate. Building and Environment, 85, 40-51.
https://doi.org/10.1016/j.buildenv.2014.11.018

Ruiz, M. A., and Correa, E. N. (2015b). Suitability of different comfort indices for the
prediction of thermal conditions in tree-covered outdoor spaces in arid cities.
Theoretical and Applied Climatology, 122(1-2), 69-83.
https://doi.org/10.1007/s00704-014-1279-8

Rupp, R. F., Vasquez, N. G., and Lamberts, R. (2015). A review of human thermal comfort
in the built environment. Energy and Buildings, 105, 178-205.
https://doi.org/10.1016/j.enbuild.2015.07.047

Rutty, M., and Scott, D. (2015). Bioclimatic comfort and the thermal perceptions and
preferences of beach tourists. International Journal of Biometeorology, 59(1), 37—
45, https://doi.org/10.1007/s00484-014-0820-x

Saarloos, D., Kim, J. E., and Timmermans, H. (2009). The built environment and health:
Introducing individual space-time behavior. International Journal of Environmental
Research and Public Health, 6(6), 1724-1743.
https://doi.org/10.3390/ijerph6061724

Saaroni, H., Pearlmutter, D., and Hatuka, T. (2015). Human-biometeorological conditions
and thermal perception in a Mediterranean coastal park. International Journal of
Biometeorology, 59(10), 1347-1362. https://doi.org/10.1007/s00484-014-0944-z

Salata, F., Golasi, I., Ciancio, V., and Rosso, F. (2018). Dressed for the season: Clothing
and outdoor thermal comfort in the Mediterranean population. Building and
Environment, 146(September), 50-63.
https://doi.org/10.1016/j.buildenv.2018.09.041

Salata, F., Golasi, I., de Lieto Vollaro, R., and de Lieto Vollaro, A. (2016). Outdoor thermal
comfort in the Mediterranean area. A transversal study in Rome, Italy. Building and
Environment, 96, 46—61. https://doi.org/10.1016/].buildenv.2015.11.023

Salata, F., Golasi, 1., Vollaro, E., Bisegna, F., Nardecchia, F., Coppi, M., Gugliermetti, F.,
and Vollaro, A. (2015). Evaluation of Different Urban Microclimate Mitigation
Strategies through a PMV Analysis. Sustainability, 7(7), 9012-9030.
https://doi.org/10.3390/su7079012

Sangkertadi, S., and Syafriny, R. (2014). New Equation for Estimating Outdoor Thermal
Comfort in Humid-Tropical Environment. European Journal of Sustainable
Development, 3(4), 43-52. https://doi.org/10.14207/ejsd.2014.v3n4p43

Santamouris, M. (2020). Energy & Buildings Recent progress on urban overheating and
heat island research . Integrated assessment of the energy , environmental ,
vulnerability and health impact . Synergies with the global climate change. 207.

159



Comfort in Urban Public Spaces

https://doi.org/10.1016/j.enbuild.2019.109482

Scheuer, S., Haase, D., and Volk, M. (2017). Integrative assessment of climate change for
fast-growing urban areas: Measurement and recommendations for future
research. PLOS ONE, 12(12), e0189451.
https://doi.org/10.1371/journal.pone.0189451

Schnell, I., Dor, L., and Tirosh, E. (2016). The effects of selected urban environments on
the autonomic balance in the Elderly-A pilot study. Journal of Multidisciplinary
Engineering  Science and  Technology  (JMEST),  3(5), 2458-9403.
www.jmest.orgJMESTN423516124903

Schnell, I, Potchter, O., Yaakov, Y., Epstein, Y., Brener, S., and Hermesh, H. (2012). Urban
daily life routines and human exposure to environmental discomfort.
Environmental ~ Monitoring and  Assessment, 184(7), 4575-4590.
https://doi.org/10.1007/s10661-011-2286-1

Schwarz, G. (1978). Estimating the Dimension of a Model. The Annals of Statistics, 6(2),
461-464. https://doi.org/10.1214/a0s/1176344136

Sclove, S. L. (1987). Application of model-selection criteria to some problems in
multivariate analysis. Psychometrika, 52(3), 333-343.
https://doi.org/10.1007/BF02294360

Sen, J., and Nag, P. K. (2019). Effectiveness of human-thermal indices: Spatio—temporal
trend of human warmth in tropical India. Urban Climate, 27(February 2018), 351—
371. https://doi.org/10.1016/j.uclim.2018.11.009

Sharma, A., and Tiwari, R. (2007). Evaluation of data for developing an adaptive model
of thermal comfort and preference. Environmentalist, 27(1), 73-81.
https://doi.org/10.1007/s10669-007-9018-7

Sharmin, T., Steemers, K., and Humphreys, M. (2019). Outdoor thermal comfort and
summer PET range: A field study in tropical city Dhaka. Energy and Buildings, 198,
149-159. https://doi.org/10.1016/j.enbuild.2019.05.064

Sharmin, T., Steemers, K., and Matzarakis, A. (2015). Analysis of microclimatic diversity
and outdoor thermal comfort perceptions in the tropical megacity Dhaka,
Bangladesh. Building and Environment, 94, 734-750.
https://doi.org/10.1016/j.buildenv.2015.10.007

Shih, W. M., Lin, T. P., Tan, N. X, and Liu, M. H. (2017). Long-term perceptions of outdoor
thermal environments in an elementary school in a hot-humid climate.
International Journal of Biometeorology, 61(9), 1657-1666.
https://doi.org/10.1007/s00484-017-1345-x

Shimazaki, Y., Yoshida, A., Suzuki, R., Kawabata, T., Imai, D., and Kinoshita, S. (2011).
Application of human thermal load into unsteady condition for improvement of
outdoor thermal comfort. Building and Environment, 46(8), 1716-1724.

160



References

https://doi.org/10.1016/j.buildenv.2011.02.013

Shin, J. (2016). Toward a theory of environmental satisfaction and human comfort: A
process-oriented and contextually sensitive theoretical framework. Journal of
Environmental Psychology, 45, 11-21.
https://doi.org/10.1016/j.jenvp.2015.11.004

Shooshtarian, S. (2015). Socio-economic Factors for the Perception of Outdoor Thermal
Environments : Towards Climate-sensitive Urban Design. Global Built Environment
Review, 9(3), 39-53.
http://www.globalbuiltenvironmentreview.co.uk/Documents/9.3.3 Socio-
economic Factors for the Perception of Outdoor Thermal Environments -
Shoostarian.pdf

Shooshtarian, S. (2019). Theoretical dimension of outdoor thermal comfort research.
Sustainable Cities and Society, 47(March), 101495.
https://doi.org/10.1016/j.scs.2019.101495

Shooshtarian, S., Lam, C. K. C., and Kenawy, |. (2020). Outdoor thermal comfort
assessment: A review on thermal comfort research in Australia. Building and
Environment, 177(January), 106917.
https://doi.org/10.1016/j.buildenv.2020.106917

Shooshtarian, S., Lyer-Raniga, U., Ridley, I., and Andamon, M. M. (2015). Outdoor
thermal comfort assessment of educational precincts during spring time in
Melbourne Australia. Proceedings of the International Conference on Changing
Cities II: Spatial, Design, Landscape & Socio-Economic Dimensions, 1995-2004.

Shooshtarian, S., and Rajagopalan, P. (2017). Study of thermal satisfaction in an
Australian education precinct. Building and Environment, 123, 119-132.
https://doi.org/10.1016/j.buildenv.2017.07.002

Shooshtarian, S., Rajagopalan, P., and Sagoo, A. (2018). A comprehensive review of
thermal adaptive strategies in outdoor spaces. Sustainable Cities and Society,
41(June), 647-665. https://doi.org/10.1016/j.scs.2018.06.005

Shooshtarian, S., Rajagopalan, P., and Wakefield, R. (2018). Effect of seasonal changes
on usage patterns and behaviours in educational precinct in Melbourne. Urban
Climate, 26(August), 133-148. https://doi.org/10.1016/j.uclim.2018.08.013

Shooshtarian, S., and Ridley, I. (2016). The effect of individual and social environments
on the users thermal perceptions of educational urban precincts. Sustainable Cities
and Society, 26, 119-133. https://doi.org/10.1016/j.scs.2016.06.005

Shooshtarian, S., and Ridley, I. (2017). The effect of physical and psychological
environments on the users thermal perceptions of educational urban precincts.
Building and Environment, 115, 182-198.
https://doi.org/10.1016/j.buildenv.2016.12.022

161



Comfort in Urban Public Spaces

Singh, M. K., Mahapatra, S., and Atreya, S. K. (2011). Adaptive thermal comfort model
for different climatic zones of North-East India. Applied Energy, 88(7), 2420-2428.
https://doi.org/10.1016/j.apenergy.2011.01.019

Smith, P., and Henriquez, C. (2019). Perception of thermal comfort in outdoor public
spaces in the medium-sized city of Chillan, Chile, during a warm summer. Urban
Climate, 30(June 2018), 100525. https://doi.org/10.1016/j.uclim.2019.100525

Song, G. S., and Jeong, M. A. (2016). Morphology of pedestrian roads and thermal
responses during summer, in the urban area of Bucheon city, Korea. International
Journal of Biometeorology, 60(7), 999-1014. https://doi.org/10.1007/s00484-015-
1092-9

Spagnolo, J., and de Dear, R. (2003a). A field study of thermal comfort in outdoor and
semi-outdoor environments in subtropical Sydney Australia. Building and
Environment, 38(5), 721-738. https://doi.org/10.1016/S0360-1323(02)00209-3

Spagnolo, J., and de Dear, R. (2003b). A human thermal climatology of subtropical Sydney.
International Journal of Climatology, 23(11), 1383-1395.
https://doi.org/10.1002/joc.939

Stathopoulos, T., Wu, H., and Zacharias, J. (2004). Outdoor human comfort in an urban
climate. Building and Environment, 39(3), 297-305.
https://doi.org/10.1016/j.buildenv.2003.09.001

Steadman, R. G. (1979a). The Assessment of Sultriness. Part I: A Temperature-Humidity
Index Based on Human Physiology and Clothing Science. Journal of Applied
Meteorology, 18(7), 861-873. https://doi.org/10.1175/1520-
0450(1979)018<0861:TAOSPI>2.0.CO;2

Steadman, R. G. (1979b). The Assessment of Sultriness. Part I: A Temperature-Humidity
Index Based on Human Physiology and Clothing Science. Journal of Applied
Meteorology, 18(7), 861-873. https://doi.org/10.1175/1520-
0450(1979)018<0861:TAOSPI>2.0.CO;2

Steeneveld, G. J., Koopmans, S., Heusinkveld, B. G., Van Hove, L. W. A,, and Holtslag, A.
A. M. (2011). Quantifying urban heat island effects and human comfort for cities
of variable size and urban morphology in the Netherlands. Journal of Geophysical
Research Atmospheres, 116(20), 1-14. https://doi.org/10.1029/2011JD015988

Stewart, I. D., and Oke, T. R. (2012). Local Climate Zones for Urban Temperature Studies.
Bulletin of the American Meteorological Society, 93(12), 1879-1900.
https://doi.org/10.1175/BAMS-D-11-00019.1

Streiner, D. L. (2005). Finding our way: An introduction to path analysis. Canadian Journal
of Psychiatry, 50(2), 115—-122. https://doi.org/10.1177/070674370505000207

Takai, K., and Kano, Y. (2009). Simple computation of maximum likelihood estimates in
latent class model with equality and constant constraints. Communications in

162



References

Statistics: Simulation and Computation, 38(3), 654—665.
https://doi.org/10.1080/03610910802604179

Thorsson, S., Honjo, T., Lindberg, F., Eliasson, I., and Lim, E. M. (2007). Thermal comfort
and outdoor activity in Japanese urban public places. Environment and Behavior,
39(5), 660-684. https://doi.org/10.1177/0013916506294937

Thorsson, S., Lindgvist, M., and Lindqvist, S. (2004). Thermal bioclimatic conditions and
patterns of behaviour in an urban park in Goteborg, Sweden. International Journal
of Biometeorology, 48(3), 149—-156. https://doi.org/10.1007/s00484-003-0189-8

Tseliou, A., Tsiros, I. X., Lykoudis, S., and Nikolopoulou, M. (2010). An evaluation of three
biometeorological indices for human thermal comfort in urban outdoor areas
under real climatic conditions. Building and Environment, 45(5), 1346-1352.
https://doi.org/10.1016/j.buildenv.2009.11.009

Tseliou, A., Tsiros, . X., and Nikolopoulou, M. (2017). Seasonal differences in thermal
sensation in the outdoor urban environment of Mediterranean climates — the
example of Athens, Greece. International Journal of Biometeorology, 61(7), 1191—
1208. https://doi.org/10.1007/s00484-016-1298-5

Tsitoura, M., Michailidou, M., and Tsoutsos, T. (2016). Achieving sustainability through
the management of microclimate parameters in Mediterranean urban
environments during summer. Sustainable Cities and Society, 26, 48-64.
https://doi.org/10.1016/j.scs.2016.05.006

Tsitoura, M., Michailidou, M., and Tsoutsos, T. (2017). A bioclimatic outdoor design tool
in urban open space design. Energy and Buildings, 153, 368-381.
https://doi.org/10.1016/j.enbuild.2017.07.079

Tsitoura, M., Tsoutsos, T., and Daras, T. (2014). Evaluation of comfort conditions in urban
open spaces. Application in the island of Crete. Energy Conversion and
Management, 86, 250-258. https://doi.org/10.1016/j.enconman.2014.04.059

Tung, C. H.,, Chen, C. P., Tsai, K. T., Kantor, N., Hwang, R. L., Matzarakis, A., and Lin, T. P.
(2014). Outdoor thermal comfort characteristics in the hot and humid region from
a gender perspective. International Journal of Biometeorology, 58(9), 1927-1939.
https://doi.org/10.1007/s00484-014-0795-7

Tuomaala, P., Holopainen, R., Piira, K., and Airaksinen, M. (2013). Impact of individual
characteristics-such as age, gender, BMI, and fitness-on human thermal sensation.
Proceedings of BS2013: 13th Conference of International Building Performance
Simulation Association, Chambéry, France, August 26-28, 2305-2311.

United Nations. (2018). World Urbanization Prospects. http://www.demographic-
research.org/volumes/vol12/9/

van den Hurk, B, Tank, A. K., Lenderink, G., van Ulden, A., van Oldenborgh, G. J., Katsman,
C.,vanden Brink, H., Keller, F., Bessembinder, J., Burgers, G., Komen, G., Hazeleger,

163



Comfort in Urban Public Spaces

W., and Driffhout, S. (2006). KNMI Climate Change Scenarios 2006 for the
Netherlands. KNMI Scientific Report WR 2006-01, May, 1-82.

van Hoof, J., Mazej, M., and Hensen, J. L. M. (2010). Thermal comfort: research and
practice. Frontiers in Bioscience, 15(1), 765. https://doi.org/10.2741/3645

van Hove, L. W. A,, Jacobs, C. M. J., Heusinkveld, B. G., Elbers, J. A., van Driel, B. L., and
Holtslag, A. A. M. (2015). Temporal and spatial variability of urban heat island and
thermal comfort within the Rotterdam agglomeration. Building and Environment,
83, 91-103. https://doi.org/10.1016/j.buildenv.2014.08.029

Vanos, J. K., Herdt, A. J., and Lochbaum, M. R. (2017). Effects of physical activity and
shade on the heat balance and thermal perceptions of children in a playground
microclimate. Building and Environment, 126, 119-131.
https://doi.org/10.1016/j.buildenv.2017.09.026

Villadiego, K., and Velay-Dabat, M. A. (2014). Outdoor thermal comfort in a hot and
humid climate of Colombia: A field study in Barranquilla. Building and Environment,
75, 142-152. https://doi.org/10.1016/].buildenv.2014.01.017

Vischer, J. C. (2008). Towards a user-centred theory of the built environment. Building
Research and Information, 36(3), 231-240.
https://doi.org/10.1080/09613210801936472

Vuong, Q. H. (1989). Likelihood Ratio Tests for Model Selection and Non-Nested
Hypotheses. Econometrica, 57(2), 307-333.

Walton, D., Dravitzki, V., and Donn, M. (2007). The relative influence of wind, sunlight
and temperature on user comfort in urban outdoor spaces. Building and
Environment, 42(9), 3166—3175. https://doi.org/10.1016/].buildenv.2006.08.004

Wang, Y., de Groot, R., Bakker, F., Wortche, H., and Leemans, R. (2017). Thermal comfort
in urban green spaces: a survey on a Dutch university campus. International
Journal of Biometeorology, 61(1), 87-101. https://doi.org/10.1007/s00484-016-
1193-0

Wang, Y., Ni, Z., Peng, Y., and Xia, B. (2018). Local variation of outdoor thermal comfort
in different urban green spaces in Guangzhou, a subtropical city in South China.
Urban Forestry and Urban Greening, 32(December 2017), 99-112.
https://doi.org/10.1016/j.ufug.2018.04.005

Watanabe, S., Nagano, K., Ishii, J., and Horikoshi, T. (2014). Evaluation of outdoor thermal
comfort in sunlight, building shade, and pergola shade during summer in a humid
subtropical region. Building and Environment, 82, 556-565.
https://doi.org/10.1016/j.buildenv.2014.10.002

Weijs-Perrée, M., Dane, G., van den Berg, P., and van Dorst, M. (2019). A multi-level path
analysis of the relationships between the momentary experience characteristics,
satisfaction with urban public spaces, and momentary- and long-term subjective

164



References

wellbeing. International Journal of Environmental Research and Public Health,
16(19), 1-19. https://doi.org/10.3390/ijerph16193621

Wilson, E., Nicol, F., Nanayakkara, L., and Ueberjahn-Tritta, A. (2008). Public urban open
space and human thermal comfort: The implications of alternative climate change
and socio-economic scenarios. Journal of Environmental Policy and Planning, 10(1),
31-45. https://doi.org/10.1080/15239080701652615

World Health Organization. (1995). Physical status: the use and interpretation of
anthropometry. Report of a WHO Expert Committee. In World Health Organization
technical report series (Vol. 854).

Xi, T., Li, Q., Mochida, A., and Meng, Q. (2012). Study on the outdoor thermal
environment and thermal comfort around campus clusters in subtropical urban
areas. Building and Environment, 52(July 2007), 162-170.
https://doi.org/10.1016/j.buildenv.2011.11.006

Xie, Y., Liu, J., Huang, T., Li, J., Niu, J., Mak, C. M., and Lee, T. cheung. (2019). Outdoor
thermal sensation and logistic regression analysis of comfort range of
meteorological parameters in Hong Kong. Building and Environment, 155(March),
175-186. https://doi.org/10.1016/j.buildenv.2019.03.035

Xu, M., Hong, B., Mi, J., and Yan, S. (2018). Outdoor thermal comfort in an urban park
during winter in cold regions of China. Sustainable Cities and Society, 43(June),
208-220. https://doi.org/10.1016/j.5¢s.2018.08.034

Yaglou, C. P., and Minaed, D. (1957). Control of heat casualties at military training centers.
A.M.A. Archives of Industrial Health, 16(4), 302—-316.

Yahia, M. W., and Johansson, E. (2013). Evaluating the behaviour of different thermal
indices by investigating various outdoor urban environments in the hot dry city of
Damascus, Syria. International Journal of Biometeorology, 57(4), 615-630.
https://doi.org/10.1007/s00484-012-0589-8

Yang, B., Olofsson, T., Nair, G., and Kabanshi, A. (2017). Outdoor thermal comfort under
subarctic climate of north Sweden — A pilot study in Umea. Sustainable Cities and
Society, 28, 387—397. https://doi.org/10.1016/j.scs.2016.10.011

Yang, C. C. (2006). Evaluating latent class analysis models in qualitative phenotype
identification. Computational Statistics &amp,; Data Analysis, 50(4), 1090-1104.
https://econpapers.repec.org/RePEc:eee:csdana:v:50:y:2006:i:4:p:1090-1104

Yang, L, Yan, H., and Lam, J. C. (2014). Thermal comfort and building energy
consumption implications - A review. Applied Energy, 115, 164-173.
https://doi.org/10.1016/j.apenergy.2013.10.062

Yang, W., Wong, N. H., and Jusuf, S. K. (2013). Thermal comfort in outdoor urban spaces
in Singapore. Building and Environment, 59, 426-435.
https://doi.org/10.1016/j.buildenv.2012.09.008

165



Comfort in Urban Public Spaces

Yang, W., Wong, N. H., and Zhang, G. (2013). A comparative analysis of human thermal
conditions in outdoor urban spaces in the summer season in Singapore and
Changsha, China. International Journal of Biometeorology, 57(6), 895-907.
https://doi.org/10.1007/s00484-012-0616-9

Yao, J., Yang, F., Zhuang, Z., Shao, Y., and Yuan, P. F. (2018). The effect of personal and
microclimatic variables on outdoor thermal comfort: A field study in a cold season
in Lujiazui CBD, Shanghai. Sustainable Cities and Society, 39(February), 181-188.
https://doi.org/10.1016/].5cs.2018.02.025

Ye, X., Chen, F., and Hou, Z. (2015). The Effect of Temperature on Thermal Sensation: A
Case Study in Wuhan City, China. Procedia Engineering, 121, 2149-2156.
https://doi.org/10.1016/j.proeng.2015.09.086

Yin, J. F., Zheng, Y. F., Wu, R. J., Tan, J. G, Ye, D. X., and Wang, W. (2012). An analysis of
influential factors on outdoor thermal comfort in summer. International Journal of
Biometeorology, 56(5), 941-948. https://doi.org/10.1007/s00484-011-0503-9

Yoshida, A., Hisabayashi, T., Kashihara, K., Kinoshita, S., and Hashida, S. (2015). Evaluation
of effect of tree canopy on thermal environment, thermal sensation, and mental
state. Urban Climate, 14, 240-250. https://doi.org/10.1016/j.uclim.2015.09.004

Yung, E. H. K., Wang, S., and Chau, C. kwan. (2019a). Thermal perceptions of the elderly,
use patterns and satisfaction with open space. Landscape and Urban Planning,
185(0October 2018), 44—60. https://doi.org/10.1016/j.landurbplan.2019.01.003

Yung, E. H. K., Wang, S., and Chau, C. kwan. (2019b). Thermal perceptions of the elderly,
use patterns and satisfaction with open space. Landscape and Urban Planning,
185(January), 44—60. https://doi.org/10.1016/j.landurbplan.2019.01.003

Zabetian, E., and Kheyroddin, R. (2019). Comparative evaluation of relationship between
psychological adaptations in order to reach thermal comfort and sense of place in
urban spaces. Urban Climate, 29(May), 100483.
https://doi.org/10.1016/j.uclim.2019.100483

Zacharias, J., Stathopoulos, T., and Wu, H. (2001). Microclimate and Downtown Open
Space Activity. Environment and Behavior, 33(2), 296-315.
https://doi.org/10.1177/0013916501332008

Zacharias, J., Stathopoulos, T., and Wu, H. (2004). Spatial behavior in San Francisco’s
plazas: The effects of microclimate, other people, and environmental design.
Environment and Behavior, 36(5), 638-658.
https://doi.org/10.1177/0013916503262545

Zeng, Y. L., and Dong, L. (2015). Thermal human biometeorological conditions and
subjective thermal sensation in pedestrian streets in Chengdu, China. International
Journal of Biometeorology, 59(1), 99-108. https://doi.org/10.1007/s00484-014-
0883-8

166



References

Zhang, Y., and Zhao, R. (2009). Relationship between thermal sensation and comfort in
non-uniform and dynamic environments. Building and Environment, 44(7), 1386—
1391. https://doi.org/10.1016/j.buildenv.2008.04.006

Zhao, L., Zhou, X,, Li, L., He, S., and Chen, R. (2016). Study on outdoor thermal comfort
on a campus in a subtropical urban area in summer. Sustainable Cities and Society,
22,164-170. https://doi.org/10.1016/j.scs.2016.02.009

Zhou, Z., Chen, H., Deng, Q., and Mochida, A. (2013). A Field Study of Thermal Comfort
in Outdoor and Semi-outdoor Environments in a Humid Subtropical Climate City.
Journal of Asian Architecture and Building Engineering, 12(1), 73-79.
https://doi.org/10.3130/jaabe.12.73

167






Appendix

169






Appendix

EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY Questionnaire

Intro: We are carrying out research about thermal comfort in this public space and how it is related to your
behavior and the microclimatic, environmental, and spatial attributes of this space. Do you mind if | invite

you to take part in the survey of a few questions? It will take you about 10 minutes. Thank you!

No. Location Date Begin End
PART 1
Age Gender
Race Hometown
Height Education
Weight Health condition
Time in outdoor Time in this place
Motion state [ISitting [JStanding [CJwalking
Stay [Sun [JShade [JWind shield
PART 2

The following scale consists of a number of words that describe different feelings and emotions. Read each
item and then list the number from the scale next to each word. Indicate to what extent you feel this way
right now, that is, at the present moment OR indicate the extent you have felt this way over the past week.

1= Not atall 2 = Alittle 3 = Moderately 4 = Quite a bit 5 = Extremely
Interested Distressed Excited Upset Strong

Guilty Scared Hostile Enthusiastic Proud
Irritable Alert Ashamed Inspired Nervous
Determined Attentive Jittery Active Afraid
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EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY Questionnaire

PART 3

*0 means neutral feeling or condition, similarly hereinafter

1. What were your expectations for this place before your current outdoor sojourn?

Cold O3 02 0O 0o 01 02 03 Hot

Calm 0-3 -2 0-1 0o 01 02 03 Windy
Dry 0-3 -2 0-1 0o 01 02 03 Humid
Quiet O3 0O-2 0O4 0o 01 02 03 Noisy
Dusty 0-3 -2 0-1 0o 01 02 03 Fresh

2. Which type of building were you in before your current outdoor sojourn?
1 Air-conditioned [ Free running
3. What is your general preference to the type of environment?
Urban facilities 0-3 0-2 0-1 bJo 01 02 03 Natural landscape
4. How you think this place are good for outdoor activity?
Unacceptable 0-3 0-2 0-1 bJo 01 02 03 Acceptable
5. How do you think the openness of this place?
Unsuitable O3 02 0O 0o 01 02 03 Suitable
6. How familiar are you with this place?
Unfamiliar O3 0O-2 0O 0o 01 02 03 Familiar

7. How often do you come to the current outdoor space? (f: frequency of visit, w: week, m: month)

[ First time [J Seldom [ Occasionally [J Sometimes [J Often
0 f<1/m f<1l/w 1/w<f<3/w 3/w<f
8. What is your purpose for coming or sojourning in this outdoor place now?
[ Transfer [ Social activity [ Shopping [ Rest [ Leisure
[ Passing-by Other:

9. How do you think other people’s activities influence on your position choice and comfort?

Not at all 0-3 -2 0- Odo 01 02 03 Extremely

172



Appendix

EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY Questionnaire

PART 3

*0 means neutral feeling or condition, similarly hereinafter
10. How do you think you can make yourself comfort by the opportunities provided in this place?

Not at all -3 -2 0-1 0o 01 02 03 Extremely
11. How do you want to change your original planned time schedule?

Reducing 0-3 -2 0-1 0o 01 02 03 Extending

12. What are your preferences regarding the conditions of this place?

Colder O3 02 0O4 0o 01 02 0s3 Warmer
Calmer O3 02 0O4 0o 01 02 0s3 Windier

Drier O3 02 0O4 0o 01 02 0s3 Wetter
Cloudier O3 02 0O4 0o 01 02 0s3 Sunnier

13. What kind of measures have you taken for more comfortable feeling?
[ Add clothing [ Reduce clothing [0 Wear hat [ Wear scarf [ Wear gloves
[J Use umbrella [J Wear sunglasses [J Have food [ Drink warm [ Drink cold
[ Change posture [ Change position [ Change schedule Other:
14. How do you think this place fulfill your needs for outdoor activity?

Not at all -3 -2 -1 bdo 01 02 a3 Extremely

15. How do you perceive the microclimate and environment of this place?

Cold 0-3 0-2 0-1 0o 01 02 03 Hot
Calm -3 -2 -1 bdo 01 02 a3 Windy
Dry -3 -2 -1 o 01 2 3 Humid
Cloudy -3 -2 -1 o 01 2 3 Sunny
Quiet -3 -2 -1 do 01 2 3 Noisy
Dusty -3 -2 -1 o 01 2 3 Fresh

16. How do you assess the overall comfort of this place at present?

Uncomfortable -3 -2 -1 do 01 2 3 Comfortable
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Comfort in Urban Public Spaces

This dissertation builds a disruptive conceptual framework for
providing a better understanding of the expanded set of factors
influencing outdoor comfort assessment in urban public spaces.
A full perspective of a human-centered paradigm is provided to
rethink the philosophy of comfort with reference to human
preferences, expectations, perceptions, acceptability, and
satisfaction, among other psychological and behavioral factors.
To understand the response of people to the outdoor built
environments with respect to thermal conditions, noise level and
air quality, field investigations were carried out in a real-world
outdoor setting in the city center of Eindhoven, including a
questionnaire-based survey and simultaneous measurement of
meteorological conditions. In total, 701 respondents completed
the survey. Their outdoor comfort assessments were analyzed
using multiple linear regression, nonlinear regression with Box-
Cox transformations, path analysis, and a latent class path
model.

The main findings verified the necessity of an expanded set of
factors and indicated that the relationship between comfort and
thermal neutrality is not straightforward. Nonlinear effects of
microclimatic variables and environmental stimuli on human
perceptions and comfort assessment were validated.
Meanwhile, the mediate effects through psychological factors
link outdoor comfort and the exogenous influences of external
microclimatic and environmental conditions and direct
sensations of individuals. The results also raise awareness of the
need to reconsider variations among different individuals in
outdoor comfort assessments.
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