GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/123723/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Jones, Phillip and Tse, Ming Yeung 2019. Evaluation of thermal comfort in building transitional spaces -
Field studies in Cardiff, UK. Building and Environment 156 , pp. 191-202.

Publishers page:

Please note:
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




Accepted Manuscript

Building and
Environment

Evaluation of thermal comfort in building transitional spaces - Field studies in Cardiff,
UK

Jason M.Y. Tse, Phillip Jones

PII: S0360-1323(19)30269-0
DOI: https://doi.org/10.1016/j.buildenv.2019.04.025
Reference: BAE 6089

To appearin:  Building and Environment

Received Date: 2 March 2019
Revised Date: 10 April 2019
Accepted Date: 11 April 2019

Please cite this article as: Tse JMY, Jones P, Evaluation of thermal comfort in building transitional
spaces - Field studies in Cardiff, UK, Building and Environment (2019), doi: https://doi.org/10.1016/
j-buildenv.2019.04.025.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.buildenv.2019.04.025
https://doi.org/10.1016/j.buildenv.2019.04.025
https://doi.org/10.1016/j.buildenv.2019.04.025

Evaluation of Thermal Comfort in Building Transitio nal Spaces - Field
Studies in Cardiff, UK

Jason M.Y. Ts€? and Phillip Jonés

! Welsh School of Architecture, Cardiff University, King Edward VII Avenue, Cardiff CF10 3NB, United
Kingdom

2 Qqustainability and Building Physics, Buro Happold International (Hong Kong) Limited, Hong Kong,
China

Abstract

Transitional spaces have been widely applied itdmg designs. They may account for 10 to 40% tidlto
volume in different types of buildings. Maintainiag acceptable level of thermal comfort for traasil
spaces poses challenges to building designersrajideers. However, there is not in general a recenatad
acceptable comfort range for transitional spacesare there specific thermal comfort predictiorthmoes. This
paper aims to investigate the thermal environmepgeibrmance and people’s adaptive comfort in iteomal
spaces, by conducting field studies, which incladesite questionnaire surveys and physical measarsn
Field studies were carried out for three selectes study buildings in Cardiff, each having somen®of
transitional space. They were the National AsserfdilyWales Senedd, the Hadyn Ellis Building and Rugyal
Welsh College of Music and Drama. The total resperisom the questionnaire surveys were 736 andf680,
all buildings, during the summer period in 2017 #melwinter period in 2018 respectively. This paiist
presents the findings from the field studies, fatal by in-depth analysis of human adaptabilityngrmal
environment. Strong correlations were identifiethleen clothing value and indoor operative tempeeatu
People’s adaptability to the thermal environmermtosfirmed, with nearly 80% of the respondentsrapfor
self-adaptive actions to overcome uncomfortablgagibns. The identified 90% acceptability comfaaht (-
0.5<TSV<+0.5) were 4.0°C and 4.2°C for the sumneeigal and the winter period respectively, implythgt a
fine control of the indoor temperature to maintamacceptable comfort level is not necessary.

Keywords: Transitional spaces, thermal comfort, field studiggestionnaire survey, adaptability

1. Introduction

In many different kinds of buildings, transitiorsdaces are integrated with the architectural
design. These spaces are claimed as “unavoidahtespn non-domestic buildings”, which
may typically occupy between 10% - 40% of the tet@lme in different types of buildings
[1]. Transitional spaces are defined as the sphused in-between outdoor and indoor
environments, which provide both a buffer spaceg@ngical link [2]. For transitional spaces,
which serve as ‘environmental bridges’, connectioetween the interior and exterior
environments and relaxation spaces are providethéoccupants to enjoy the surroundings.
In these spaces, the occupants are able to expertée dynamic effects of the external
climatic changes [3]. Different functions can be@pded by transitional spaces, including
seating area, circulation passage, entrance latdfgferia and meeting places [4]. From an
architectural aspect, transitional spaces can bgsigdlly connected to a building
development or can be separated from it [5].

The development of the transitional space can detr back to climate sensitive and
social use of central courtyards in ancient defjnTransitional spaces have been used in
building design for some 5000 years [7,8]. Coudydesign might be considered as the
original idea of transitional spaces, which serasda climate modified and central social
function space, providing natural ventilation fbetinternal spaces [9] A similar design was
found in the 18 to 11" century BC in Chinese residential houses, namkdyBan [10]. In
the 18th century, other central courtyards werendoin ancient Roman and Greek houses
[11], where the term atrium originates from [12]hel formed the central room of the



building, connecting to all the other chambers [¥3fia were popular towards the end of the
last century, especially in office buildings [14]n recent decades, with advanced
technologies and new materials, including glazingd astructure, and computational
modelling [15], transitional spaces have evolved tlifferent types. Until the present decade,
transitional spaces, especially in the form ofaathave become a dominant feature in built
environments [6,15]. The evolution of transitiorsglaces is demonstrated through their
prevalence as an architecture element in buildiegighs. In addition, even though
transitional spaces have gone through their examtutihe fundamental function still remains
unchanged [16].

Although transitional spaces do not generally remai fine control of temperature or
have comfort limits when compared to indoor spacesintaining an acceptable thermal
comfort for such spaces is still a challenge tdding designers [2]. Recent research has
revealed that glazed facades lead to a strongastien between external environment and
indoor space, and thermal discomfort becomes arnsgae. This may results in complaints
from the building occupants [17-20].

Moreover, there is still a lack of research evigeralating to the thermal environment
of transitional spaces [5,21,22]. The majority ofepous research on the comfort
environment of dynamic states, including transgildiype spaces, such as corridors and atria,
were conducted in climatic chambers, with only & fef them being validated through
fieldwork studies [23]. Most of them only considérine human thermal response to stable
environment conditions [24]. This may be the reasdty transitional spaces are still not
clearly addressed in the current comfort standgt8ls and why there are no recommended
acceptable indoor temperature ranges specifieth&wmal comfort in transitional spaces [26].

This paper therefore aims to investigate the thkeenaironmental performance and
people’s adaptability in transitional spaces bydraning field studies, which include on-site
guestionnaire surveys and physical measurements.

2. Research Methodology

The methodology adopted in this research includaesit® questionnaire surveys and
physical measurements in the transitional spacethrafe existing buildings in Cardiff,
namely, the National Assembly for Wales Senedd {NAfthe Hadyn Ellis Building (HEB)
and the Royal Welsh College of Music and Drama (RX1DJ. They are shown in Figure 1.
In order to optimise the proposed methodology iermain studies in these three buildings, a
pilot study was performed in the transitional spateéhe Optometry Building of Cardiff
University on 2% July 2017. The proposed methodology was then tjubased on
feedback from the pilot study, before carrying the main studies. During the field studies,
the indoor and outdoor environmental conditionsem@onitored at the same time as when
the questionnaire surveys were carried out.



NAfW HEB RWCMD

Figure 1. Surveyed buildings and their indoor emvinents

2.1 Surveyed Buildings

The selected buildings were all located in CardAfsingle outdoor weather station was used
in the study, where its distance from the seledteidtings ranged from 0.1km to 2.8km.
These buildings were selected based on the follgpwiajor criteria:

1. the distance from the weather station shall beiwikm, in order to ensure the
representation of the recorded weather data;

the buildings shall cover different functional tgpand

the transitional spaces shall be large and publadgessible, and where the
response rate and thus representativeness of #i@unaire survey could be
ensured.

The function of the surveyed buildings was quitdedent, but they were all open to the
public during their opening hours. The windows dfthe buildings were designed to be
automatically opened under the control of Buildvignagement System (BMS), which was
aimed to enhance the ventilation during warm daythat a more desirable thermal comfort
level could be maintained. In each of the seletteittlings, field studies were carried out
over a three-day period, in summer and winter. Theduded questionnaire surveys and
physical measurements. Different ventilation modesre designed for each of these
buildings, where the building can adopt natural tV&ton or air conditioning mode to
maintain the indoor comfort environment. Table inmarises the key characteristics of the
surveyed buildings.



Table 1. Key characteristics of surveyed buildings

Surveyed building NAfW HEB RWCMD
Building established 2006 2012 2011 (refurbished)
Building type Public / Government Academic Academic / Cultural
Building area 5,120 M 9,740 M 4,400 M
No. of stories 3 5 3
Major facade type Glazed Glazed Glazed
Windows open strategy Automatic Automatic Automatic
Ventilation Mode Mixed Mixed Mixed
Distance frqm weather 2.8km 0.6km 0.1km
station
Survey dates (Summer 19 August 2017 4 August 2017 20 September 2017

Time) 20 August 2017 8 September 2017 21 September 2017
26 August 2017 12 September 2017 22 September 2017
Survey dates (Winter 6 January 2018 1 February 2018 20 January 2018
Time) 7 January 2018 2 February 2018 21 January 2018
13 January 2018 5 February 2018 22 January 2018
Survey period 10:30 - 16:30 08:30 - 17:30 08:30 — 19:00

2.2 Physical Measurements

Questionnaire surveys were carried out at the same as the indoor environmental
parameters were measured, which included air temtyoer, relative humidity, air velocity

and black globe temperature. The accuracy of teeumentations used for the field studies
complied with the requirements stated in ASHRAE2B33 [27]. Table 2 summarises the
details of the instruments that were used in thlel studies.

Table 2. Measurement range and accuracy for ttiuments used for the field studies

Parameter Instrumentation model Range Accuracy Accuracy
requirements
ASHRAE 55
Air Tinytag Ultra 2 Temperature and -25°C - +0.5°C (for Minimum: +£0.5°C
temperature Relative Humidity Logger 85°C range 0-40°C) Ideal: +0.2°C
Relative Tinytag Ultra 2 Temperature and 0% - +3% (at 25°C) 5%
humidity Relative Humidity Logger 95%
Black-globe Tinytag Talk 2 Temperature  -40°C - +0.4°C (for Minimum: +2°C
temperature  Logger (with 40mm black table- 125°C range 0-70°C) . o
tennis ball) Ideal: £0.2°C
Air speed Lutron AM-4204 Anemometer Om/s - +0.05m/s (for up +0.05m/s

20m/s to 1m/s)

Measurements were conducted at different locatiacr®ss the indoor transitional
spaces, including entrance lobby area, atrium anelacafé area. In order to ensure that the
readings were representative throughout the sudveyeea, and to identify the best
measurement locations, a range of measurementtakas at different locations within each
space. The average of the measured air temperatutlesse locations were then calculated.
The location where the measured air temperatureclosest to the average air temperature



was selected to place the measurement instrumémsair speed was measured at 15-minute
intervals and all the other parameters were mamitoat one-minute intervals. Each
measurement location was set at 1.1m height franfltdor. For the outdoor environmental
parameters, data were recorded every five minutes Wweather station, which was installed
on the rooftop of the Bute Building, the ArchiteetiSchool of Cardiff University. The
weather station data were recorded by a Campbsiiuiments CR10 data logger. The air
temperature and relative humidity were respectivedasured by a Rotronic temperature and
humidity probe with a radiation shield. Figure Ristrates the setups for the weather station
and indoor measurement instruments.
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Figure 2. Instrument setups for outdoor (left) arabor (rig

t) environments

2.3 Questionnaire Surveys

A standardised questionnaire was developed to atofiebjective data from the building
occupants for comfort evaluation in the specifiedations of the surveyed buildings. As
shown in Appendix |, 24 questions were includedthe questionnaire, which adopted a
combination of open-ended, partially closed-endetd gredominantly closed-ended
guestioning approaches. 7-point scale and 5-paigeanethods were used for the thermal
sensation questions and thermal and sunlight geder questions respectively, as presented
in Table 3. In order to understand people’s adalitato their thermal environment, an open
guestion “how would you overcome uncomfortable aitins, if any” was included in the
guestionnaire. Additional data collected from theestionnaire included the demographic
data, purpose of using the spaces, activity legklthing insulation, time spent at the
interviewed location, previous space locations aimde spent in previous space, and
feedbacks and previous thermal experience in tigeviewed location. Some subjective data
such as clothing insulation and activity level weodlected by giving a list of pre-set options
with an open option which allowed respondents loiri the answer that was out of the
options. The options chosen by the respondents thereconverted into quantitative figures
according to ASHRAE Standard 55-2013 [27] and 1S©0372005 [28]. Building users were
randomly selected within the transitional spaceshef surveyed buildings to carry out the
guestionnaire survey. In order to ensure the redgas had sufficient time to experience the
thermal environment within the surveyed buildingepple who just entered the buildings
from outdoor spaces would not be chosen for inésvsi They were interviewed at least 5
minutes after they entered the buildings. The ayeeperiod of stay in the transitional spaces
for the respondents in NAfW, HEB and RWCMD were 22665.1 and 37.6 minutes
respectively. Each survey was carried out by a sie@dira structured interview which took
approximately 10 minutes to complete.



Table 3. Sensation and preference scale used suthiey

Scale Overall Thermal Humidity Air Thermal Sunlight
Thermal Comfort Sensation Movement Preference Preference
Feeling Sensation Sensation
+3 Very pleasant Hot Very humid  Very draughty - -
+2 Moderately Warm Moderately Moderately  Much warmer Much more
pleasant humid draughty
+1 Slightly Slightly warm Slightly Slightly A bit warmer A bit more
pleasant humid draughty
0 Neutral Neutral Neutral Neutral No change No change
-1 Slightly Slightly cool Slightly dry Slightly still A bit coler A bit lesser
unpleasant
-2 Moderately Cool Moderately Moderately ~ Much cooler Much lesser
unpleasant dry still
-3 Very Cold Very dry Very Still - -
unpleasant

2.4. Data Analysis

The data collected from the field studies weret fasmpiled into spreadsheets and then
analysed using the Statistical Package for Soat&n8es (SPSS) version 23. Data were
separately analysed according to surveyed buildagd specified locations within the

buildings. In order to assess the correlation betwgairs of variables, Pearson correlation
coefficients were computed. The outcomes were ardlypased on two significance levels,
which were interpreted as average statistical Bggmce (p<0.05) and high statistical

significance (p<0.01).

3. Results and Analysis

3.1 Descriptive Analysis

The total number of responses collected from thestjonnaire surveys were 736 and 580
during the summer period and the winter periodeesyely. Throughout the summer period,
282, 207 and 247 surveys were collected from théV/WAHEB and RWCMD respectively;
throughout the winter period, 198, 155 and 227 syswvere collected from the NAfW, HEB
and RWCMD respectively. As the building functionsdasettings in the indoor transitional
spaces of these buildings were different, the nooait and surveyed figures were different in
different buildings. Details are summarised in Eadbl

The NAfW is a government building that is open e fpublic. During the summer
period, because a special event “Poppies — weegimipw” was held during the field study,
a significant number of respondents were visitorthe building. Since no special event was
held during the survey in the winter period, thenibver of collected surveys was reduced.
Guided tours took place regularly in the atriumcgpan the Ground Floor at designated
times. The major purpose for visitors in the atriwas for the tours which led to lesser
collected responses from the atrium part of theaspBy contrast, the majority of responses
were collected from the exhibition area and caé&aam the First Floor. The average activity
level of the respondents was higher than the dthersurveyed buildings, owing to a larger
portion of people who walked or stood to watchelhibition or to appreciate the building’s
architectural design or functional use. The meabkurdoor air temperature was lowest when
compared to the other two surveyed buildings. e summer period, the building was



naturally ventilated. The windows were opened tepkthe building ventilated at the time of

the questionnaire survey. For the winter periotitred windows were closed and a trench
heating system in the perimeter zones of the mglavas operated to maintain the indoor air
temperature. However, even though the heating rsystas operating, the measured indoor
temperature during the winter-time was lower thiae other two surveyed buildings by at

least 5.6°C. The major reasons were that the outdiodemperature was lowest during the
investigation period, in comparison with the otbarldings, and that the space heat delivery
were far away from the occupied areas and the measumt points.

The HEB is an institutional research building tpabvides facilities such as offices,
laboratories, meeting spaces, seminar, and lectacens for university students or
researchers involved in various types of acadewtigies. As most of the respondents were
undergraduate and postgraduate students, the avagagof the respondents was lower than
that of the NAfW. Since a higher portion of respents used the transitional spaces for
resting and dining, and there were more chairssafids set up for the building users, most
respondents were seated. Therefore, the averag@yat#vel was lower than the NAfW.
During the survey period in the summer-time, thedews were closed most of the time. On
some occasions, when the temperature rose up, ittdows were opened to adopt natural
ventilation. In the winter-time, all the openingene closed during the survey period. During
the survey period, an underfloor heating system wpsrated, with a floor surface
temperatures ranged between 28°C to 30°C.

For the RWCMD, as the academic term had started e questionnaire survey was
carried out, even more respondents were undergidural postgraduate students, when
compared to the HEB. Therefore, the average agespbndents from the RWCMD was the
lowest among all the surveyed buildings. There weren a greater number of chairs and
sofas provided for the building users in the atrispace and café area when compared to
HEB. In addition, people in the transitional spat®l to stay there for academic discussion,
resting and dining. Therefore, the average actieigl of the respondents was lowest among
all the surveyed buildings where the respondentee weainly seated during the survey
periods. Most of the respondents used the transitiepaces for waiting, resting and
meetings. During the survey period in both the semtime and winter-time, the windows
were closed all the time. This may explain why #werage monitored indoor temperature
was higher than the other buildings during the semtime. A trench heating system and fan
coil unit system were operated to provide heatiagthe atrium space and café area
respectively during the winter-time. Therefore, ewbough the outdoor temperature was
about 6°C during the survey period, the averageantemperature could still be maintained
at 21.6°C.



Table 4. Summary of the surveyed and monitoredtsesu

NAFW HEB RWCMD
Summer Winter Summer Winter Summer Winter

Total responses (N) 282 198 207 155 247 227
Male respondents 110 (39%) 90 (45%) 81 (39%) 56 (36% 115 (47%) 3BBN)
Female respondents | 172 (61%) 108 (55%) 126 (61%) 99 (64%) 132 (53%) 4 BB%)
Age Mean 42 43 32 29 26 26

SD 18 18 10 11 10 13
Clothing Mean 0.50 1.18 0.60 0.92 0.60 0.84
value (clo) g 0.17 0.33 0.20 0.32 0.20 0.30
Activity Mean 1.44 1.67 1.30 1.31 1.18 1.27
level (met)  —gp 0.48 0.47 0.47 0.48 0.46 0.53
Outdoor Mean 18.1 54 16.6 6.3 16.4 5.9
Ef‘g’)perat“re ) 2.3 1.4 18 1.6 1.3 2.0
Indoor Mean 20.9 16.0 22.8 22.6 22.9 21.6
Efgperat”re SD 13 08 1.0 13 0.9 13
Relative Mean 43.6 44.7 45.3 30.5 57.3 41.4
?(;)r)"idity SD 5.3 4.2 9.3 3.2 6.8 2.4

* Temperatures shown were the record taken during e time when the questionnaire survey was
conducted
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Figure 3. Physical measurement results for NAfWBHEd RWCMD



Figure 3 illustrates the physical measurement results of akerage indoor air
temperature and relative humidity which were maeitioduring the field studies in both
summer and winter time. Figure 4 illustrates tregfrency distribution chart of the thermal
sensation votes (TSV) that were collected from diestionnaire surveys from the three
surveyed buildings. The thermal sensation distidlouivas similar among these buildings for
both the summer and winter periods, where the ntyjof respondents voted for “neutral”
and the others tended to have a warmer feelingTs®>0).

For the summer period, some 85%, 83% and 76% afegondents were found in the
80% acceptability comfort band &ISV<+1), as defined by ISO 7730:2005 [28], for the
NAfW, HEB and RWCMD respectively. In addition, fahe question about the overall
thermal feeling of the building, some 94%, 82% aéo of the respondents felt pleasant (i.e.
voted for +1 or higher), for the NAfW, HEB and RW@CMespectively. The average vote for
the overall thermal feeling for the NAfW (mean: 2.5D: 0.96) was higher than that for the
HEB (mean: 1.58; SD: 1.27) and the RWCMD (mean9;1&D: 1.08). In summary, for all
three surveyed buildings, people felt thermally tmmable in the transitional spaces during
the summer period.

For the winter period, a slightly smaller numberre$pondents fell within the 80%
acceptability comfort band when compared to thersanperiod, being some 82%, 81% and
78% for the NAfW, HEB and RWCMD respectively. Siariy, the number of respondents
who felt pleasant about the overall thermal feetfighe buildings was also reduced, except
for the HEB. Some 88%, 91% and 82% of the respasdested for pleasant for the NAfW,
HEB and RWCMD respectively. The average vote f@ tiverall thermal feeling for the
HEB (mean: 1.94; SD: 0.98) was higher than therotwe surveyed buildings, that is, the
NAfW (mean: 1.92; SD: 1.10) and the RWCMD (mearr.21.SD: 1.28). Even though the
number of respondents who voted for an overallniaéifeeling as pleasant was reduced, the
portion was still over 80%. In summary, for the teinperiod all the three surveyed buildings
were able to provide thermally comfortable trawsiéil spaces for their occupants.

Comfort Level in the Transitional Space (Summer Time) Comfort Level in the Transitional Spaces (Winter Time)

NAfW ®HEB = RWCMD NAfW ®HEB ™ RWCMD

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
TSV (-3-Cold; 3-Hot) TSV (-3-Cold; 3-Hot)

Figure 4. Frequency distribution of thermal semsatiotes (TSV) in different transitional spacesinigithe
summer period (left) and the winter period (right)

3.2 Correlation Analysis

In order to evaluate the correlation between dffierparameters and to filter out the
appropriate parameters, a detailed analysis wasedaout, using a Pearson (2-tailed)
correlation analysis within the SPSS software. Bguiting 39 parameters, including the
guestionnaire surveyed data, the measured envimtamparameters, and the calculated
comfort indexes of indoor operative temperature BMV and PPD indexes, results were
generated with a 1,482 Pearson correlation. Ongy plairs of parameters that had a
significant statistical correlation were then choder detailed analysis. These included the
clothing value vs indoor operative temperature antloor temperature, and TSV vs indoor



operative temperature and outdoor temperature.eTaldnd Table 6 below summarise the
correlation results between clothing values andténgperature data, and between TSV and
the temperature data respectively. The correlati@s considered to have an average
statistical significance when p<0.05; and a strstagjstical significance when p<0.01.

It was found that clothing value correlated betigth indoor operative temperature
than with outdoor temperature. The relationship sa®nger for the NAfW and the
RWCMD during the summer period and the winter priespectively.

Table 5. Correlation results for clothing valuesabfsurveyed buildings

Clothing Value (Clo)

NAFW HEB RWCMD

Summer Winter Summer Winter Summer Winter
Indoor Operative -0.384** -0.145* -0.260* -0.185* -0.145* -0.312**
Temperature (C)
Outdoor -0.386** -0.144* -0.072 -0.125 -0.107 -0.146*
Temperature (C)

*significant at p<0.05
**significant at p<0.01

In order to evaluate people’s thermal adaptabillf§V against indoor operative
temperature, indoor dry-bulb temperature and outd@mperature, were filtered out
respectively for further investigations. It was fouthat TSV had the strongest correlation
with indoor operative temperature among the otbengarisons, during both the summer and
winter periods. Therefore, indoor operative tempeeawas selected for a detailed regression
study.

Table 6 Correlation results for thermal sensatiote (TSV) of all surveyed buildings

Thermal Sensation Vote (TSV)

NAfW HEB RWCMD

Summer Winter Summer Winter Summer Winter
Indoor Operative 0.162** 0.160* 0.165* 0.135* 0.135* 0.308**
Temperature (C)
Indoor Dry-bulb 0.153* 0.158* 0.131 0.128* 0.139* 0.245**
Temperature (C)
Qutdoor 0.156** 0.088 0.133 0.036 0.032 0.002
Temperature (C)

*significant at p<0.05
**significant at p<0.01

3.3 Investigation of Influence of Indoor Operative Temperature and Outdoor Temperature
on Clothing Value

The reported respondents’ clothing in the quesaoen surveys were converted into
numerical values, with reference to ASHRAE Standa®e013 [27] and ISO 7703:2005
[28]. In order to reduce the impact of outlierstive database, a binning method, which is
common in comfort research [29-32], was adoptethkiyng the weighted averages for every
half-degree-Celsius bin. Figure 5 illustrates timedr regression plots between the average
clothing value and the indoor operative temperatune outdoor temperature respectively for
the summer period.

For the correlation of clothing value against indoperative temperature, the linear
relationship was found to be strong, with a coédfit of determination (r2) ranging from
around 0.71 to 0.91. Negative gradients were itledtior all the cases. In other words, the
higher the indoor operative temperature, the lomes the clothing value.

10



Similar correlations were conducted between clgthialue and outdoor temperature.
Similar relationships between outdoor temperatur@ eothing value were identified, only
the correlation was weaker than the comparison wittoor operative temperature. The
coefficient of determination (r2) ranged from 01830.41. The identified gradients were the
same, which were negative, as the correlationgagmidoor operative temperature.
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Figure 5. Influence of indoor operative tempera@md outdoor temperature on clothing value (sunpaend)

The linear regression plots between the averadbiotpvalue and the indoor operative
temperature and outdoor temperature respectivelthéowinter period are shown in Figure 6.
The plot between the clothing value and indoor afpeg temperature exhibited a strong
correlation, with the coefficient of determinatiqr2) ranging from 0.76 to 0.83. The
gradients identified for all the cases were negatim other words, the higher the indoor
operative temperature, the lower was the clothaige:.
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The relationships between outdoor temperature &ttieg value were found similar
However, the correlation was weaker than the corspar against indoor operative
temperature. The coefficient of determination (i#)s ranged from 0.16 to 0.22. Similarly,
the gradients of the linear relationship were niggat
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Figure 6. Influence of indoor operative temperaamd outdoor temperature on clothing value (wipeniod)
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3.4 Investigation of Actions that People Would Take to Overcome Uncomfortable
Situations

An open question was asked in the questionnair@tataw the respondents would act to
overcome uncomfortable situations. For the summemogd, out of the 736 surveyed
guestionnaires in total for the three surveyeddingls, the response rate for this question was
320, or 43.5%. For the winter period, the respaasefor the question was 259, or 44.7% for
the 580 collected surveyed questionnaires. As guafitiee people gave more than one answer,
the number of collected answers from the resposderte 339 and 298, for the summer
period and winter period respectively. As it wasapen question, the use of words was
different from different answers but they can bakfycbe grouped into nine categories, which
are “adjust clothing”, “use mechanical means”, filfeat”, “move/leave from the
uncomfortable location”, “report to building staff*do exercise”, “close the openings”,
“improve the architectural design” and “other”. Fexample, answers such as “take off
jackets”, “add a layer of clothing” and “put scar€ardigan on” were classified as “adjust
clothing”; answers such as “have a cup of cofféegt a burger’” and “drink water” were
grouped into “drink/ eat”; and rare answers suchtak my way through” and “more light”
were classified as “other”. Table 7 summarisesdtails about the actions that respondents
would take to overcome uncomfortable situations.

Table 7. Summary of respondents’ actions to oveecantomfortable situations

Categorised NAfW HEB RWCMD Total
actions o =g Winter | S Wintef S Winters Wint
overcome ummer inter ummer inte ummer interSummer inter
uncomfortable
situations
Adjust clothing 55 50 43 37 71 71 169 158
(54%) (46%) (44%) (59%) (50%) (56%) (50%) (53%)
Move [/ Leave 23 14 14 12 35 22 72 48
from the | (23%) (13%) (14%) (19%) (25%) (17%) (21%) (16%)
uncomfortable
location
Use mechanical 11 19 12 5 11 12 34 36
means (11%) (17%) (12%) (8%) (8%) (10%) (10%) (12%)
Close the 1 0 16 0 6 7 23 7
openings (1%) (0%) (16%) (0%) (4%) (6%) (7%) (2%)
Drink / Eat 4 13 4 4 10 2 18 19
(4%) (12%) (4%) (6%) (7%) (2%) (5%) (6%)
Other 2 2 4 2 6 4 12 8
(2%) (2%) (4%) (3%) (4%) (3%) (4%) (3%)
Report to 2 1 3 3 1 2 6 6
building staff (2%) (1%) (3%) (5%) (0%) (2%) (2%) (2%)
Do exercise 3 6 2 0 0 2 5 8
(3%) (6%) (2%) (0%) (0%) (2%) (2%) (3%)
Improve  the 0 4 0 0 0 4 8 8
architectural (0%) (4%) (0%) (0%) (0%) (3%) (3%) (3%)
design
Total response 101 109 98 63 140 126 339 298
rate (30%) (37%) (29%) (21%) (41%) (42%)
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Out of these categories, “adjust clothing”, “drink eat”, “move / leave from
uncomfortable location” and “do exercise” can beated as self-adaptive actions. Nearly
80% of the respondents opted for self-adaptiveoastio overcome uncomfortable situation.
In other words, a vast majority of people tendedattapt themselves to the thermal
environment in order to make themselves feel mberntally comfortable, rather than
attempting to change the building operations si&chpenings and air conditioning systems.
Among these self-adaptive measures, “adjust clgthivas the most selected action by the
respondents for all the three surveyed buildingsohstituted about half of the categorised
actions. Similar distribution of the categorisedi@ts that respondents would take to
overcome the uncomfortable situations was alsorgbddrom the questionnaire surveys.

3.5 Investigation of Neutral Temperatures

Neutral temperature is defined as the temperatureshach people reach their thermal
neutrality, and they feel neither cool nor warm ][3®/hen neutral temperature can be
achieved, most of the people would feel thermaltynfortable and accept the thermal
environmental condition [27]. In order to identifile neutral temperature for the three
selected case buildings, weighted linear regressieere performed. A binned method was
adopted by setting the increments of indoor opegaemperature at half-degree-Celsius in
order to eliminate the outliers [29—32]. The me&@WTof each bin was determined. Linear
regression, which has been used to investigatenlezromfort datasets since 1930s [34,35],
was adopted to evaluate the neutral temperaturethisnresearch. Figure 7 shows the
regression results of the mean TSV against indquaradive temperature with standard
deviation shown for each bin. The neutral tempeestuvere then identified by solving the
regression equipment for TSV = 0.

For the summer period, a strong linear relationdlepveen the mean TSV and the
indoor operative temperature was identified, whire coefficient of determination (r2)
ranged from 0.62 to 0.70. As the gradients wergadlitive, it implied that the higher the
indoor operative temperature, the higher was thé. Tis other words, the building occupants
felt warmer when the indoor operative temperatuwwser The summer period neutral
temperatures evaluated for the NAfW, HEB and RWCM&e 19.3°C, 21.2°C and 21.0°C
respectively.

The linear relationship between the mean TSV amdindoor operative temperature
that was identified for the winter period was widehere the coefficient of determination (r2)
ranged from 0.65 to 0.86. Similar to the case m shmmer period, the gradients were all
positive, implying that the higher the indoor ofema temperature, the higher was the TSV.
For the HEB and RWCMD, the correlations and theaulted neutral temperatures were
similar when compared to the summer period. Howeagsrthe measured indoor operative
temperature in the NAfW was lower during the fistddy, the resulted neutral temperature
was found lower than that for the summer periodsimmary, the neutral temperatures
evaluated for the NAfW, HEB and RWCMD were 16.920,9°C and 20.7°C respectively.
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Figure 7. Relationship between thermal sensatida (tSV) and indoor operative temperature

3.6 Investigation of Preferred Temperatures

Preferred temperature represents the point at whédple do not prefer either cooler or
warmer. It is a subjective feeling about peopldeapantness or unpleasantness about their
thermal environment, which may change with seastyreahd climate. This can be explained
by a concept called ‘alliesthesia’ [36]. The neuteamperature might not be the same as
preferred temperature [37]. People tend to havédnigreferred temperature than neutral
temperature in cold climate; and lower preferradgerature than neutral temperature in hot
climate [38].

Weighted linear regression models and binned mettaidhalf-degree-Celsius were
adopted to identify the preferred temperaturesttier surveyed buildings [19,39,40]. A 5-
point scale method was used to identify the respotsd thermal preference votes (TPV) on
the thermal environment of the surveyed locatidite responses collected were classified
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into two groups. They were “prefer cooler” and ‘fgrewarmer”, which were defined as
TPV<0 and TPV>0 respectively. After binning the TPAt each half-degree-Celsius
increment, the sample size of TPV (in % of obseowatfor different groups was regressed
against the indoor operative temperature separakéure 8 shows the results for the
preferred temperatures for the surveyed buildifige preferred temperatures determined for
the NAfW, HEB and RWCMD were 21.2°C, 21.6°C and72Z. respectively for the summer
period. For the winter period, there was not angrsgection between the “prefer cooler” and
“prefer warmer” trends for NAfW as the indoor opera temperature was low. Therefore,
the trend lines were extrapolated to identify thefgrred temperature. In summary, the
preferred temperatures for the NAfW, HEB and RWCMBre 21.5°C, 22.9°C and 22.5°C

respectively.
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Figure 8. Preferred indoor operative temperatuféseobuilding occupants
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3.7 Investigation of Acceptable Temperature Ranges

The regression models developed in Figure 7 weed ts identify the building occupants’
thermal acceptability at the surveyed locationse B9% and 90% acceptability comfort
bands represent respectively that 80% and 90% afpamts declare a thermal environment
as comfortable and they are defined as -1<TSV<+#l -Qrb<TSV<+0.5 respectively [28].
Table 8 summarises the evaluated results for tlvepa@able temperature ranges and the
preferred and neutral temperature that were idedtih previous sections.

For the summer period, the average preferred teatyper and the average neutral
temperature of the three surveyed buildings wer8°Zland 20.5°C respectively. The NAfW
had the lowest preferred and neutral temperaturdewthe RWCMD had the highest
preferred and neutral temperature. The averageerémgthe 80% acceptable temperature
range of the surveyed buildings was 8.0°C wide cWhvas brought down to 4.0°C wide for
the 90% acceptable temperature range.

For the winter period, the preferred temperaturettie NAfW cannot be identified as
the linear trends for the thermal preferences goreboler and prefer warmer) did not cross
with each other. For the other buildings, the preft: temperatures were higher than that for
the summer period, which were 22.9°C and 22.5°C tf@ HEB and the RWCMD
respectively. In terms of natural temperature, pkder the NAfW where the neutral
temperature was lower than that for the summerogdethe neutral temperatures identified
for the HEB and the RWCMD were similar to that foe summer period. The average range
for the 80% acceptable temperature range of theegad buildings was 8.3°C wide, while it
was down to 4.2°C wide for the 90% acceptable teatpee range.

Table 8. Summary of preferred temperature, netéraperature and acceptable temperature ranges

NAfW HEB RWCMD
Summer Winter Summer Winter Summe Winten
Preferred 21.2 215 21.6 22.9 22.7 225
Temperature (°C)
Neutral 19.3 16.9 21.2 20.9 21.0 20.7
Temperature (°C)
80% Acceptable 14.7-23.8 12.3-21.4 17.4-24.9 16.2-25p 17.3-24.8 17.4-24.0
Temperature Range
(°C)
90% Acceptable 17.0-21.6 14.6-19.2 19.3-23.0 18.5-23.p 19.2-249 9.1-224
Temperature Range
(°C)

4. Discussions

The data analysis showed that the thermal coméwellwas generally acceptable by the
building users A large portion of the responder®206 for both the summer and the winter
periods) voted the overall thermal feeling as “plad” (>+1 vote) in all the three surveyed
buildings. Moreover, more than 80% of the respotslemted the TSV within the 80%
comfort acceptability band (ITSV<+1). Even though variations of the indoor tempearatu
were greater than 4.5°C, the comfort level of tHas&lings did not vary too much.

Correlations between the clothing value, and theboan operative temperature and
outdoor air temperature respectively, were als@stigated for both the summer and the
winter periods. Similar trends were identified frdrath correlations, where the correlation
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between the clothing value and indoor operativepenature was stronger. This research
confirmed that people in all three transitional cgs have a similar reaction to different

temperatures, i.e. reducing the clothing valueshasoperative temperature increases, i.e.
reducing the clothing values as the operative teatpee increases, as compared to other
building types [32,41]. It can be explained thabe would choose the appropriate clothing

according to the outdoor air temperature beforg tirent out. After they entered the space, if
they felt thermally uncomfortable, they would adjtieeir clothing to adapt themselves to the

thermal environment in order to make them feel noomfortable.

This statement was supported by the investigatortee open question, which asked
about the actions that people would opt to overcammeomfortable situations. The
distributions of the voted actions were similar tbe summer and winter periods. Almost
80% of the respondents would take self-adaptiversgt including “adjust clothing” (50%
for summer; 53% for winter), “Move / Leave from th@comfortable location” (21% for
summer; 16% for winter), “Drink / Eat” (5% for sunem 6% for winter), and “Do exercise”
(2% for summer; 3% for winter), to make themsel@smer or cooler when they felt cool or
warm. Therefore, it can be concluded, that in otdenaintain an acceptable thermal comfort
level in indoor transitional spaces, people wowklet adaptive actions to make themselves
feel comfortable. Similar adaptive actions can ddedound in other researches for different
indoor environments [35,42—44].

A further analysis was carried out to quantify #ueeptable temperatures, in terms of
neutral temperature and preferred temperaturedrstinveyed buildings. Strong correlations
were identified for the influences of the indooreagtive temperature on people’s thermal
sensations. Similar trends were identified forttivee surveyed buildings where the gradients
were all positive. In the other words, the highwes indoor operative temperature, the warmer
thermal sensation the building occupants would hE8&35,45]. The average neutral
temperatures for all the three surveyed buildingsew20.5°C and 19.5°C, for the summer
period and the winter period respectively. This egaan insight of how the thermal
environment of a building with transitional spasésuld be designed in order to maintain an
acceptable thermal comfort level.

Moreover, in order to evaluate the preferred tempees in the individual surveyed
buildings, the intersection point of the “preferrmar” and “prefer cooler” trends was used
to identify the preferred temperatures. The avemagéerred temperatures identified for all
the three surveyed buildings were 21.8°C and 22.8Cthe summer period and the winter
period respectively. It should be noted that thefeared temperature for the NAfW was
identified by extrapolation for the winter periogs there was no intersection between the
“prefer warmer” and “prefer cooler” trend lines. elfaverage preferred temperatures were
1.3°C and 2.8°C higher than the average neutrgbéeature for the summer period and the
winter period respectively. It reflected that peoglenerally preferred a warmer thermal
environment even when they felt thermally comfoeallhis may be explained by that
people surveyed were situated in a cool climatd,[88 the average measured outdoor
temperature was lower than 20°C for all surveyeddimgs. This probably made people
prefer a warmer thermal condition. People may hdifferent preferred temperature than
neutral temperature [36—38].

The 80% and 90% acceptable temperature rangedl fitreathree surveyed buildings
were relatively large for both summer and winterqgu#s, with average ranges of 9.6°C and
4.0°C respectively. For the winter period, the ager range for the 80% acceptable
temperature range of all the three surveyed bukliwas 8.3°C, which was brought down to
4.2°C for the 90% acceptable temperature ranges iflaiy be explained by the adaptability
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of the building occupants in the building transiti spaces. In other words, people inside the
transitional spaces can still feel thermally cortdble without requiring a fine control of
indoor air temperature as they can adapt to thentdeenvironment by different means such
as adjusting clothing and drinking / eating.

The surveyed buildings served different purposesravithe people’s activity inside the
buildings was different. For instance, people esiNAfW for public event such as building
tour and exhibition. This led to a relatively higlmespondent’s activity level when compared
to the other two buildings because of a greaterbminof people were walking or standing
before taking the questionnaire surveys. On theerottand, HEB and RWCMD were
academic / cultural buildings where more peopleduthe transitional spaces for resting,
dining and discussion. This may explain why NAfWdhalower neutral temperature and a
wider acceptable temperature range when comparétketother two buildings. From other
perspective, different architectural designs ohgiaonal spaces could influence thermal
comfort [46—48]. In this study, it explained thaist may be due to the different people’s
usage and activity level within the spaces as @tres architectural designs.

5. Conclusions

The field studies carried out in the transitionpases of the three surveyed buildings
produced an evaluation of the thermal environmegmegiormance and people’s adaptability.
The majority of the respondents expressed that éx@grienced a pleasant overall thermal
sensation in all the surveyed buildings, in botmswer and winter periods. Indoor operative
temperature, due to its strong correlation with tthermal sensation vote, was confirmed to
be an important factor in determining thermal carnfo

The identified neutral temperatures from the suedelguildings imply that, in order to
maintain an acceptable thermal environment withiangitional spaces, the indoor
temperature should be 20.5°C and 19.5°C, for thmanser period and the winter period
respectively. However, a fine temperature consalat necessary because of the fact that the
80% (-1<TSV<+1l) and 90% (-0.5<TSV<+0.5) have atreddy wide range of acceptable
temperatures. A temperature range of 4°C is cormidgood enough to maintain an
acceptable thermal comfort level within buildingansitional spaces. The statement is
strengthened by the strong correlation betweenhicigt values and indoor operative
temperature. Also, by the evaluation of the actitmst people would take to overcome
uncomfortable situations, where a majority of te®pe (>80%) would adopt self-adaptive
actions such as adjusting clothing, drinking /regtand moving position to deal with thermal
discomfort. In short, people are more prepareddtmpaito the environment in preference to
attempting to alter the building systems, suchdygséing control of ventilation systems and
windows opening.

People surveyed in all the three surveyed buildiegsled to have a higher preferred
temperature than neutral temperature, in both sunand winter time. This implies, that
under Cardiff’'s weather condition, when the outdaiotemperature is relatively cool, people
would prefer a warmer indoor thermal environmerterefore, the neutral temperature may
be considered as a measure of ‘lack of discomfattilst the preferred temperature is a more
positive measure of people’s desired comfort level.

On the basis of this research, further researchnwestigate the impact of the
architectural and mechanical system designs orthtiienal environment by computational
simulations is recommended. Through the simulatiansvider range of environmental
conditions and different architectural or systerttirsgs can be evaluated and thus means to
provide thermal comfort for building transitionglaces can be identified.
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Appendix |

Transitional Spaces Thermal Comfort Questionnaire
CARDIFF

UNIVERSITY

Section 1 - PERSONAL INFORMATION

Location:
. PRIFYSGOL
Time: Gender: M/F
ARDYE
Date: Age:

What are you here for: Working / Dining / Shopping / Resting / Waiting / Other:
Yes /No

Yes / No

Are you a regular user of this space (your current location):
Have you had any meal during the last hour:

Section 2 - THERMAL SENSATION
Please tick the best description about your current feeling at this space (your current location) using the below scale.

Overall Feeling Unpleasant |:| D D'\ |:| 0 |:| |:| 2 |:| 3 Pleasant
Comfort Level Cold O O- O O O 0O (mE Hot
Humidity pry [ | O O 0O O O Humid
Air Movement Still D 3 D D I D 0 D D 2 D s Draughty
Your thermal preference Cooler O- O O O - Warmer
Section 3 - SUNLIGHT PENETRATION
Your sunlight preference at Less O O O O HE More
this space
Section 4 - CLOTHING
Please select ALL the correct descriptions of what you are currentlv wearing.
Clothings: Trousers: Footwear / Accessories:
[ Short-sleeve shirt O shorts [ Shoes/ Sandals
[ Long-sleeve shirt [ straight trouser O Boots
20030 O thin - O thick 015024 O thin - O thick 0
[ Sleeveless sweater [0 Sweatpant/ Jogger O Gloves
vizo22 O thin O thick ).28
[ Long-sleeve sweater O oOveralls O socks
020035 O thin - O thick 03 102003006 Oankle Ocalf  Oknee
[ Jacket [ Skirt/ dress
025035 O thin - O thick ois02¢ O thin - O thick Others:
[0 Coat/ Winter jacket [ winter dress
0.6 033047 O thin - O thick

Section 5 - ACTIVITY AT THE CURRENT LOCATION
Please circle the best description of your major activity after you have entered this space (your current location).

Sleeping 0.7 Sitting 1.0 Standing 1> Walking Normally 20 Walking Quickly 24
Rushing s Other:

How long you have stayed in this space: hours minutes

Section 6 - PREVIOUS SPACE

Where were you before entering this space: Indoors Outdoors

How long did you stay at the previous space: hours minutes

Comfort Level at the O- O- O O O (HE [J:  Hot
previous space

Section 7 - FEEDBACK / PREVIOUS EXPERIENCE OF THIS SPACE

Any feedback about thermal environment for this space:

How would you overcome uncomfortable situation, if any:

If you have been to this space before, what is the best thermal description about your previous experience in this space:
Summer Time O O- O O O 0 O Hot
Winter Time O- O- O- O O O O Hot

-END-
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Highlights (for Review)

1. total 1,316 (736 in summer and 580 in winter) valid questionnaires were collected from the building
transitional spaces of three different public buildings in Cardiff, UK;

indoor operative temperature was well-correlated with thermal sensation votes;

acceptable temperature ranges, neutral temperature and preferred temperature were identified;

a fine temperature control was unnecessary;

people’s adaptability to the thermal environment was confirmed;

people in cold climate was found to have higher preferred temperature than neutral temperature.
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