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ABSTRACT

Airport terminals are characteristic for therge and open spaces with diverse and transient
population They aredesigned predominantly as indoor spaces while the overwhelming majority
is peoplein transient conditiondDressing code and activity, along with dwell time and overall
expectations aredifferentiating factorsfor variations in thermal requirements between
passengers and staffhe diversity of spaces and the heterogeneous functions across the
different terminal zones further contribute tlois differentiation, which resuls in thermal

comfort conflics andoften in energy wastage.

Understanding sucltonflicts and the comfort requirementsan impove thermal comfort
conditionswhile reducing the energy consumed for the conditioninthese energyntensive
buildings. Through extensive field surveyshe study investigated théhermal comfort
conditions in three airport terminalsf different size and typology. The seasonal surveys
includedextensiveenvironmental monitoring across the different terminal areas and over 3,000
questionnairguided interviews withpassengers, staffwell-wishers and other short stay

visitors

The findings demonstrate greference for a different thermal environment than the one
experience@ndthat thermal neutrality lies &wer temperatures'he comfort requirements for
passengers and staife evaluated and shown to differ significantiMeutral temperature for
passengers lower by0.6- 3.9 °C In accordance with theeutrality discrepanciepassengers
prefer cooler temperatures than stafftg- 2.0 °C Employees have limited adaptive capacity
that leads in a narrower comfort zone, whereas passeongessstentlydemonstrate higher
tolerance of the thermal environment anavider range of comfort temperatur&sirthermore,

the findings highlight thecomplkex nature of thermal comfort iairport terminals, where the
desired thermal state for more thaalf the occupants is other than neuttatl amultitude of

design and opetianal characteristics influendbeindoorenvironment
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CHAPTER 1: INTRODUCTION TO THE PROJECT

The chapter introduces the reader into the broader resd@oieand provides an overview of
t he pr o]-aspectonatureml bxplains the particular resegnablem outlines the
research limitationsstates the aims and objectives of #tedyand closes with a description of

the thesis structure.

1.1 General background

Reflectingand facilitating globalizationthe number of airportsosetwentyfold between 1940
and 2002, with thair travelincreasingenfold in the past 40 yeaf&dwards, 200b Despite the
economic downturns and the recent recession in 2€@@9 global passenger trafficis
constantly posing strong growth numbersExpressed in revenue passenger kilometers
passenger traffic gretasy 5.3% in 20121ATA, 2013), while preliminary dataevealan increase

of 5% in 2013whennearlythree billion peopleveretransported ¥ air ICAO, 20149. In the
same year, passenger traffit the UK increased by 3.5%with nearly 3 million aircraft

movements handling over 228 million passeng€wA, 2013.

Under the current short and long term projectigizbal passenger traffic is forecastedytow

by 5.9% in 2014 and by 6.3% in 201BCAO 2013, while the number of passengers is
expected to increase 2.3 times compared to 2012, reaching 6.7 billion i(2BRJS, 2013.
Following the upward trergjthe latest unconstrained projection for the {figurel-1) suggests

that, if airports expand as required to meet demand, growth in UK air passengers is likely to be
within the range of 1% and 3% every year over the period between 2010 andeAi®bing
480mppa by 205(DfT, 2013.
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Figure 1-1: Central forecast and projected range of high and low scenarios for air passeafiierin the UK
between 2010 and 2058durce: DfT UK Aviation Forecasts, January 213



As airport terminals have grown larger and more compher the yeardo meet passenger
demand and thevolving nature of aircraft desigairport operatorbave been concerned with a
number of environmental issud@gaditionally, theseincludenoise mitigation, water quality and
conservation, land use compatibility, waste management and local air poliitioough not
new concepts for airports, energy afficcy and climate change arell establishedamong the
major environmental concerrisn c or p or at eldnningrand ananagemeanttssatedies

the last two decades

At the global level, climate chge is likely to drive importanthanges in thaviation industry
over the next 10 t@0 yeargUpham et al., 2003In general, aviation is responsible for nearly
11% of grenhouse emission€&GHG) from transportation and about 3% of total emissions
(ACRP, 200%. These are dominatday aircrafts in flight and arbeyond thecontrol ofairport
operatos. Measurements have shown thlaé greatest relative contributor tohe total GHG
emissions by anirport are thaircraft operations (LTO cycleabout 60%)followed by ground
aircraft servicing atthe apron/gatecomplex (early 20%), the airport ground access
systems/modes (15%), and electricity consumption in airport buildialgsut 5%) (Janic,
2011. On the other hand, it is also true that there is still a great potential for decreasing GHG
originated bythe airport buildng andits services(Baumert et al., 2005The share of aviation
infrastructure is estimated as 3.2% of the total emissions per paskengdrwhich one third

is associated to its constructiandthe remaining two thirds originate from the infrastructure
operation(IEA, 2011).

Airport facilities are very energyntensve environments and one of the greatest energy
consumimy centregper square kilometer on our plari&dwards, 2006 The energy usé de-
factocomparabldo that of small cities. The typical electrical energy used in amadjport lies
between 10800 GWh/year whichcorrespondsto the consumption of 30,000 to 100,000
householdf CASCADE, 2012a Despite the lack of atandardised methddr measuring and
reporting energgonsumptiorat airports publisheddataarerepresentativef the magnitude of

theenergyuse in suchacilities (figure 1-2).

Forinstancethetotal energy consumption in tiwo busiest airports in Italy Roma Fiumicino
(FCO) and Milan Malpensa (MXP) was244 GWh and 390 GWh in 2009n the same year
the total energy use in Manchester airport @85 GWHh while more recent dat@012)from
Gatwick and Heathrowdocumentedn annual energy consumption of 221 GWh and 701 GWh
respectively(Gatwick, 2013 Heathrow, 201p
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Figure 1-2: Energyend use data from 55 airports in the period 20A.0(CASCADE, 2012b

The airport terminal building is one of the permanent features in the aviation infrastiuitture

a great potential for energy saving ade@ments. The common energy arsg categorieare

cooling and ventilation, heating, lighting, as well as baggage and people movers (conveyors).
As a result of thevariable occupancyn passengeterminal building, the HVAC systems
experience transient loads. The indoor environment, on the othergiaysl,an important role

for the terminal s commerci al success as it

types of users, while also being crucialfore ai r port 6s operati onal C C

1.2 Research frameworkand limitations

With a focus on the indoanvironmentthe studyinvestigates théreadth of thermal comfort
conditions in airport terminal buildings with the view of employing wider temperature control
setpoints for cooling and heatinBeyondthe mechanistic efficielycof HYAC systems and the
incorporation of innovating technologies, reducing the gap between outdoor temperature and
indoor temperature s@bints can be a key energy conservation measure. However, should such
a straightforward energyaving action taken whout compromising comfort levels, it

necessary to understand thermal comfort requirements theterminalpopulation

Characteristic for the highlgdynamic conditionsarport terminals are a particularly complex
building typeaimed at meetinghe comfort requirementsf very different population groups
These include terminal staff and passengers, as well as megtst®ersand other shorstay
visitors The indoordesign criteriausually cater forterminal staff whereas therast majority is
people under transient conditior3issimilarity in occupancy type and dwell timbut also in
activity, dressing code and overall expectatiams differentiating factors for variations in

thermal requirements betweethe population groupsThe dversity of spacesand the



heterogeneous functionseld across the different terminafeasfurther contribute tothis
complexiy, by differentiating the comfort requirements from one space to another for a given

usergroupwhile resulting inadaptive disparitiebetween the groups

Along with the highly fluctuating occupancy levelsuchterminal attributesmay give rise to
thermal comfort conflicts and often to energy wastage for the conditiooingerminal
buildings. Further tdhe energy standpoint, the (disjisfaction of terminal population with the
indoor environment can also have significant implications for the design and refurbishment
strategiesof airport terminalswhi ch are regularly modified

environment and passenger expade.

The study used three airport terminal buildingslifferent size and typologgscase studies and

a large sample population to secure the statistical significance of the findings. ¢feter
number of terminal locatedideally in different climatic zones, would allow for a broader
comparative analysis arfdrther generalization of the resylisspeciallyof those associated
with the outdoor weather conditions. Most of the research limitations, hovegiginated from

the naure of the érminal buildingsand particularly from the necessary security and safety
measures thatictate th& operation. Inevitablyall phases of the project from planning to

executioni were influenced and performed as to comply with these measures.

Along with certain particularities of each of the terminals surveyed, these factors limited the
acquisition of supplementary data (such as type of HVAC systervery terminal space
monitored and energy consumption) that would allow the investigation of the thermal
conditions from a building services perspective. dtbeless, the collection datai by means
of environmental monitoring and questionnagréded nterviewsi essential tahe scope of the

workwas not hindered n d t h eaims a@ndi abjgcéives were met.

This work is a component of he pr oj ect Al ntegration of ac
environment control systems to minimize the carbonpiooto f ai r port t er mi ne
which brought togetharesearch teams from five Universities: Bruniaughborough City, De

Montfort and University of Kent. The project was funded by the UK Engineering and Physical
Sciences Research Council (EPSR@jh the overall aim being the minimisation of the energy

consumption and carbon footprint of airport terminals.

1.3 Research aims and objectives

The study aimed at understanding the nature of thermal comfort conditions in airport terminal

buildings. Indirectly, this can contribute towards the reductmincooling and heating energy



consumption in airport terminaknd of the associatedarbon footprintin the service of this

purposethe followingthree objectives werset:

1) To investigate the thermaénvironnent in airport terminalof different size and
typology, thus allowing for a representative range of the indoor conditions usually

experienced in nananically conditioned terminal buildings

2) To evaluatethe thermal comfort conditiorfer the peopleusingthe terminal buildings
andseparatelyfor the different population groupswith a focus on passengers and staff

i while identifying thermal conflicts and their causes

3) To investigate theprospectof increasing the cooling sebints in summer and
decreasing the heating gatints inwinter in consistencwith the thermal requirements

of terminalusers

The achievement of these objectives is intended to fill a gap in the literature, currenthgdeflec

in the absence of extensive field studies and comprehensive understanding of the thermal
comfort conditions in airport termiral Understandingoccupantcomfort requirementsn
terminals can improvahermal comfortwhile influencing the implementation odlifferent

energy conservation strategiesreduce energy consumptioMoreover,the outcomes of &
studycan be usefuin the designof new terminal buildings anthe refurbishmenschemedor

existing terminal facilitie.

1.4 Structure of thesis

Thethesisis organizednto sevenchaptersChapter 1 describes the general background of the
project and sets the research framework, including the aims and objectives of the study.
Chapter 2 steps io the airport terminaknvironment. ltoutlines the evolutiom of terminals
reviewsthe configurationsemerged over timandpresentghe up-to-datedesign considerations

In addition the chapteridentifies the common passengerstressorsand addresses indoor
environmental quality foterminal buildings Chapter 3 introduces thecontextof thermal
comfort irnto the complex nature of airport terminals.describes theparameters affecting
thermal comfort,outlinesthe two dominanapproaches and explores the adaptiapacity of
occupants in terminal§he chapterextends to other aspects of the indoor environment, lighting

and carbon dioxide levelandreviews the existing comfort criteriand associated studies.

Chapter 4 discusseshe characteristics that convoyed thelectionprocesof the case studies
and provides comprehensive description of thieport terminalsurveyed Chapter 5 focuses

on the methodology adopted. It discusses the design of the researcthtopifot studies that



followed their developmentthe nature of the work carried out in the case study terminal

buildings, as well as the respective limitatiamslata collection thagmergediuring the project.

Chapter 6 presents the resultsf the dataanalysis.The outline of the plan developed for the
statistical analysis and the descriptiohthe sample populatiosucceedsan overview of the
environmental conditionand satisfaction, anthe examination othe parameteic| ot hi ng o
Thermal ensation and preference are assessed and the determining &etadentified.

Neutral and preferred temperatures spedifg thermalcomfort conditionsfor the terminal
population andquantify the diverging thermal requirements mdssengers and staffhe

formative factors of théhermal environmendre explored, along with the investigation of the
thermal conditions and the evaluaton @fc cupant s6 comf ort requir e
terminal spacesThe chapter also stresses tberception and prefence over the lighting
environmentand the environmental conditions influencing overall comfadditionally, the

perceived importance of the indoor environmestaiditionsand of the thermal conditions in
particular, is assessed and juxtaposed witlrerovironmental parameterShapter 7 discusses

the findings of the study, concludes the research work grdvidesrecommendations for

further work inthis field.



CHAPTER 2: THE AIRPORT TERMINAL ENVIRONMENT

2.1 Introduction

Introducingthe reademto theterminal environmentthe chaptercommences witlan overview

of the airport terminaévolutions i nc e av i a anddefinésthe termihakcomplex as
developed nowaday®riven by aircraft and passengeends the terminal design holds a key
role in the characteristics of the indoor environmehich in turninfluenceoccupant éomfort
requirementsAccordingly, the different configurationgmplementedin airport terminak are
highlightedalong with thedesign considerations feuchfacilities. Also, the chapter discusses
the common stressois airport terminals which may influence passenger comfort and closes
with a review of the research findings on indoor environmental quality thanhpogtantto the

airport terminal environmen

2.2 Evolution of airport terminals

In the very earlydays of aviation there werm terminalfacilities as weknow themtoday: It
was the introduction of the airmadperationsin the early 1920swhich stimulatedthe
development of the firgtivil airportterminal facilities.These were small depots, usudiggle
room facilities, similar to those used in the rail transportation systémie very little wasyet
requiredin terms of passenger and cargo services, these facilities were mainly uksedliiog

and uploading the mail, as well as for aircraft fueling and maintenance.

The earliest commercial passenger services
were introduced in the late 1920sading to
the development of the first passenger
processing policiednfluencedfrom the rail
transportation, tickets and boarding passes
were introducedwhile cargo trasportation
started being chargedaccording to the

weight. Sometnes, passengers were also

weighedin orderto ensure that the maximum
Figure 2-1: Passengers weigh before departing from

Chi c avidway éirport in 192Wells and Young,
2004). (figure 21).

takeoff weight of the airplanis not exceeded

Thef i rst ter mi nal b u 4u In dtérmiirgplssprang opwdaringhes193@ssandmp | e
were centralised facilities accommodatingall passenger processingacilities, airport
administrative offices and air traffic control facilitiess dr transportbecame more populan

the 1940s and 1950s, airport terminals expanded to accomngrdateg volumes of aircraft,



passengers and cardihe advent of fast monoplane aircsadiuring World War Il provided a
huge impetusvhich transformedcivil aviation. Jetengined aircrafts were further developed in
the 1960s|eadingto the conversion afost fleetgo jets whichwerefaster, more comfortable
and with larger capadiisthan their pistorengined counterpartéir travel had begun to replace
rail and oceatiner as the favared transportmeansfor long-distancejourneys The largerjet
aircrafs triggered significant changes in the terminal buildimgel @rport plannersstarted
movingaway from thesingledesign concept. Terminatadto move beyond the niche designs
catering for few wealthy patrons, talternative configurationgapable of accommodating
thousands of passengensd meeting traffizariations.As there werao guidelines to work on,

experimentation was the rule.

The teminal typology was established in Amerigehere newairport layouts (e.g. hub airports)
andterminal configuratione@mergedn the 1950s and 1960mcluding the standard twlevel
departures and arrivatooncept adopted by marmgvic terminals nowadaydn the 1970s, the
epicentre was shifted to Europe whaigorts integrated witlather transportatiomodeswere
developed(Edwards, 2006 Deregulationand privatizationin the 1970sand 1980sunfolded
commercializationin passenger terminalsith the UK pioneeringthe notion of terminal as
largeretail mals and Europe leading the wélgdwards, 2005Graham, 2008 In the 1980s the
emphasis irthe Middle East and parts of the Far Baas more upon the terminal architecture
as an expression of national symbolismsuling in the development oimposing terminal
buildings(Edwards, 2006

With thousands of passengers cycling through every day, airport terminals nowadays have
become complex buildings incorporating the fundaments perceived today passenger and
baggage processing servicas well as a wide spectrum cdbmmercialand customer service
facilities. Thus, todayve are fortunate to be able to look batkhe different terminal designs

emerged over the years amuderstand the advantages and disadvantages ofeafituration

2.3 Defining the terminal complex

The passenger terminal constitutBe key elemendf the airportinfrastructure comprising the
interface between thground access system and the airciiie terminal building is designated
to serve aircrafts and passengarsd as such its componemtsy be thought of as falling into
two primary categoriesthe apron and gate systerand thepassenger and baggage handling
system(Wells and Young, 2004 The apron and gat@sovide stands for aircrafts and serve the
purposs of enplaning and deplaningassengerand cargopreflight preparatiorand aircraft

servicing The passenger and baggage handkygtemis a series ofinks andfunctionsthat



facilitate the transfer betweeground access and aircrafand can be subdivided to

access/processingterface passenger processiagd flightinterface(Wells and Young, 209).

The accessinterfaceaccomplisies the diange of transport modd; is a complex systenof
facilities thatcoordinats the transfes between ground transportation and the terminal building
These includgparking facilities automated conveyanaystems to and from parking facilities
sidewalks, connectingoadways terminal curb fronts, shuttlservices taxi standsand rail
stations The access interface involvestivities such ascirculation, parking, and curbside
loading and unloadingof passengersall aimed to enabé originating and terminating
passengergjisitors and baggage to enter and exit the termf{rialronjeff et al., 2010Ashford
etal., 201)

Passenger processiffigcilities servethe major processing activities requirtat origination,
termination, or continuation adn air transportation tripThey housea number of public and
non-public facilities including baggage sorting and processing facilities for inbound and
outbound flidnts, airportadministration and service areas, operagiand maintenance facilities,
ticketing and baggage chedk countersbaggage and passenger security stations, information
kiosks, customs facilitee car rental and other ground transportation deskise primary
activities taking place within this component are ticketing, baggage cieckaggage claim,
security, passportheck,customsand immigration(Wells and Young, 24; Horonjeff et al.,
2010.

Theflight interfaceprovides theconnectiorbetweenthe passengeprocessing facilitieand the
aircraft A number of facilities are provided to perform the functigmghe flight interface,
including moving sidewalks busesand mobile loungesloading bridges and air stajrs
holdrooms,service counterand gate lounge§.he activities that occunere include assembly,
conveyance to and from the aircradipd aircraft loading and unloadingWells and Young,
2004 Horonjeff et al., 201D

A more tangibledemarcatiorof the terminal facilities thathe aprorgate and the passenger
baggage handlingystems is that between landside and airside, withpliysical boundary
between thawo being marked by the passenger and baggage security screeanngideis
most oftenopen accesand extends from thlocations where passengers are dropped off the
ground transporo the security screen facilityn most terminals, the airside is subject to strict
control of access, allowed ontp passengerand authorised stafthoughin airports where
airlinesoperate their own terminals (e.g. in theSh), wavers are allowed teeachthe aircraft

gate.

Airport terminalsencompasshree principal stakeholderspassengers, airlines and the airport

operatorP a s s e n g e r sndst often Isignifi@ntlyarge thanairline and airport staffand

9



as the prime reason for termin@kxistence passengers are deemed as rttegor source of
airportrevenueduring the time that they spend in the termidacordingly, most of the current
terminal designs emphasize opassenger requiremenisth the maximum acommodation of
passenger needs beiagkeyobjectivein terminal designThe latter is also important for the
operational efficiency ofairlines which comprise one of the main agents of the airport
operations andanstitute another prime source of airpodome In terminalsowned byairlines

or where theyareshareholdersf theinvestment capitathey havea substantialole in terminal
design decision makingFrom the airport operator perspective, terminal glesiequires
equilibriumbetween operating efficiency and provision for an acceptable woakiddransient
environment forits employees and psangersrespectively. The extent at which the terminal

meds the requirements of all thesenstituenciesletermines the success of its design

2.4 Configuration of airport terminals

Airport terminals come in many sizeshapesand configurations.Terminal type mattes

because it influences the terminal layout, the volume of spaces and the types of HVAC,systems
all of which greatlyaffect the indoor environment anidfluencep e o p | e 0 sDifferentnf or t .
terminal design concepts result in terminals of different size and capacity détetminethe

type, nature, and scale of the energy infrastructure.

In general there ardwo prime categories of terminal concapfThe first isassociatedo the
nature of teminal processing;centrali®d or decentralisd. The wderlying premise of a
centrali®d terminal is that all baggage and passenger processingirig fdace in a single
facility. Decentralied processing, on the other handeans that these functions are spread in
multiple unit terminak, each one operatingndependentlyThe second categomncompasses
four basic terminal configurations: linearepi satellite and transportasillustrated in figure 2

2 (FAA, 1988 Wells and Young, 2004ACRP, 2010aHoronjeff et al., 2010Ashford et al.,
20117).

In its simplest form the linear or operapron concepts the most straightforward among the
four basic concept typedt is the outward expaimn of the simpleunit terminal in a
rectangularjinear or a curvilinearmanner It consists of a common waiting and ticketing area
with exits leading to the aircraft parking aprdkircrafts are arrangedlong the face of the
terminal and passengem@ccesshem directly across the apron or by direct connection to the
main terminal buildingConsequentlythis concept offers ease of access and relatively short
walking distancesNowadays, tiis often adaptable tow activity airportsandallows for fuure
expansion of the terminal either ltg linear extension oby developing two or more linear

terminal units with connectors.

10



Evolvedduringthe 1950sn the US. and during the 1960s in Eurofepened in 1962, Terminal
1 atManchester airport was tliiest terminal in Europe to have pi¢rshe pier or fingerconcept
provides interface with aircraft along piers extending from the main termhirarafts are
parkedon both sides of the pieand along its axis, which serves agparture lounge and
circulation space for both enplaning and deplaning passenesess to the terminal aréa
providedat the base of the pieFhe major advantage of this concept is the prospfetie perés
incrementalexparsion when additional aircraft standare requiredwithout necessitatinghe
expansion of the centredrminalfacility. Pier terminals have been proven to be very efficient at
airports handling up to 45 mppa, baithéghervolumesthe physical size of the terminal is likely
to presentonsicerable problems with respect to passenger walking distances and ttiamsser
(Ashford et al., 20111
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Figure 2-2: Basic terminal designoncepts (Source: FAA)

The satellite concepevolved in the 1960s and 1970s, and similarly to the pier coricept
consists ofconcourses extended from the main terminal building. At the end of the concourse
aircrafts are parked around the satellite in
size and shape. Usually, circular satellites provide aircraft stands for 4 to 8 aircrafts, whereas the
linear ones may well have 20 stands per sidecll@as are connected to the terminal by a
surface, underground, or abegede connector and can have common or separate departure
lounges. Although the satellite structure can be compact, the walking distance from the terminal
can be very lengthy. Thusatellite terminals are often equipped with mechanized people
moving systems, such as automated passenger movement systems (APMs) and moving
walkways to transport passengers between the satellite and theumitairerminal. An
additional disadvantage isahit lacks flexibility for expansionOn the other hand, among the

chief advantages of this concept is the ease of aircraft maneuverability around the satellite and

its adaptability to common departasteunge and cheeln functions.
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In the transporteror open apron concepaircraft and aircraftservicing functionsare remotely
located from the terminaDeplaning and enplaning passengers are transported to and from the
terminal by vehicular transpdirtbuses or mobile loungésthuswalking distances are sherin

this configurationOtherimportantadvantageare theflexibility in providing additional aircraft
stands and theasymaneuveringf aircraft ofunder their own poweiThe main disadvantage,
however is thehigh initial, operational and maintenance cassociated with the transporter

vehicles.

As a result of the volatilehanges in civil aviation in the 1970s many airport terminals
expanded in an ad hoc wdg the sameeriod of timgissues related to passenger needs such as
long walking distances, congestion and \iagling became more populaNowadays, thse
haveled tohybrid configurationsadoptedin many airport terminalsvorldwide, where two or
moreof the basic conceptgave benincorporated in the terminal estaleis often the case that
hybrid terminals are the result of expansion over time bkely have different energy

infrastructure and different heating/coolistyategies

2.5 Designconsiderationsfor terminal facilities

The design of airport terminduildingsrequires the consideration of an enormous number of
variables due to thenultitude of activities andstakeholders involvedFirst and foremost
terminal spaces are expectedorovide a good lex of service tall users however planning
anddesign ofthe overall terminal facilityis greatly influenced byhe morerigid requirements

of accommodat i ng Ittishthe later that largefgeterrinestbeesites dhe
apron and gateystem andalong with the nature of airport operation and forecasted passenger

volume it influencegthe overall terminal desigio a great extent

In an industry of litle stability, airport terminals are subject to both internal changes and
external epansions with the pace of change beinguheertain factarThe motive for change
tends to be thaircraft design as it evolvebut airportsalso changéo adapt to passenger loads
growth and optimize operational efficiencyherefore,flexibility is a major objective in the
overall terminal designallowing for the modification of spaces and activities during the

t er mi n al a minichum tosttanditheut disruptingoperations

Various guidelines and standards provide design requirements fonaéispacesOne of the

most widely used,he il ev e | o fLOSk fmmework vea® originally developed by
TransportCanada (TC) inthe 1970ast he def i ni t i athisperod of fimsvarp aci t vy
considered inadequatkn the context of airpottierminal planningLOS is a generakrm that

describes, either qualitativelyr quantitatively, the service provided passengerat various

points within theairport terminal buildingL OS measur e r anguwlerefevelom A A
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fAO is excellentand level iiFo is the point of system breakdow(table 2-1). The standard
assumption is thatirport planners should design f&OS ACO for ordinary usgNeufville and
Odoni, 2003.

Table2-1: Level of service framewokATA, 2003.

An Excellent level of service. Conditions of free flow, no delays and excellent level

A
comfort

B High level of service. Conditions of stable flow, very few delays and high levels of
comfort.

c Good level of service. Conditions of stable flow, acceptable delays and good levels
comfort.

D Adequate level of service. Conditions of unstable flaegeptable delays for short
periods of time and adequate levels of comfort.

£ Inadequate level of service. Conditions of unstable flow, unacceptable delays and
inadequate levels of comfort.

F Unacceptable level of service. Conditions of cifhea's, sysem breakdowns and

unacceptable delays; an unacceptable level of comfort.

Most often, LOS denotabhe degree of congestion or crowding experieratetie passenger @n
baggage processing facilities (figure®, while it may also relate to length of queues, passenger
walking distances and dwell tina these facilitiegHoronjeff et al., 2010ACRP, 201). Most

of these parameteeseevaluated in &erminal design wh the aid of mathematical mdaey.

y 3
Check-in area for single queue {m*/occupant)

LOS A B C D E

Few carts, little luggage, row 1.7 1.4 1.2 1.1 09
width 1.2 m

Few caris | or 2 pieces of 1.8 1.5 1.3 1.2 1.1
luggage. row width 1.2m

High % passengers using carts. 23 1.9 1.7 1.6 1.5
Row width 1.4 m

Heavy flights with 2 or more 26 23 2.0 1.9 1.8

ilems per pas er high cart
u=sage, row width 1.4 m

Circulation Space and Speeds

Location Carts Space m? per passenger Speed misec
Airside Mone 1.5 1.3
After check-in Few 1.E 11
Departure area Many 23 0.9

Single-Quene Passport control
LOS A B C 0] E

mt per passenger in passport 1.4 1.2 1.0 08 0.6
control

Passenger Holding Areas

LOS A B C v} E
Max. occcupancy rate, % 40 50 65 80 a5
capacity

Bag Claim Arca IATA Standard Assumes that 40% of passengers use carts
LOS A B C D E

mt per passenger 2. 2.0 1.7 1.3 1.0

Figure 2-3: IATA Level of Service (LOS) Standards, 2084’ A, 2004 Ashford et al., 2011
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There is a number of design standards used for the desgpecificterminal facilities.As the
design context differssubstantially between airportsno single set of standardsan be
applicableto all airports These standards express subjecjiudgmentsrather thanscientific
facts As suchthey differ between countrigghile they may also differ within the same culture
For instance, a privately managed airpowy prioritize economy and efficiency, whereas a
public owned airportmay beconcernedwith otherissues, such a® trepresent a national or
regional impressive gatewayable 2-2 illustrates thediversity between design standards from
different organizationsThey all provide seatindor about50% of passengers and may allow
more space for seated passengerspractice however, the standards imply different sizes for

departure lounges for identical aircréfteufville and Odoni, 2003

Table2-2: lllustrative differences in design standards for deparsloeinges(Neufville and Odoni, 2003

Standard for
Seated Passengers Standing Passenger Mix, percent

Source of Standard

(m’/passenger) (m’passenger) seated
Aéroports de Paris 15 1.0 50 to 75
Amsterdam/Schiphol 1.0 1.0 50
BAA 1.0 1.0 60
IATA 1.0to 1.5 1.0to 1.2 50

Securityis an extremely important function within the terminal spaces and inevitdghlgnces
terminal design.Since the early 1960s, terrorism threats to civil aviation have become
commonplaceAt first, thesewere asociated with aerial hijackingsut nowadayshe threahas
extended taairport facilities Although securityconsiderationsre of operationalnature, their
implementation hasxtensivelypenetrated terminal design, such that security countermeasures
havebecome a fundamentabmponenin the layout of terminabuildings The demarcatioof
terminak into airside and landsidds a major by-product of gcurity measuresFurthemore,
securityconsiderations areften the motor od hocmodifications inairportterminals.This is

the caseof many terminals designed prior to the provision for aviation secsdhemes

especially at the levels requirethce 200YAshford et al., 2011

The need for ancessions and retail rewams in terminal buildingspose additional
considerations in terminal desigim short, airport operators have five main revenue sources
landing feesconcessions in termirglleasing withair carrier operatordeasing of norairline
services(e.g. car parkg and equipment renta{Edwards, 2005Graham, 2008 Contrary to
expectationsit is not the airlines thatommonlygenerate the bulk of the airpogvenuesFor
typical aiports, landing feesepresent nearly 20% of total earnings, whereasnus made out

of commercial ativities can appoach 506 of total income(Edwards, 200b For examplecar

parks at Stansted yield higher revemsuthan the landing fees while at Heathrowrevenues
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generated fronthe leaseor saleof concessions is one of the principal sources of income, again
exceeding théandingfees.Consequently, the implications of commercial facilities to terminal
design are reflected in thmaximization of the availablepaceallocated for such adfities in

the terminal andhe creation of aconducive to loitering environmemtimed at maximising
dwell time(Edwards, 200p

Airport reputation is largely determined by the quality of the terminal buildings, not just as
architectural entities but in terms of meeting customer né&agscessfully designed terminals
enhance thstatus of airports ante air carriersusing themwhile ensuring a comfortable and
stressfree journey for passengerBhereforethere is a trend towards designing out stress by

creating calm places for contelation (Edwards, 200b

2.6 Common stressors angassengeibehaviour

While the desigrof certain terminal spaceés constrained byhe needs of staff, passengers and
visitors, passengers are considered the most important out of all the terminaFaserany
airports noraeronautical revenues aresabstantial proportion of the overall revenugth the
commercial ones accounting on average for nearly half of all revef@edham, 2000
Therefore providing a comfortable environmemd passengerssian important objective for
airport operatorsThe terminal emironment, however, can be vesiressfulandvariousfactors

may influencepassengecomfortand behavior.

Crowding is acommon phenomenon in airport terminatturing peakhours or oubf-peak
hours due to adverse weather conditions or operatisgaés causing delayg/hen airports
experience aagestion, passengers experiestress Airport terminals arestressful places with
periodicbottlenecks at cheelk, security control, customs, and departure gates. The areas where
stress occurare often the mogthysicallyconfined(Edwards, 2006 Regardless of the specific
environmental and personal factavkich may benvolved, all situations of crowding involve
manifestations of stres§. h e s o rovaihd strek8 cancbeexpressedn the form of
psychologicalor physiological strainPsychological stress can be the resiilthe realization
that oneds demand f or s praroneemetomalengaasoesuliiy av ai
from feelings likelack of privacy. Physiological stress/olves disequilibrium in or@ internal
response system (e.g. increased blood pressure, temperature) andtiggebedby purely

spatial variablesas evidenced in the discomfort of feeling cramfiazb, 1974.

Other stress factors in the terminal environment originate fronepgss activitiegassociated to
terminal functions. In general, passenger activities in terminal buildiage classified into
processing and discretionaifirk, 2013). Processing activities are the necessary actitiibe

completed such ascheckin, security screening and passport control. Discretionary activities
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include all activitieperformedwhile passengers move between processing pdiitteough the
proportion of timespent for these activities variggeatly from one terminal to andher
depending on size and speed of processlatacollectedfrom three airports in Australishow

that passengerspend on average 36% of their dwetime in processing and 64%or
discretionary activitiegKirk, 2013). Throughout theitime at the airport, passengsress levels
fluctuate deperidg on where they are withithe airport process€Scholvinck, 2000Graham,

2008. Elevated levels of negative emotions, including stress and anxiety are experienced in the
periods immediately before and during the completion of processing act{liiesnas, 1997
Scholvinck, 2000Livingstone et al., 2002Accor di ng t o t h ehigherlevaly el s
of stress arexpectedn the checkin, securityscreeningandboarding (figure 24).

¥ Captive customer
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Figure 2-4: Travel stress cwe (Scholvinck, 2000

However, hese are partly supported from a survey conducted in six major international airports.
Based on 2,526 passengers (40% of who were in transit), the results show8ad%haf
passengers considered security checkthasnost stressful, nearly twice as muchaalight

trander (16%), while checkn and bag drop was rated most stressful by 12% of the
interviewees. The samsurveyalso reported thafil os s o f timed and par
missing a flight due to long \itatimes and queues is by far the greatest cause of stress, as
reportedby 44% of interviewees. Other tgfress originsverefiunexpected chang&saccording

to 11% of passengers, followed ffilack of controd (8%) andflack of informatiom (7%),

(SITA, 2013).

Such differencesire reasonablalue to the uniqueness of eaainport terminal.For example,
checkin and security screening may hactionally the same in most terminalbut factors
including terminal capacity, nature of traffic and speegafsengeprocessing differentiate
passengeperception and behavia In addition, passengéehaviar itself variesaccording to
the purpose of trip, the flight logistics and the type of fligkghford et al., 1976Weston, 2004

16



Ashford et al., 2011 For instance, with respect to the purpose of travelling, business passengers
tend to pend less time in the terminaénd agevealedby a study conducted in foairports in

the UK, they are also less wihg than leisure passengers to wait at passport control (84% vs.
63%), security (57% vs. 38%) and cheonKast bag drop (58% vs. 30%Moreovet the same
survey reported that those who were flying with afnilts air carrierwere no more willing to

accept longer waiting times than those flying with a-§ealtvice airlingd CAA, 2008.

2.7 Indoor environmental quality in airport terminals

Beyond thefunctionsand common stressoessociated tdéhe nature of airport terminalghe
indoor conditionsare an integratlementof passenger experienaada keycomponenfor the
satisfaction of terminaémployeeswith ther workspace Indoor air quality (IAQ)is often the
most popular among the different aspects of indoor environmental quality éé@fp@ssedn
a i r pmastersplans and sustainabilitgports It encompasses issues relatedniizrobial
contaminantsgases such as carbon monoxide (CO), carbon dioxidg @@ volatile organic
compounds (VOCs) and particulatidst caninduce adverse health conditiodd this type of
facility, most issues relating to IAQ ariss a result ofumes and odour from kerosebased

products entering the terminal building through air istaitstems and air handling units.

Researchon the indoor environmental quality (IEQ) in airport terminasvery limited.
Neverthelesscertainconclusions that have been drawn from studies condsgteématically

in a number of other building typesan beof high importance for the airport terminal
environmentThermal, visual andcousticenvironmentlong withindoor air quality have been
well documented to impact occupant satisfacffdamphreys, 2005Astolfi and Pellerey, 2008

Lai et al., 2009Wong et al., 2008 Yet, satisfaction with one or morenvironmental aspexof

the building performanceoes not necessariljield satisfaction with theentire environment
while the individual IEQfactorsdo not contributeequallyto the subjectiveassessment of the
indoor environmen{Humphreys, 2005Bluyssen et al., 2031Along with the environmental
parametersa number ohon-environmental factors can influence occupant satisfaction; among
others the space layout and size, view, aesthetics and occupant control over the indoor
environmeni{Veitch et al., 2007Choi et al., 2009Bluyssen et al., 2031

Studies conducted in a number of different boddtypes have reported divergimgsults in
respect to the IEQ attributes that impawerall satisfaction the most. Thésiggestsamong
others the plethora of factors involved the subjective judgment of ranking the important IEQ
factors.Frontczak et alinvestigated whiclsubjectively evaluatetEQ factorsaffect occupant
satisfactionthe mostin office buildings while taking into consideration the effectbaflding

features The results revealed that the thmest important parametergere the amount of
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space noise level and vigal privacy.Among the environmental factors noise level andnd
privacy were the most significant, followed by temperature, amount of lightaanguality
(Frontczak et al.,, 2012 A comprehensive literature survey conducted by Frontczak and
Wargockiaddressedtudies conducted in different building types including schools, residences
and office buildings. The studgported thathermal comforis ranked to havalightly higher
importancecompared toacousticcomfort and satisfactiowith air quality, and considerably
higher importancehanvisual comfort(Frontczak and Wargocki, 20}, thoughthis finding is

not universal amongll the studiegxaminedfigure 25).

Astolfi & Pellerey (2008)
(renovated classrooms)

Astolfi & Pellerey (2008)

Wong et al. (2008)
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Lai & Yik (2009) “% Choi et al. (2009)

Lai & Yik (2007) Humphreys (2005)

Lai et al. (2009)

------ air quality = - -acoustic conditions

—thermal conditions === visual conditions

Figure 2-5: Ranking of importance #EQ attributes for overall satisfactiohjgher number indiates higher ranking
(Frontczak and Wargocki, 2011

Other researcherfiave demonstrated thahe perceivedsignificanceof IEQ attributesvaries
upon different psychoplsycal factorssuch as gender and time spent in the buildlraj and
Yik, 2007), as well as between building$ the same typén different countriegHumphreys,
2005. Additional influencing factorshave been seen ime distance between workplace and
window, country of originJevel of education, type ofob, psychosocial atmosphere at work,
time pressurgtype of building and whether a person iscagupant o visitor (Lai and Yik,
2009 Frontczak and Wargocki, 2011

Moreover, studies have revealed thathen occupants are momtissatisfied with agiven

condition the latter is considered to be lifjher importancdWong et al., 2008Lai et al.,

2009, though this finding is not supported by other studiestolfi and Pellerey, 2008 hoi et

al., 2009 Frontczak and Wargocki, 20lLFur t her t o thi s point, Ki m
model (Kano, 1984, developedformerly in the marketing domia, to analyse a large dataset

from 351 different office buildings ith different ventilation typeacross various climate zones
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and countriesThe study categorized 15 IEQ parameters in question into basic, bonus and
proportional factorsBasic factors are thosexpected by occupants, thus are regarded as
minimum requirements whose absolute magnitude of theimpact resulting from
undeperformance is greater than tingpact resulting from positive performandonus &ctors

are not normally xpected by occupantso the absolutevalue of the impact on overall
satisfaction resulting frompositive performance is greater than that resulting from
underperformance Proportional factorsi mp a c t occupant so sati sf ac

proportionaly depending on their performance level.

The study demonstrated that the influenceamfindividual IEQ factodepends on whether the
factor in question is delivered at a satisfactory level or (koin and de Dear, 2012b
Subsequently, Kim and de Dear distinguished betwieebuildingswith different ventilation
types and showedhe different expectations on IEQ factors between occupantsturally
ventilated, mixed mode and daiondiioned buildings In naturally ventilated buildings
temperature was found to be among the bonus factors. On the cotfteanggative impact of
thermal performance in AC buildingsegression coefficient ¥ -0.22) wastwo timesgreater
than its positivampact(regression coefficient+ 0.11)as shown in figur@-6, suggesting that
temperature is among the basic factarsd thus a minimum requirementAC buildings(Kim
and de Dear, 2012a

Regression coeflicient

040 HO.B2¥

Figure 2-6: Positive (unshaded) and negative (shaded) impact of IEQ factors on overall workspace satisfaction in AC
buildings(Kim and de Dear, 2013a

IEQ in airport terminals has been addressed by a single. dtudgs ®nducted in three Greek
airportswhere a tandardied questionnairevas usedo collect subjective data ofEQ from a
total of 97 employees and 188 departing passengérs.results highlighted the different
aspects of IEQ concerning the usefshe three terminduildingsandreveaéd highly different
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satisfaction levelswith all IEQ parameterdbetween the twgopulationgroupsin all three

airports (figure 27).

For instance, ironeof the airportqairport A), thermal dissatisfaction in summeas the most
significant issue among employedise to low temperatures prevailiiig most airconditioned
spaceswhereas for passengers that whs nonuniform and insufficiat lighting in certain

areas, and thexcessivelighting with glare issues in otheiThis finding underscoreghe

importance of dwell timén the way the two papation groups perceive the indoor conditions.

Towards the same conclusicare theresults reported for airport BThe percentage of
employeesdissatisfiedwith the thermal andacousticenvironmentwas double than that of
passengefs and three times highen respect to the lighting environmer&imilar are the
findings from airport Cwhere nearly half the passengesmsredissatisfiedwith thelighting and
acousticenvironment, whilefor employeeshe overall IEQwas problematic(Balaras et al.,
2003.

Airport A Airport B Airport C
Emplovee Responses
THERMAL THERMAL THERMAL

COMFORT COMFORT COMFORT
o0% [ 100%

3 AIR QUALITY NOISE — - AIR QUALITY NOISE ——— et~ “— AIR QUALITY

LIGHTING LIGHTING LIGHTING

Passenger Responses

THERMAL THERMAL THERMAL

COMFORT COMFORT COMFORT
100

3 AIR QUALITY NOISE s 3 AIR QUALITY NOISE - ——4-8%1—— % AIR QUALITY

LIGHTING LIGHTING LIGHTING

Figure 2-7: Percentage of employees and passengers satisfied with the emosnmental quality at three Greek
airports (bold line is the average value, light grey is the minimum and ligbkli$ the maximum valyéBalaras et
al., 2003.

Different wluntary assessment schemliesve emerged in different countriégs enhance
building environmental performanc&epresentative examples incluthe Building Research
Establishmentds Environment adveloped byhe Buiting t
Research EstablishmemBRE) in the UK and theLeadership in Energy and Environmental
Design (LEED)developedn the U.Sby the Green Building CouncgUSGBC) IEQ is among

Me i

the five categories of the LEERssessment system and included indhet egory o6 Heal
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We | | bia BREBAM. Several airporteowadayshaveachieved relevant certificatiomhile

more havdncorporaté actions aimed to improve building performarnieeheir environmental
agendaNotable examplés theLogan Internationairportin Bostonwhich was the firstJ.S.

airport to receive LEED certificatioafter anextensive redesign of Terminal iA 2006 The
redesignincludeda roofing membrane and pavinigat reflect solar radiationrand systems for
daylighting, water conservation and waste recyc{fi@G, 2009. Also, Terminal B at Mineta

San Jose International AirpcearnedLEED silverin 2010for its focus on water conservation

and smart heating, cooling and lighting systé8iC, 2011 I n the UK, Heat hr o
was the first airport terminal awarded with a BREEAding for its sustainable building design
(Heathrow, 2014

2.8 Conclusions

As a result ofhea v i a trapid deGetopment in the 20dentury airport terminal buildings
expanded in various forms driven primarily from the evolution of aircedtgnand the need to
accommodate the increased number of passenBets.basic terminalconfigurationswere
developedover the yearghe linea, pier, satellite and transporter, each with its own advantages
and disadvantages. Nowadays, most airport termadgt hybrid conceptand have become
complex structuresThis complexity is reflectedn the interactiveand dynamicenvironment
aimed ataccommodating the needs of the different stakeholbite influenced by security

and commercial considerations.

As every terminal building isnique the parameteraffecing passenger behavioare foundn

the most common feature between terminal buildings; the functions.Passengers often
experience stress which #wates during their dwell timand is usually elevated immediately

before and during the processing activitiestentially stressful spaces artdess factorsuch as

time, queuing andecurityscreeningare taken into account in this study as they méyence
peopleds perception and pr alfcenditomsdle lattevleave t he
been shown tdave a significanimpacton occupant comfort and satisfactioma number of

studies conducted in other building types. Therefore, the indoor environment in airport
terminals plays a key role in passengerxperience and in emploges 6 sati sfacti

workspacewhile the two groupgresentifferentsatisfaction legls with the IEQ parameters.
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CHAPTER 3: COMFORT CONDITIONS IN AIRPORT TERMINAL BUILDINGS

3.1 Introduction

This chaptersets up the linkbetween thendoor environment in terminal buildings and the
conceptof thermal comfort The importance of a thermally comfortab&vironmentand its
multi-aspechaturein terminal buildings araddressed at the beginning of the chagteermal

and nonthermal parameters affecting comfort are presented, followed by an overview of the
two dominant approaches in tfield of thermalcomfort. Lighting and indoorCO, levels are
discussedand the chapter closes with a discussion on the existing coonitentia for airport

terminal buildingsand the related studies conducted to date.

3.2 The context ofthermal comfort in airport terminals

Experiencing t he amongthg mdsimpogantpcensiderations éatcuparss
(Griffiths, 1990. Whether thereference building isesidential, health careducationalpffice

or airport terminalthe objectivesof field thermal comforstudieslie in theidentification of the
indoor conditionsthat aresufficienty acceptabldor occupantsand extend to the associated
energy use in the case of mechanically conditioned buildiAgport terminals, however,
possess unique combination of characteristics which elevate the provision for thermal comfort

to a particularly complex challenge

With the exception of some small regional airports, mdrgtods today rely exclusively on
mechanical system®r the conditioring of terminal buildings Terminal spaces are of large
volume and openyith nonuniform heat gains andften with extensive glazingreage.g. glass
curtain walls)aimed atproviding natural light and aesthetically attractive facilitiEsom an
operational perspectivegirport terminalsexperiencetransient occupancynd feature long
operationalhourswhich can reach24/7 all year round.They are unique in that thenill be
times ofvery low occupancy and times of peak occupanbijch canalternate several times
day. The occupancy volumesnd transient use of terminals are also weatlependentadverse
weatherconditions can result in delays in departirfights which in turn increaseapidly

occupancy loads.

As a resultHVAC systemgonsumedarge amounts of energhat can exceed 40% of thedb
electrical energyExcluding smalker systems such athose providingdomestic hot water,
HVAC systems consumalso nearly all the natural gas used at an airg&®€RP, 2010h
Representative of the emyy scale requiredor the conditioning of terminal buildings are the
figures from Manchester and Bangalore airpoffigure 3-1), where HVACaccouns for more

than halfof the total energy use.
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Figure 3-1: Energy end use breakdown at (a) Manchester airport, Wanchester, 2007 and (b) Bangalore
International airport, India(Reddy, 2014

Beyond the energy standpqgiandunlike other building typesairport terminals are uniquef
the large and diverse population handled a daily basisThey are also characteristic for the
diversity of spaces which is mosften a result osuccessivaefurbishmentsand expansion
schemes over the yearsloreover,the unique nature of terminals reflectedin the broad
assortmenbdf heterogeneoutunctions performedacross the different terminal zoneanging

from checkin andsecurityto retailand baggage reclaim.

As a result a variety of indoor thermal environments ex@swithin the terminalareas where
thermal requirementsnay vary from space to space depending on the nature of activities
undertaken, the number and type of people involved and the available adgymoréunities

Yet, the indoor microclimatic conditions are expected to provide a comfortsvieonment to
shortstay visitors €.g.well-wisherg, a comfortablevorking environment to theerminal saff,

and at the same tinge comfortable transient environment to passengersumber of factors
such asvariation inadaptivecapacity clothing and activity levels, time spent in the terminal
and expectationen the indoor environmemlifferentiate the thermal requirements between the

population groupsoftenleading toenergywastage anthermal comfort conflicts

While shortstay visitors may bdisregardedasa target grouglue totheir limited dwell time in

the landside facilities, a thermally comfortable envinment is of high importance for
passengerand staff For thelatter, this is directly linked to weHbeing and productivityAn
extensive literature reviewxists on the relationship between the thermal environment and
productivity (Wyon et al., 1973 ClementsCroome, 2005 Studies havedemonstratedhat
moderate heat stress can influence negatively thermal perforriyosm, 1996, while other
have reported a temperature threstadddve which productivity washownto drop(Niemela et

al., 2002. Moreover,optimal performance levels for office employédese been identifieds a
function of indoor temperature and thedmsensation votefigQure 32). McCartney and

Humphreys found that perceived productivity of office employees is not influencdtieb
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actual temperature itself, but by the déperce
shown that perceived productivity drops whe
¢ h a n(gaCartney and Humphreys, 2002
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Figure 3-2: Relationship betweemelative performance of office employeesd (a) thermal sensation vote
(reproduced by Jensen et al., 20@@d (b) temperaturéSeppanen and Fisk, 2005

The indoor thermal environment is among the subjective criteria for the evaluation of the overall
quality of an airpor{Correia et al.2008 and one of the neprocessing vdables determining
passemgermdénal experience. As a result of ai
to businesses, passengers are considered as the major source of airport revenues during their
sty in the terminal and thus the maximum accommodation of their needs, including the
provision of a comfortable indoor thermal environment, is a key objective of the terminal

operator.

3.3 Thermal comfort parameters

The key variableaffectingthe subjective sensation of warme classifiedinto environmental
andpersonal.Constituting the thermal environmenhet evironmental parameters includee
air temperaturgadiant tempetare, air movement and humidiyhile the peronal factors refer

to metabolicheat productiomand clothing(figure 3-3).

All six factors may be independent of each / .

other and may vary with time but it is their A/ir Tel'f;il'z;m :ir

combination that contributes to thermal i Motr‘e:m

comfort in the built environment. The é -

environmental variables affect the human ”"t‘“’“’ s

body simultaneously i~/ @ oneods

influence depends on the levels of the othet
Figure 3-3: Sx basic factorghat impacthermal
parameters. comfort.
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3.3.1 Environmental

Air temperature, or more precisely the dry bulb temperature, determines the convective heat
dissipation together with the presence of air movement. Radiant temperature, however, has a
greater influence omhe heat exchange between the human body and the environment. The
radiant exchange depends on the mean temperature of the surrounding surfaces, weighted by the
solid angle subtended by each surface. The expression most frequently used for the calculation
of the mean radiant temperature is that for a standard globe by forced conykfon726,
19998:

4 4 CXo ¢® pm 684 4 T ¢xo (1
where T, and T, the globe and air temperatufEhe drybulb and mean radiant temperagire

may be combinedhto the operative temperatudefined as:
Y OY p o 4 (2)

wherethe constanfieo is the ratioh. / (h. + h) with h, and h being thesurface heat transfer
coefficients by convection and by radiation respectigg¥ym'?-K'"), and equals t0.5 if V <
0.2 m/s, t0 0.6 if 0.2 <V < 0.6 m/s and to 0.7 if 0.6 < 1.8 m/s.Operative temperature
combines the effects of air and meadiant temperaturand is the metric most commonly used

to definecomfort zones in the built environment.

Air movement is expected to be well controlledniiechanically ventilateduildings. It isan
important variable as it reduces theo d guéfaxe resistance and influences the convective heat
exchange between a person and the environment. In warm or Bomidnmentsthe presence

of air movement can increase convective heat loss without any change in the air temperature,
whereas in cool environments may be perceived as dralgigeneral, themaximum air

velocity to ensure indoor thermal comfortd® m/s as per ASRIAE (ANSI/ASHRAE, 2004

and 0.3 m/s according to CIBSEIBSE, 2008. On the other handiery low orabsence oéir

movement may cause the sense of stuffiness in mechanically heated spaces.

Humidity canbe expressed as relative or absolidewever, t is the absolute humidity

expressed as wateapourpressure inthe airt hat i nfl uences the bodyoéd
At moderate temperatures (< 26) and moderate activity levels (< 2 met) tmfluence is

rather limited. In moderate environments humidity has only a modest impacteonath
sensation. Typically a 20 higher relative humiditys felt to be as warm as a 0@ rise in the

operative temperatu@SO 7730, 200p For higher temperatuseandactivities,the influence is
greaterHumidity canalsohave a significant influende transient conditionSO 7730, 200b

Levels within the range of 400% are typically acceptabl¢CIBSE, 2009 but this varies

between different building types.
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3.3.2 Personal

Metabolic heat productiodepends to a great extent on the activity level. Most of the energy
generated in the body measurable as heat while some is used in performing mechanical work.

Accordingly, the metabolic heat productifil) is expressed as:
O 0 o o

whereM is the metabolic rate and/ the mechanical efficiency ahuscular work (useful work)
which usually ranges between 0 and 20% of(Navenith et al., 2002 For the low activities
performed in most types of industrial work W is very small and regarded as nil, thus the

metabolic rate is typically assumed equal to the rate of heat production.

The metabolic rate is a keleterminant of the comfort or the stragsulting from exposure to a
thermal environmentn the airport terminal environmeittis of significant importancgeasthe

indoor conditions are expected to cater for people engaged in different actRémgsenting

the conversion of chemical intilhermalandmechanicaknergy, the metabolic rate measures the
cost of muscular load and gives a numerical index of actii8® 8996, 200% descibed in

terms offi me t 0 ; 1 nféQagge et &.8194MMetabolic rates of different activities are
provided in table 3. As metabolic ratencreasse above 1.0 met, the evaporation of sweat
becomes an increasingly important factor for thermal conffdSI/ASHRAE, 2004. Based

on steadystate models, studies have shown that shifting from seated to standing/walking
activity increases the metabolic rate by an average of 0.3 met, which ultimately results to a

change in preferred temperature of about 2.40IEsen, 2000

Table3-1: Metabolic rates of different activitiesqurce: ISO 7730, 2005

Activity Metabolic rate
W/m? met
Reclining 46 0.8
Seated, relaxed 58 1.0
Sedentary activity 70 1.2
Standing, light activity 93 1.6
Standing, mediunactivity 116 2.0
Walking on level ground:
2 km/h 110 1.9
3 km/h 140 2.4
4 km/h 165 2.8
5 km/h 200 3.4
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Metabolic rate is most accuratedgterminedhrough laboratory studies, by measuring oxygen

or heat production while participanperform specific activitieslt can also be determined by
measuring participantsd heart rate and compa
for specific ativities (Havenith et al., 20020lesen and Parsons, 20030 8996, 2004

However, these methods are tht@nsuming and impractical to use in fiedalidies Therefore

metabolic rate is commonly estimated from tables of met rates for specific activities that have
been developed in laboratory studiadSI/ASHRAE, 2004 1SO 8996, 2004

Clothingis an important modifier of heat and moisture Ifyesn the skin surfacelhe principle

behind all clothing is that dfapped air within the layers ¢bric; the insulation properties of
clothing are due to the presence of a large number of small air pockets between interlacements
of warp and weft yarns preventing air from migrating through the matmhg, 2011L
However, the thermal insulation depends on a number of factors incltiditigness and
number of layersfibre density,drape,flexibility of layers and adequacy of closureEhe

thermal resistance of heat transfer from the body to the environment is the sum of three
parameters: the thermal resistance to transfer heat from the surface of the body, the thermal
resistance of the clothing material and the thermal resistance of the aayeté@duang, 2006

Song, 201}

Clothing insulationis expressed in terms df ¢ | uaity which is equivalent to an insulating

cover over the whole body with a transmittancev@lue) of 6.45 W/m2K (i.e. a resistance of
0.155m*KM)The unit is based on the insulating va
suit in 1941and corresponds t@ person waring a typical business suit shirt, undershirt,

trousers and suit jackéGagge et al., 1941A clo value of 1 is defined as the amount of
clothing required to mintain comfort ad mean skin temperature of 3& in a room
temperature of 21 °C, with air movemar to 0.1 m/s, humidity not over 50% aradttivity

level of 1 met The addition of another 1 clo allows a reduction in air temperature of about

approximate} 7.2 °C without changing the thermal sensaf®ong, 201}

Table 32 provides clothing insulation valued various clothingensemblesSuchinsulation

tables are based on laboratory studies, usually using thermal manikins in conditions of still air.
Some studies assume an average clo value depending on the season and climate of the study
location, whilemore detailed onemake use of a garmeohecklist to estimati separatelyfor

each participantExisting guidelines and standardddres<clothing predominantly for design
conditions. In most casegthe recommended temperature ranges assume clothing insulation of
0.5 clo for summer and 1.0 clo for winf&&/NSI/ASHRAE, 2004 ISO 7730, 2006
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Table3-2: Thermal insulation for typical combinations of garme(surce: ISO 7730, 2005).

Work clothing Iy Daily wear clothing Iy
clo m2 - KW clo m2 - KW

Underpants] boiler suit, socks, shoes | 070 | 0,110 |Fantes T-shit shorts. fight socks, | 559 | 050
Underpants, shirt, boiler suit, socks, Underpants, shirt with short sleeves,
shoes 0.80 0.125 light trousers, light socks, shoes 0.50 0,080
Underpants, shirt, trousers, smock, Panties, petticoat, stockings, dress,
socks, shoes 0,90 0,140 shoes 0,70 0,105
Underwear with short sleeves and :
legs, shirt, trousers, jacket, socks, 1,00 | 0155 ;’r:‘c?:sm'ear' shirt, trousers, socks, 070 | 0,110
shoes
Underwear with long legs and 120 0.185 Panties, shirt, trousers, jacket, socks, 1.00 0.155
sleeves, thermo-jacket, socks, shoes ' ' shoes ' ’
Underwear with short sleeves and
legs, shirt, trousers, jacket, heavy 140 0.220 Panties, stockings, blouse, long skirt, 1.10 0,170

quilted outer jacket and overalls, jacket, shoes
socks, shoes, cap, gloves

Underwear with short sleeves and
legs, shirt, trousers, jacket, heavy
quilted outer jacket and owveralls,

Underwear with long sleeves and
2,00 0,310 |legs, shirt, trousers, V-neck sweater, 1,30 0,200
jacket, socks, shoes

socks, shoes

Underwear with long sleeves and

legs, thermo-jacket and trousers, Underwear with short sleeves and

Parka with heavy quitting, overalls 255 0,395 |legs, shirt, trousers, vest, jacket, coat, 1,50 0,230
with heave quilting, socks, shoes, socks, shoes

cap, gloves

3.3.3 Other contributing factors

In addition to the independeanvironmental and personal factors influencing thermal comfort,
othervariablesmay also have some effect. These are generally considered secondary factors and
include the state of health, body shape, consumption of food and difimfsiences the

metabolic rate)age and gendenddegreeof acclimatisatior{Auliciems and Szokolay, 2007

Shortterm physiological adjustment to altered conditions can be achieved-iB3@mninutes,

but there are also loAgrm, endocrine adjustmentdich may extend beyond six months which
constitute the acclimatigion process-rom a physiological point of viewljfferentbody shapes
presentdifferent surfaceto-volume ratios and therefore allow for different heat exchange with
the environmentA more rounded person would prefecaolertemperature, partly because of
the lower surfacgo-volume ratio, but also because subcutaneous fat is a good insulator
(Auliciems and Szokolay, 2007

With respect to ge and gendeand their effecin thermal sensatioand preferencegsults from
different studies are contradictory. According to Auliciems and Szgkdtder people tend to
have a narrower comfort range awdmenusually prefer a temperature 1 K higher than men
(although some authors contend that this is due only to clothing differér{éegiciems and
Szokolay, 200y, Otherstudieshave found that astandard clothing andctivity levels, ageis

not a significant differentiating factgRohles and Johnson, 19 Dear et al., 199and that
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the lower metabolism in older people is compensated by a lower evaporatiyEdtss and
Hoinville, 198Q CIBSE, 2006.

The skin temperature and evaporative loss of females are slightly lower than in males and this
balances the marginally lower metabolic rate of females. The explanation for the higher
temperature preferred by females, as shown in some studies, may be the lower thermal
insulation provided by some clothing ensembles worn by wdi@&SE, 2009. In his climate
chamber studies, Fanger reported that females were more sensitive to a deviation from the
optimum temperature but found no significant difference in the preferred temperetweseb

males and femalegFanger, 1970 Another laboratonbased studyfound few gender
differences in thermal comfort responses for neutral and slightly warm conditions but females

tencedto be cooler than males in cool conditigRarsons, 2002

Themal comfort as function of gendenas been also investigated in several field stuttiesn

office study, Cena and de Deeeported that there were significantly more expressions of
thermal dissatisfaction from females, however, there wéteadifferencefound (particularly

in summer)in thermal sensatiofCena and de Dear, 2001 study conductedn homes and
offices found that females were less satisfied with the indoor temperature in both summer and
winter (Karjalainen, 200y, and similar was the conclusion of another study in office buildings

where significant gender differences were found only in suni@lewi et al., 201D

3.3.4 Local discomfort

Further to the environmental factors affecting thermal comftbetmal dissatisfactiomn the

built environmentmay be caused frortocal discomfort as a result of vertical temperature
differences, warm or cold floors, asymmetric thermal radiation andghts. Warm or cold

floors are a concern only in applications where occupants are barefoot. Vertical temperature

differences can ban issue when thegxceed 3C betweertheankleand headevels.

Asymmetric thermal radiatiomay lead to local cooling or heating when the body exchanges
radiation with adjacent cool surfaces (e.g. cool windows) or hot surfaces (e.g. overhead lighting)
respectively.Intrusion of shortwavelength radiatiorsuch as solar radiation thiglu glazing

may also result in local discomfobraughts aréhe most commormwawse of local discomfort

and one of the most common problems encountenedirport terminal bildings due tothe

large entranceways, high ceilmgnd long passageways which have openings to the outdoors
(ASHRAE, 1999. Studies have shown that dissatisfaction frir@ughs is not only a fundgon

of mean air speed and loaaf temperature, but also otifituations of air speed in which people

are particularly sensitive when the fluctuatioequency is 0.30.6 Hz(CIBSE, 2006.
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3.4 Thermal comfort approachesi an overview

A large number of experiments have been conducted on human response to stieratial

Research on thermabmfort began early in the twentieth century when Haldane (1920) studied

the relation of high temperatures and work to sweatvigss, 1923. In 1923, Houghten and
Yagloglou investigated the impact of weather on employee balraaial attempted to define

t he 0 c o mfHoughton aml rYagfoglou, 1923Few years laterVernon and Warner
substituted the drpulb with the blacilg | obe t emperature introducirt
t e mp e r (¥ernomn, £980 Vernon and Warner, 1932and similarly toBedford (Bedford,

1936, they carried out empirical studies on factory employéégaslow, Herrington and Gagge

studied the physiological reactions of the human body tgingutemperature level@Vinslow

et al., 193). Theseand otherearly studiesunderpinned thgesearchpathwayson thermal

comfortin the followingdecades

Thes c i e cominuphity haslevelopedknowledge on indoothermalcomfort for decades and

the most important outcomes stand adaysas the basis of national and international
standardsIn such standardgshermal comfortis defineda s 66t hat condition
expresses satisfacti on(ANBI/ASHRAE,I2@GD4IEh7a30n280b e n v i
As the definitionimplies thermal comfortis a cognitive processthat involves a number of

inputs influerced by physicalphysiological, psychologicaind other factorsThese factors

have been the theme of controversy between the different approacheslominating the

developnent of thermal comfort researdhe heatbalance and the adaptive.

3.4.1 The heatbalance approach

The heatbalance approaclies on the combination of thdweat transfer theory and the
physiology ofthermoregulation to determine trenge ofcomfortableindoortemperaturesThe
underlying premise is that the effects of the thermal environmergxptainedexclusively by

the physics of heat exchanges between the body and its surroundings and ttiergferson is
viewedas a passive recipient tfe thermal stimuli.The humarbody exchanges heat with its
environment via convection, conduction, radiatéom evaporatioand it is in a state of thermal
equilibrium with its environment when it losesd gains heat with exactly the same .rate
Mathematically the relationship betwee t he bodyds he atherheatgainect i o
and losses is given in theasic fomula (4 below, where M is the metabolic rate, E the
evaporative heat gain or lossth radiant heat exchange, C the conduction and convection rate
and S the bodydat storage rate

Heat production = heatlossor O Y 0 Y 4)
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This approach is based on extensive experimental research conducted in controlled climatic
chambersprimarily from the pioneering work of Fanger in thi®60s.Under the premise that

heat balance is influenced solely from the mean skin temperature and sweat rate as a function of
activity levels, Fanger derivedl linear relationship between sweat rate and activity levels and
anotherbetween mean skin temperature and activity levElge substitution of these two
formulasinto heat balance equatiomssulted in the firsctomfort equationwhich was then
correctedby combining data from Nevins et #Nevins et al., 1966 McNall et al.(McNall et

al., 1967 and resulted in the widely usg@dedicted mean vote (PM\iidex PMV predicts the

meanthermal sensatioof a large group of people and it is expressed as:

Dw ™ NAGDiop Tm8IC P (5)

C2

DOPTMNMWROA MIoowWd © T8 p X0 ® (6)

(]

where L is the bodyodés ther mal | oad, define
production and heat loss to tleavironment.PMV was then incorporated into the predicted
percentage of dissatisfied (PPD) indégure 34) which predicts the percentage of people who

are likely to be dissatisfied with a given thermal environnfeguation §.

PPD

60 —

40 =

30 -

20 —

-4 | | | | 1 1 | |
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Figure 3-4: PPD as function of the PMV index.

3.4.2 The adaptive approach

The adaptive approaclexpresses the natural tendency of people to adapt tdhdrenal
environmenfand its changesnd contrarily to the hedialance approaciht is based on findings
from field surveysltsf undament al pr emi se isach ashaprodudel f a

discomfortpeopl e react in ways which tend to rest
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This approachemerged in the 1970s in response to the oil sh@ekantain et al., 1996In

1973, Nicol and Humphreys challendehe steadystate theoriegnd introducedthe adaptive

comfort theory(Nicol and Humphreys, 197 3tating that

fiwe would like to suggest a different approach, namely that use be ofatthe adaptive

principle. If a selfregulating control system is working secure thermal comfort, the whole

system will in any case tend towards its own optimum. The problem then becomes one of

providing circumstances in which it may do so easily

eSo, in spite of

i ts

investigating thermal comfort as a sedfgulating system o

di sadvant ag eal method o

Continuing this work, Humphreysonducted a metanalysis of a large datasibm earlier

comfort studiescarried outworldwide The well-known plot of indoor comfort temperatures

against the outdoomonthly mean temperatur@igure 3-5) demonstrad the influence of

outdoor weather othe behavioural adaptation to the indoor environmemd revealeda clear

division between occupants freerunning and heated/cooleduildings (Humphreys, 1978

i e

For both building typescomfort temperatures were related to outdoor temperature over a

considerable range, resulting imeanarkably strong and lineaglationship between the tworf

the free-running buildings and in &urvilinearalgorithm for the buildings thatere heated or

cooledat the time of the surveys.
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improved comfort conditionfAuliciems, 1984. Field studies conducted in tii@lowing years
confirmed this proposal and showed that there is a definite relationship between indoor comfort
and outdoor condition@icol et al., 1999

Although the validity of PMV has beewerified by studies in climate chamberfgld studies
haverevealed a wider range of comfortable temperatimdigating that occupants armore
tolerant of diversity in thermal environments(Humphreys, 1976 McINTYRE, 1980. In
addition, it has beendemonstratedhat PMV is often an inaccurate predictor of thermal
sensation in field studieassuggested byhe systematic biafound between the pdicted and

actual comfort votén many studie$Humphreys, 19940seland, 1995.

The research that followed in the negwfyearded to the proposal of a new adaptive comfort
standard for naturally ventilated buildings and to its incorporation attemative to the PMV
based methoth the international standardde Dear and Brager, 200De Dearshowedthat

PMV overpredicts the subjective warmth in warm environments and concluded that the index
may besatisfactory for aiconditioned building but not fornatural ventilated buildings were

temperatures were high@e Dear, 1994de Dear and Brager, 1908

Moreover Nicol and Humphreyssuggestedhat the discrepancies between PMV and actual
mean comfort vote occualso in airconditioned building but are masked from the narrow
range of environments. More specifically, thesportedthat 49 out of 101 aiconditioned
buildings in theirdatabaséfigure 3-6) werefound to have a bias outside the confidence limits,

63 had bias of more than +0.25 ASHRAE scale units and 1 had bias of more than 1 scale unit
(Humphreys and Nicol, 2002The biasof PMV in field studies has been attributed to a number

of reasons, with the most important being that PMV ignores the adaptive capacity of building
occupantsas well asa wide range of other factors such demographics (age and gender, thermal

history) andocaupantexpectations.

3
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bias (pmv-ashrae vote)

MM
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Figure 3-6: Bias in PMV in naturally ventilated, mixedode and aiconditioned buildinggHumphreys andlicol,
2002.
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3.5 Adaptive modes of thermal comfort

With the introduction of the adaptive comfdfteory the term fiadaptatiod in the thermal
comfort contextis usedto describe the actions people undertake and the processes they go
through in order taeach a balance between their thermal requirememtsthaeir immediate
microclimate. The adaptive opportunities can be broadly classified into three categories:
physical, physiological and psychologicBrager and de Dear, 199&likolopoulou and
Steemers, 2003

Referring to longterm (days or weekgcclimatisatiorand to genetic adaptatiophysiological
adaptationapplies more to extreme conditions rather tham tomntrolled indoor environment

such asan airport terminal buildingIt involves the changes in the physiological responses
which are the result of a repeated exposure to a thermal environment, leading to a gradual
decreased strain from such expos{M&olopoulou and Steemers, 200&tudies have shown

that the acclimatisation process starts from the first day of exposure and progresses rapidly to
full devdopment by tle third or fourth day, providetthe heat exposures are sufficiently setee
elevate core temperaturesonger periods have been found to be required for cold
acclimatisation or for passive exposures to heat in the course of normta-dimysedentary
activity (Brager and de Dear, 1908

On the other hand, theomplexcontext of gychological adaptatiofinds more applications in

the airport terminal environment, wherpsychological factors based on experience,
expectations, time of exposure, naturalness and perceived ¢anfheéncethe interaction
between occupants and thermal environm8hbrtterm experiencedetermineshe dayto-day

changes in expectations, while the letegm experience constitutes the developed schemata in
peoplebds mind that affect their (Nkblapéouloweand f ac
Steemers, 2003Both forms of experiencplay a key rolen the modulation of expectations

which in turn affects greatly the perceptionon thermal environmentsThus, expectations
influencep e o p | e 0 son whht@mu epvironment shoulek like and not necessarilyow it

actually is.In free-running buildings occupants expectariablethermalenvironmentwhereas

a narromemperatur@angeis expectedh air-conditioned buildings

Time of exposurds also a critical factor in the thermal comfort contéXiicol, 2009 as
discomfort is not viewed negativelytiie exposure to it is sho(Nikolopoulou et al., 2001or

the individual anticipates thattiis temporary (Nikolopoulou and Steemers, 2003
Uncomfortable conditions caused naturally may also be handled with increased levels of
tolerance. This isexpressedby the term finaturalness .employed by Griffiths to describe

p e o pHighebtalerance of wide changes in the physical environment given they are naturally
causedGriffiths et al., 1987Nikolopoulouand Steemers, 2003
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Furthermoreit has been a common conclusion of many studies that the indicioluabl plays

a key role in comfort and satisfactioffrountain et al., 1998Mahdavi and Kimar, 199%, and

that the impact of perceived control in the determination of thermal comfort assessments is of
equal importance to the thermal variabl@aciuk, 190). Leaman and Bordas have stated

a c ¢ or dPeoplelase :mord forgiving of discomfort if they have some effective means of
control over alleviating it. However, many modern buildings seem to have just the opposite
effect. They take control away frothe human occupants and try to place control in automatic
systems which then govern the overall indoor environment conditions, and deny occupants

means of intervention lLeaman and Bordass, 1999

Physical adaptatiomcludesthe bdaviaural actions people perforto modify their immediate
microclimate according to their needs or adjust themselves to it. These actions involve reactive
and interactive adjustments maeligher consciously omunconsciously. Interactive adjustments

are actions that people take to modify their surroundings. Depending largely on the
opportunities provided by the building, these include opening/closing windows or blinds, use of
HVAC controls tirning on fans or personal heateReactive adjustmentare the personal
changes such as madification in clothlagels, in posture and activitin location (moving to a

more comfortable oneas well as theonsumption of hot or cold drinks

Posture Bs beenassociatedwith the indoor temperature A change in posture can have
significant effect on body heat loss as it chantpeseffective surface area and therefore the
metabolic rate per unit surface af@aja and Nicol, 1997 The consumption of cold and hot
drinks is not an exclusive response to thermal stirholiyever,a correlation cefficient of r =

0.19 (p<0.01)between air temperature afréquency of cold drink consumptiomas found in

the European RUROS proje@tikolopoulou and Lykoudis, 2006Consumption ofirinks can

have an altering effect on metabolic heat production. For instance, the consumption of a
standard can of drink (33@l) at 5°C has a direct sensible cooling effect ofkd2zo a body at

35 °C. Averaged over an hour this @amnts to nearly 12 W of cdaly, which is equivalent to a

10% drop in metabolic rate of a standard sized person in a relaxed seated fBakiemand

Standeven, 199@ikolopoulou and Steemers, 2003

Clothing adjustmet hasbeen frequenthhighlightedamong the principainodes of adgtation.
Humphreys found a relatively small change in thermal sensation over the indoor temperature
range of 1730 °C and attributed this insensitivity to thermal conditions largelghemges in
clothing (Humphreys, 1976 Similar conclusions have been drawn by otstedieswho found

that clothing adjustments act to moderate changes of thermal sensation with climate
(Humphreys, 1973de Dear and Auliciems, 198Schiller et al., 19880seland, 1996 De Dear

and Brager also examined clothing changes as indication for behavioural adapthggn

demonstrated that the mean thermal insulation was significantly related to mean operative
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temperature in botkhe airconditioned and naturally ventilated building sampkggure 37),

with the relationship being weaker in the-ainditioned building¢de Dear and Brager, 1908

Fewer studies haveeen concerned witlthe shortterm clothing adjstment as a thermal
comfort moderatorHumphreysstatedthat withinday changes in clothing for secondary school
children showed little temperature dependerfeimphreys, 1978 Newsham and Tiller
administered a computbased questionnaire to survey 55 people ircaiditioned offices

twice per day during the autumn and winter. Tfemynd thatclothing change@ the hour prior

to the survey were made on about 15% of occagidesvsham and Tiller, 1995Similarly,

using hourly questionnaires to 32 people in five offices in Southern Europe during the summer,
Baker amnl Standeven reported clothing adjustmentsaarly 7% of the observed hou(Baker

and Standeven, 1985

buildings with centralized HVAC buildings with naturzl ventilation
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Figure 3-7: Clothing as an indicator of behaviml adaptation. Dependence of mean (tstdev) thermal insulation

(clothes and chair) on mean indoor operative temperafteeDear and Brager, 1993

3.6 Attenuation of adaptive capacityin airport terminals

As a result of theliversespatial and operationaltributestypifying the terminal environment
the adaptive capacitgan varybetweenthe terminal areaas well as between the population
groups.Nowadays, rast terminal buildingsitilise centralised HVAC systemand therefore the
terminal population lacks of interactive adjustments. Few exceptions can be faomderetail
facilities andin office roomsequipped with thermostats or single-eanditioning unitsThe use
of personal amenities such as fans and individual heatessi&ly prohibited for staff due to
health and safety regulatiorathoughthis vaies between thealifferentemployersoperatingin

terminak.
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While reactiveactions for passengers are possible at almost every space in the tesughal,
actionsare not evenly attainable amosigff membersFor instancegmployeesvorking behind
the checkin desks canot change posture or activitgimilarly to staff in thesecurity areas
wherethe majorityperforns a standing activityThis is also the caswith other staff groups
such as thos@ shopping,currency exchangand aistomer servicdacilities. Moreover,the
straightforwardadaptive actions taken from passengers, having a drink or moving ®more
comfortablespace are not achievable byemployeeswhosedegrees of freedorfor reactive

adaptatiorare largely dependent on the work requirements.

With respecto the most fundamental adaptive behavjalothing alterationthe nature of the
airport terminal allowsonly for restricted clothing adjustments for staff (withly exception

some retail eployees) who are subject to corporate dress codes. Investigating the clothing
behaviar in two indoor environments shopping mall and call centiiein Australia, Morgan

and de Dear found that the deyday variation in clothing levels changed signifidgnn the
shopping mall where a dress code was not in place, whereas glotiied less in the call

centrewhere a dress code was enfor¢ilibrgan and de Dear, 2003

It is also true that clothingnsulation levels may differ significantlybetweenoccupantsin
airport terminals. This applies to the cloth
as tothe substantial clothing differences between passsngais reflects the multitude dahe
decisionmaking criteriaupon which occupants choose their outfifgpectations on the indoor
environment are certainly a fact@anger and Toftum, 2002more applicable temployees
whoselong-termand shortermthermal experience in the terminal determines their clotung

their clothing deviations from the enforced dress codes. Outdoor weather conditions are also
among the determinan{gle Dear and Brager, 199&lorgan and de Dear, 20P3or both
passengers and staffnothe parameter ishe time needed for clothing to catap step chiages

in the thermal environment, which @&factor that formed the basis of the adaptive standards.
Humphreys conducted time series analysis (using an exponemt&tijrted running mean) and
found that clothing might take up to five days to settle to an appropriate level following a
temperaturechange(Humphreys, 1979 In the case of passengers, more factors aigg be
involved These include the means wansport to the airport, purpose of tramgli type and

duration of flight andhe weather conditions at the destination.

From the psychological standpoint, experience and expectat@nbe rationally presumed as
differentiating factos in the adaptive capacity of employees and passengersthe latter,
psychological adaptation may kmdso influenced by the common stressars the terminal
environment asdiscussed irsection 2.6 Additionally, ime of exposure or alternatively dwell
time allows for significantly different periodsof adaptationfor the two groupsand can

differentiate their thermal tolerance.
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3.7 Lighting and indoor air quality

Indoor air quality andighting environment are among the basic elements of IEQ that impact
occpant satisfactiomnd comfortas discussed isection2.7. The broadtopic of IAQ is beyond

the scope of this studwhich focusesexclusively on the CQ concentrations inhie indoor
terminal environment. Alongside thileermal conditions, illuminance levals airport terminals

are expected to provide a comfortable environment to both passengers and staff while
facilitating the functions and activities performacross théerminalspacesAn interesting link
between thrmal and visual comfort was reported by Laurentin et al. In their study based on
twenty office employees, they noted that when thermal conditi@me not viewed aspleasant

and acceptablelighting conditions were also very likely to hgerceivedas unpéasant
(Laurentin et al., 20Q@5alasiu and Veitci2006).

3.7.1 Lighting

In general termsjdhting in the indoor environment serves thepose of enabling occupant to

work and move in safetyo perform taskgorrectly aad at an appropriate pace and of providing

a pleasing appearan(€IBSE, 2008. In airport terminalst is also part of the establishment of
character in the different areas of the 8imt). Thelighting environment balances between

visual performance and visual comfort, terms characteristically segregated by (Boyce,

1996, or in other words betwedte right lightinglevelsf or empl oyeesd perfo

comfortable lightindevelsf or passengersd pleasantness.

Preferredilluminance levels vanbetween individuals, settingand tasks Field studies have
shown that the preferred levels ayenerdly higher than the recommendedes(Tregenza et
al., 1974 Galasiu and Veitch, 2006Despite thisvariation, relationships between illuminance
and preferenchave beetiound inconsistent below 400x (Veitch, 200). Systematic research
has been also conducted on the-nmual effects of light, whiclare partly or fully separated
from the visual systenand associatedo human circadian photoreceptioAmong he most
recentand important findingss the discovery, in 2001, dfie novel third photoreceptoamed
i ntcrailnyi phot osensi ti vipRG&RBrainam at bl., 26@LmhgipRGo n ¢ e |
is located in the human retirgnd itis themain photoreceptor responsible foe phase shifts of
humans 6 endogen o-dask cyclévehitekt is alsvassotiated tonbogl,alertness
and performancéuffy and Wright, 200k

Nowadays, there is a trend towards greater natural lighting in airport terminals as a means of
reducing the energy consumption for lightiragsistingpassengewayfinding and providing
view to outside. Foany given terminal there is aptimum glass r@awhich depends on the
climatic conditionsandthe orientation of glas§Edwards, 200p In combination with daylight

responsive dimmingsontrols, the use of daylightan also decrease the internal heat gains
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associated to artificial lighting and therefore reduce the engegyandfor cooling (ACRP,
20103. Representative examples of airports whiave maximised the use of natural lighting
in the terminal buildings aréviadrid - Barajas,London- Stansted an€hep Lap Kok- Hong

Kong Internatimal airport.

Research hawell documented@opl eds belief that nat uitsal
effects on humans, aswellpse o p | e 6 s pdadightamdiewcte outkidéiHeerwagen
and Heerwagen, 1986Veitch and Gifford, 1996 Daylighting and windows have been
associated with physical and psychological veling, while the view throughwindows has
been suggested as a reliable means of relieving ¢Begse et al., 2003 On the other hand
windows can also havnegative effects on occupasadtisfaction, associated with thermal
discomfort and glareCharleset al. found that satisfaction with lightingvas higher among
respondents sittingloserto a window butsatisfaction with ventilation and primarilywith
thermal comfort was lower. THaghest overall environmental satisfactias expressedhen

one could see a window but did not sit besid€itarles et al., 2006Aries et al., 201D

Glare isthe sensation producdyy an excess of light and caesult ineye fatigue (discomfort
glare) or temporary vision impairment (disability glare) undiggher glare levelslt can be
caused directly from light sources or by reflection from surfaces in the field of view. Windows
are the most common sourakglare. Howeverglare is not confined to natural lighhdcan be
causedin artificial lighting corditions as well. Glare sensation varies significantly between
individuals and depends @anumber of factors includingghting quality, window appearance,
view content type oftask and distance from the winddRarpairi et al., 2002Galasiu and
Veitch, 2006. Research has shovtine interrelation betweeguality of the viewand perception
of lighting quality, indicating thatolerance of high luminositigs higherthe more the viewo
outsideis appreciatedEdwards and Torcellini, 20Q2Discomfort glare caused from daylight
has been fountb be tolerated to a much higher degtiean available methods predict when
there isa pleasant view from the window causing the gl@bkauval et al., 19820sterhaus,
200)).

Beyondthe visual performance and comfpdrspectiveslighting in airport terminalss crucial

to arveillance, security and to the wayfinding system of thbuilding. For the latter, it is
importantto maintain a similar pattern of lightinduring day and nighso that passenger
perceptionof route and volume disnot vary.Accordingly, fuctuation inlight levelshas been
found to influence significantly eye fatigue, distraction, difficulty of seeing letters, and
annoyancéKim and Kim, 2007. Thus,someartificial lighting in terminalsis commonlyused

in the dayime, even if not justified bydaylight levels. A typical design patterrior airport

terminals is a daylight factor of 1 or 2% in concourses in combination with artificial lighting of
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about 500 lux. The result is that while electric lighting overwhelms ndighaing, there isstill
a sense oflaylight(Edwards, 200%

In a study in three airports in Greece, Balaras et al. noted problems dack auniformity,
excessive lighting in certain areas as a result of poor solar conttahsufficient lighting in
other areas of the buildingBalaras et al., 2003 Similarly to every continuously occupied
workspace, e working light level in terminals is normally 200x] which is the minimum
iluminance required from the regulatior{f&dwards, 2005 CIBSE, 2012. However, this
standard variebetweenthe different lighting requiments acrosghe terminal areagnd
dependdargely on the functional status and tteecuritylevel of each spaceRecommended
illuminance levels for the different areas in terminal buildiags provided in the European
Standard EN 12464 (also adopteih CIBSE GuideA), as shown in tabla-3.

Table3-3: Recommended illuminance levels for airport terminal buildifif$124641, 2003.

Terminal area llluminance (lux)
Arrival and departure halls, baggage claim are 200
Connecting areas, escalators, travolators 150
Information desks, cheek desks 500
Customs and passport control desks 500
Waiting areas 200
Security check areas 300

3.7.2 Carbon dioxide levels

Carbon dioxide (C¢) is the only gaseous contaminant directly associated to the presence of
humanoccupancyHumans emilCO, at a rate that depends on the body size and the level of
physical activity.In buildings like airport termina) the primary source of C&is respiration of
occupantsAn average adult exhales about 35,600,000 ppm of CO2 whh is nearly 100

times higher than the concentration foun@aceptabl@utdoor air 800- 500ppm).

Carbon dioxide levels, and specificalheak concentrations, have often been used as rough
indicators for the adequacy of the air exchafiersily and Dols, 180) and fortheisolation of
stagnant air pockets where there is little or no air movelfitass-Kosa, 201). However, its

sole use as an indicator of actual ventilation rates has been often critisised, especially in
buildings with variable occupancy and activity levels. Carbon dioxide is also a suitable tracer
gas for human emitted bioeffluenfsdors) that are considered unacceptable for the overall
human comfort inside conditioned spaces and are likely to contribute to deteriorated comfort.

There are two kinds of adaptation to odouin the shorterm adaptationpeople become less
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sensitive to odourén periods of about B minutes Over longer periods (weeks or months)
people can come to accemloursas normal and harmless and therefore become less aware of
them Conversely, over a period of minutes or hours, the discomfort frgosexe to irritants

can increas@ SO 6814, 2008CIBSE, 2006. FurthermoreCO, measurement can be used as an

indicator ofexcessive population density (e.g. overcrowding) archahges in occupancy

In terms of irritation and comfqrthe link between C@levels and occupant perception of the
indoor environmenis complex as it involves a number of issuesicluding the association
between C@ concentration and ventilation, the relation between, @&els and other
contaminants and the comfort impact of {telf. Carbon dioxidds not considered an indoor

air pollutant but at very high concentrations (e.g. greater than 5000 ppm) can pose a health risk
(ASHRAE, 2007. For example, studies haveporteddeepened breathingt concentrations

above 20,000 ppmand significantly increased respiration beyot®000 ppm Even higher
concentrations, above 100,000 ppm, can result in visual disturbant@ss of consciousness
(Lipsett et al., 1994 However,in most buildings it isvery rare for carbon dioxide to rise at

these levels.

Carbon dioxide levels that are higher than twnmon ranges found in normal indoor
environmentshave been associatedth perceptions of poor air qualitgense of stuffiness,
headaches and fatiguepwler work performance and the increased risk of sick |€@rdmann

et al., 2002 Seppanen et al., 199Wargocki et al., 2000 Yet, it is believed that these
correlations exisbecause thelevatedCO, concentrations at lower outdoor air ventilation rates

are correlated wiit higher levels of other indogollutants that directly cause the adverse effects
(Mudarri, 1997%. Therefore, theangesfound usually in indoor environments (up to 5000 ppm)

are assumed to have no direct impacts on occ
agreement to earlier studies that showedsignificant relationship between the prevalence of

occupant spnptoms and C@concentrationgJaakkola et al., 1991

The American Conference of Government Industrial Hygienists (ACGIH) and the Occupational
Safety and Health Administration (OSHAgcommendb000 ppm (timeweighted average) as

the upper limit of exposure for an-H®dur working day(ACGIH, 2011 OSHA, 2012.
According toASHRAE, for sedentanactivity levels, steadgtate CQ concentration in a space

no greater than about 700 ppm above outdoor air levels, indicate an outdoor air ventilation rate
of about 7.5 L/s/persorLaboratory and field studies have shown that this ventilation rate
dilutes odours from human bioeffluents to levels at wiihehmajority (80%) of unadapted
people(visitors) will be satisfied. Thugs per ASHRAEthe recommendechaximumCOz
concentrations are 1060200 ppmASHRAE, 2007.
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3.8 Researchon the indoor airport terminal environment

With energyaccounting for asignificant percentage @nnualcosts formost airport§ usually

10% to 15% of totabperaing budgeti efficiency is identified as a high priorimo per at or s
long-range plandACRP, 2010p. Because othe large differences in energy demand among
airports a variety ofno cost (e.g. adjustment of space temperature settingewafost (e.qg.
improvements in the monitmg and targetingsystem sophisticated controls and periodical

energy auditing and of high cosand longterm (e.g.adoption of a CHRr a CHCP system)
energyefficiency practices exists for this type of facilg%CRP, 2010bCardona et al., 2006
Sinceairport infrastructure for the next 50 years already exmstst of the longterm actions

are applicabl®nly to new terminal buildingsTherefore, ignificant energy savings existing

facilities can beachieved from retrofitnterventions These reflecthe field on which most of

thework has been carried out to date.

Parker et alinvestigated retrofit pathway from a technical and&conomicperspective for
existing terminal buildings in the UK by means dyfnamic thermal simulatiomodels. The
researchinvolved the calibrationof models against monthly utilitdata anddemonstrated that
the thermal performance of the buildimgs greatly influenced by thenternal heat gains
associated with equipment and lightin§pecific technologieswere assesseds retrofit
solutions showing thatt he gr eat est reduction in the t el
achieved with lomass combined heat and power unithosefinancial viability, however,is
reliant on government subsidReflecting the complexityf retrofit implications in this type of
building, the work reported that the technolodiesnd toperform financiallybestand could
achieve the greatest reductionthe carbon footprint are not the mastergy efficient ones
(Parker et al., 203 Parker et al., 2092

Another studyfocused on the investigation and characterization of phase change materials
(PCMs). Applied to panels or integrated into active thermal control systems, PCMs can increase
the thermal eneggstorage capacity of the building structure and provide passive control of the
indoor thermal environment in the temperature range e2518C. Systems were tested in
environmental chamber to evaluate their performance characteristics and to examine their
integration and control aspeciBhe systems were modeled in an airport terminal and it was
demonstrated thdahe use oPCMscanprovide up to 3C reduction in the peak temperatures,
thus preventing overheating in the summer monit@&owreesunker and Tassou, 2013

Gowreesunker et al., 20L3

Abdulhameedievelopeda fuzzy supervisory controller aimed at reducing enargysumption
in airport terminals and the associate®, emissions In response to passenger flouike

proposed system was showrbi@ capable of reducing tlemergy consumedndCO, emissions
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in Manchester Terminal By 40-50% and 3045% respectivelyin winter, and by 2127% for
both qualitiesn summeir(Abdulhameed, 2013

On the other handhere arevery few studies conducted to dateathave attempted to evaluate

the indoor comfat conditions in terminal buildingBalaras et al. took spot mesements of

the thermal and visual conditions in three Greek airports for a week during sunthmaestudy
reported lack of proper humidity control and temperature regulation problems in all three
buildings. The esults were based on ubjective datacolleced from 285 people and are
characteristic of the different satisfaction levels between passengers andittadill IEQ
parameters(section 2.7). With respect to the thermal environmeint particulay 70% of
employees and nearly all passengers veatesfied in one of the airports. The respective gap
was greater in the other two more problematic terminals, wdaisfaction was expressed by

80% of passengsand only 40% of staffBalaras et al., 2003

Babutook physical measurements and surveyed h2dbes of staff and passengers in the
terminal of Ahmedabad airport, India, in summer 2007. The study reported that passengers
demonstrated higher thermal tolerance when moving from the familiar local environment to a
conditioned space and a higher comfort expemtatvhen transitioning from one conditioned
space to anotheAdditionally, the study reported a very high comfortable temperature range in
the airconditioned part of the buildin@4-32 °C(Babu, 2003

Physical and subjective measurements were also conducted over a period of two weeks in
summer and winter, in 2008, in Terminal 1 at Chengdu Shuangliu International Airport, China.
Neutral temperatureras found aR1.4°C in winter and25.6°C in summer for passengers, with

the repective comfort zones at 19:23.1°C and 23.9 27.3°C. Based on 569 questionnaires,

the results showed that 78.3% of passengers were generally satisfied withethel
environment and95.8% considered the thermal conditions acceptable, concluding that

passengers6 adapti (auetalb2009% ty i s very power fu

Existing thermalcomfort criteriafor airport terminal buildings are sourced from ASHRAE and
CIBSE. AS H R A HElésigncriteriarecommendh temperature range of 28 °C and a RH range

of 30-40% in winter and 435% in summefASHRAE, 2003. Additionally, ASHRAE views

the airport talmi agbl bs a@n @ gcpaptdbility pecenageo r e
consideredapplicable. CIBSE provides seasonal comfort criteria for five terminal areas
allowing for a narrower temperature rangedartainfacilities and for a widethermalvariation

in other. Inareas where people spemdre timeand perform lighter activitiesuch &in check

in halls and departures loungea twodegree range is recommendfn both summer and
winter, whereasa wider ranges suggestedvhere shorter dwell timeis requiredand more

intensive activity levels are assumeglg. in baggage reclaim and concouraeeas These
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criteria arebased orthe standard activityevelsshown in table3-4, and onclothing insulation
levelsof 0.65 clo and 1.15 clfor summer and winteespectively(CIBSE, 200§.

Table3-4: Recommended comfort criteria for airport terminal areas by CIBSE.

Summer* Winter*
Operative temperature (°C) Activity (met)
Baggage reclaim 21-25* 12-19** 1.8
Checkin areas*** 21-23 1820 14
Concourse (no seats) 21-25* 19-24** 1.8
Customs area 21-23 18-20 1.4
Departures lounge 22-24 19-21 1.3

*  For clothing insulation of 0.65 clo in summer and 1.15 clo in winter.
**  Basedon PMV of £0.5. At other cases based on PMV of +0.25.
*** Based on comfort requirements of cheirkstaff.

3.9 Conclusions

The importance of thermal comfort in airport terminal buildings is reflected from the
complexity of the factorgypifying the terminal environment. HVAC systems account dor
significant proportion of the energy use in terminal buildings, while the indoor thermal
environment is expect to meet the thermal requirements of very different population groups.
These groups diffemi a humber of factors including clothing and activity levels, dwell time,
familiarity with the indoor environment and expectations, all affecting the thermal perception
and adaptive capacity as discussed in this chapter. The terminal environment attantaites
adaptive opportunities for specific population groups, differentiating further their thermal

requirements.

This chapter also discussed the two dominant approaches in thermal comfort research; the
steadystate and adaptive approach. The PMV bidsas® been found generally smaller in air
conditioned than in naturally ventilated buildings. This work uses the PMV italésst its
accuracy in mechanically ventilatgdrminal buildings. Lighting and COlevels are also
parameters taken into account, a s ofahe thdobri on al
environment.The studies conducted to date on the evaluation of indmorfat conditions in

terminal buildings are very few but with two inmpant findings: a) passengers present high
levelsof satisfaction with the indoor environment and b) passengerstaficoresent different

satisfactiorievels wih the IEQ parameters.
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CHAPTER 4: CASE STUDIES

4.1 Introduction

Threeairport terminad wereemployed agase studiefor the evaluationof the indoor thermal
conditionsand theassessment ggeopl eds t her mal . Thedemiinalswere r e q u i
selected tomeet specific criteria, aiming for buildings of different scaleand typologyand
thereforeallowing the investigation of wide rangeof indoor environmentsThis chapter
discusses the selection criteria and presents the case studies along with a detailed description of

the terminal buildings surveyed.

4.2 Selectionof case studies

The selectionof case studieaimedto allow for a representative range of the indoor conditions
commonly encountered in airport terminad&cordingly, the study sought for buildings which
differ in a mutitude ofcharacteristics thatlirectly orultimately, have an impct onthe indoor
comfortconditions These includéerminal size and capacitgctual passenger traffic, as well as

terminal design and spatial characteristics.

Terminal scale wade primary parametewhich underpinnedhe ®lectionprocessAt its early
stagethefocus wason terminal buildings thatin terms ofbuilding size and capacitaregood
representations o$mall, medium and large scaddrport terminak. Such classificatiorwas
essentialto facilitate the understanding f p e oomfore Geguirements in operationally
similar but in environmentally different indoor conditionBiversity in terminal scale was also
plannedto allow for a comparative linkagbetweerthe similar spaces in the three case studies
(e.g.betweerthe checkin are of differentscalg as well as betweespace®f similar function

within the largetterminak (e.g.amongthe departures loungeeadoundin asizableterminal).

In addition tothe interlock between the indoor environmentainditions andhe scale of the

terminal building, the latter iassociated witmon-environmental comfofflactorsin the terminal

settings These includehe length of walking distanceand passenger sbin dwel |
turn are related tahe activity levels performed in the terminahnd the allowabletime for
adaptation to the indoor environment. As a result ofr thige, thehigher passenger traffic
handledand the higher frequey of longhaul flights, largeterminalsusually require longer
periodsof time for passenger processing and consequdatigthier dwell times. Therefore,
differentiationin terminal capacity and actual passenger trad@bveen the case studiess
necessary to allow thivestigation ofp a s s e raméont sodditionsover different dwell

times and occupancy levels.
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Furtherdiversity inthe indoor conditions was sought by selecting case studigasdissimilar
architectural features and spatial characteriskosm a historicabtandpoint airport terminals

are afairly new building concept that hasvolved in step with theeedsof commercial aviation
Despite their relaive novelty, terminal architecture is diverséself as the developmentof
airport passengeterminals is tailored toa number ofsafety, operationalenvironmental
economic and nationalconsideations Older structures usually possess a combination of
di fferently designed spaces as a result of
demands and new aircraft requirements through overhaul, refurbishment or expansion schemes.
Accordingly,the c&e studies were selected to include a variety of terminal areas, ranging from
older and most often small apdorly sunlitspaces designed to serve low passenger volumes,
the mostcontemporary terminaspacescharacteristic for their large anopen area where

natural light abounds

The fulfillment of the selection criteria was verified by visits in theospectivesiteswhere the
terminal areas were inspectddanston International airpo(fMSE), in Kent, wasthe airport
initially approachedn thesearch for a small scale terminal buildifidne single terminal of the
airport was disregarded soon after the visit dumfrequent aircraft movements and véoy
passenger traffic handleHowever, it was used as a pitotevaluate the research metbtudyy.
The selection process was brought to an end when balance betvesaiteria fulfillment and
the negotiations with the airpsrt@uthoritieswas achievedThe airport terminals buildings
selected as case studies for-smie surveys ardondon City Airport (LCY), Manchester
Terminal 1 (MAN T1) and Manchester Terminal 2 (MAN T2)

4.3 Manston Airport

Manstoninternationalairportis situatedin the District of Thanet in Ken5(° 20" 32" N, 001°
20 46" E), 11 nautical miles nortkast of the city of Canterburyhe airfield at Manstohas a
long history stretching backio 1915 when arcraft activity at the sitebeganfor military

purposesDueto its location the airportwas extensively used during WaWar 11, and in the
1950s the United States Air Forq@JSAF) usedt as a Strategic AiCommand basdn 1960,
USAF withdrew fromManstonwhich became goint civilian and Royal Air Forces RAF)

airport(MSE, 2009.

In 1989 Manston became known as Kelmternational Airport and a new terminalas
officially opened that year, while ten years latex Ministry of Defencesold off RAF Manston
The singlefloor terminal building(figure 4-1) spreads over an area of ab@d60m? and hasan

annual capacity of inppd. Its basicfacilities consistof six checkin desks, ondaggage claim

1 .
mppa standfor million passengers per annum.
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belt, smallwaiting area and asingle gate lounge. &partures and arrivalgesegregatedrothe
two sidesof the building servedby a relatively small passenger apraich leadsto the
runway of 2,752m long.

(@) (b)

Figure 4-1: (a) Aerial picture of terminal at Manston airport (source: Google Earth) anddbjinal inside view

The commencement dflanstord s 0 p em ant exctusivelycommercial basjsin 1999
followed plans forthe a i r p deveto@mentinto a low cost airline hub However, several
suspensios of airline operationshampered prosperity angksulted insharp fluctuation of
passenger traffiover the yeargfigure 4-2). In 2012 when the study spied otibe land of
Manston asprospectivesmallscalecase studytraffic did not exceed 8,000 passengassihe
terminalwasoperating only two days a week and handling a maximum of two flights a day. A
year laterManston was proposed as a reliever airport for Gatwick and Heathoovever the

scheme receded and dudit@ancial difficulties operationseasedn May 2014
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Figure 4-2: Passenger traffic at Manstairport between 2003 and 201graph based on data from CAA, 2014
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4.4 London City Airport

London City airportis located6 nautical miles east of the City of Londoif5 1 A 1 3@jN;
0° 3 Nj9B) The airport lies between Kind George V and Royal Albert Docks in the London
Borough of Newham and consequently its early history is closely linked topition of
Royal Docks.The Royal Albert Dock opened in 1880 following the opening of Riogal
Victoria Dockin 1855 which was lhe earliestdock designedo servesteam shipsvith a direct

rail connectionKing George V Dock was built tenhancdhe trade though the Royal Victoria
and Albert Docksand its construction in 192dompleted the royal group of docks, which, as a

whole, formed the largest area of impounded water in the Wo@dCC, 2003.

Over the period 1920950 the Royal Dcks were relatively prosperous with the traffic reaching
its peak in the 1950s and early 1960&e switch in Britain's trade followindgts European
EconomicCommunity (EEC)membership andetchnological changded to a rapid declinef

the shipping activity in the Royal Doclksid ultimately tats termination in the earl$0s The
plans for LCY airportemerged fromthe regeneration of London's Docklandgmd tre
governmentalLondon Docklands Development Corporation (LDD@hich managed the
regeneration of the ardéathe 80s and 904\s a resultL. CY wasbuilt atits currentsite (figure
4-3) over a period 018 montls between April 1986 and October 19@ZCACC, 2008.

The single terminal of the airport was bditbm a hybid concrete and steel structuemabling

its fasttrack constructiorand its opening on Novembe',51987.The original design criteria
catered for 1.2 mppa, whereas nowadays the terminal handles over 3 mppa placibg"li€Y

the ranks among thieusiest airpogin the UK continuouslyfrom 2011 to datdCAA, 2014).

The terminal provides séces to over 30 destinations, including flights within the UK,
international flights to European destinations, as well as the transatlantic route to New York
JFK launched in 2009.

Contrarily to the rural Manchester airport terminals, the urban location of LCY has been a
growth constrain, resulting among others in limitations to the operational lBmasuse othe

nearby residential areathe airport was given planning permission the condition that it
operateonly at certain times, with weekend flights cut to a minimé®.a result, the airfield
operations run betwee$130 am - 9:35 pm in weekdays and betweér80 am- 12:30 pm and
1230 pm- 9:50 pmon Saturdays and Sundaysrpect i vel y. On the -other
city location is advantageous in pest to its business passengefbe proximity of the
departure airport to thpoint of originappears to be clearly the masfluential factor on the

airport choice for his passenger categofCAA, 2010. LCY is the mostbusinesscentric

airport among the London airportwjth approximately63% of its passengers travelling for

business purposeand nearly 60%in Banking and Finance and other business services
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(LCACC, 2009 CAA, 2010. Passenger type is among the differentiating factors between LCY

and the terminals in Manchestémart.

Figure 4-3: London City airportsite King George V Doclon the left andRoyal Albert Docken the right (a) in the
50sdur i ng t h etrafloo(solree:A.CACE,2608)b) in late 70swhen docks wernearing the end of their
life, (source: LCACC, 2008)nd (c)nowadays(source:www.londoncityairport.coi

Thetwo-storey buildingutilisesthe linearterminalconceptand with atotal floor area ohearly
10,000 M representshe small scale termindluilding among the case studigigure 44). In
comparison with its peers,ahmain terminbbuilding is relatively smallif all the internal walls

were removed, a Boeing 747 would fit snugly nose to tail and wingtip tgtiwimvithin the
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external wallsAs a result of t hethdfecusmon business passengerd,
LCY is characteristidor the short walking distances and tk@gnificantly shorter dwell times
required which can be down to 20 minutes fromeck-in to boardim.

Figure 4-4: London Citymainterminal front south orientated (source: www.londoncityairport.com)

The terminal houseis total 15 gate loungestwo of which arein the north facade of the main
terminal building.Adjoining the west side of the main terminal buildireg300 m long twe
storey pielis housing9 gate loungesegregatin@rrivals and departurdmtween the twdéloors,
while in 2008 fourmore gate loungswere constructeth the 150m long pier on theast apron
(figure 45). The airport has a single runwagf 1,508 m long and 17 aircraft stands on the
apron, while more stands are providadthe Jet Centre for corporate aircsafs all the
aircrafts served at LCY are relatively small amdneuverablethey areparked adjacent and
anglednoseout to the pier Operationally this allows the aircrafts to move withotlite use of
pustbacktractors(tugs)asrequiredat many other airportsvhile for passengerthis meangust

a fewmeters walk to and from the aircraft.

Figure 4-5: London City airportutilises the linear terminal conceptith 17 standard aircraft stands and Hate
lounges in total across the west agakt pier(source: Google Earth)
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As a result of the tcentinoousnse inpassersgenaldmand svierzthee a n
years, lhe majorterminal refurbishments to dateaveaimed toenhancespace utilizationAn
expansion scheme was run in 1997 foe departure lounge, whilein 2001, the terminal

building wasextendedwestwards to increase baggagelaim capacity, improve immigration
facilities and houséiandling agentand control authoritiesin 2006, the restaurant areas were
re-configured to allow for a 30% increase in seating capacity and two years later a major

refurbishment took place in the teerminal 6s d

Also in 2008, a finger extension was uglit on the east apron extensimrer the King George

V Dock (figure 4-6) providing space for the four neintegral passengdounges while ading

as a sound barrier for the neanegidential propertgto the south of thairport.In spite of the
various extensions and refurbishments over the years, the terminal has retained its original

compact nature.

Figure 4-6: Eastwards extension of LCY terminalk$ing George V Dock completed in 2008.

The terminal areaare relatively small with little variance in size and design characteristics
between its spaces. In comparison to the interior of Terminal 1 and Terminal 2 at Manchester
airport, LCY terminal spaces present thighestdegree of uniformityThet e r migroantd 6 s
floor accommodates thrd@y areas; the cheeik area, the international and domestic baggage

reclaim areas and the gate loun{fagure 47).

Located south in the building, the chdokarea is equipped with sedervice kiosks and 17
checkin desks over an area 620 m? (figure 48b). Thereare several surrounding retail and
handling agent facilities, while part of the chenkarea is inevitaly used as waiting and
salutatory area by meeters agr@etersand as the way out by arrived passengers due to the lack
of a dedicated arrivals hall. The terminal building is directly linked to the elevated platforms of
London City DLR station providingrelosed access to and from the chaclarea. This space
together with two pairs of double sliding doors on its two sai#gs a shelter to the cheiok

hall against air draughts and direct exposure to outdoor weather (figade 4

51



.
=
|
ek
3
A" L "
“a
—e 7—[
-
K el
=
= = m— S

= International, . =
reclaim —*—é‘-H = |l ;i D}é%j.-" 3 e o

=—Domestic-- || = 2=

baggage "
reclai nf
e I

AE o s s s

== e ﬁLﬁEﬂ il N
K i-:?jﬁ——m;rhﬁ; "l\ —
- i L | H
5= | H e o
B ey g .
o R H i
i [ - . R 'g H i
TUEE T il
g S wilk
- | G| B
! i :
ﬁT] <) al
| r;:rfff !/ PNCOo | |1
TR |
S~ L/-gu ok
: | = S
T =t -%1
- .1 1 EJ:.-.: ,:
N
. !
] {21 o= =

5(b)

Figure 4-7: LCY ground floor plar{a) north: international anddomestidbaggage reclem areas and (b) soutibLR
andcheckin concourse.

The northern ground floor houses theemmtational and domestic baggagelaim areas The
international baggage reclaim area spreads over an area of 3@ iis served by twbaggage
conveyors(figure 48c). The domestic baggage reclaim area is smalgd,m? and utilises a
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single baggage conveyor systéfigure 48d). Both areas are characteristitthe absence of
natural light and for the spa@®nditioning by a single AC unit in eaelea as bothfacilities
are not tailored to the terminalds centr al H

(b)

T e ———— =

- —

e bl

(d)

Figure 4-8: Views in the key ground floor areatLCY:(a) DLR concourse (brheckin concourse, (cinternational
baggage reclem area and (dplomestiddaggage reclen area.

At the same lesl and spread across the two piers are the gate louiigese 4-9). The gates
originally built in the west pier accommodata maximum of 50 passengemach, in
approximately55 m? of floor area. Of similar capacity and floor area isribever gatdocated at
the end of the west pie@n the other hand, thmmorerecentgate lounges in the east pigere
designed for higher capacity and account fon8®f floor area eachlhe relatively small size
of the gate lounges along with thglazed facadand thevery frequent use of the doors leading
to airfield, place the gate lounges among the most vulneratoleutdoor weatheir spaces in
LCY. The majorityof the gate lounges are centrally conditionget,each gate islsoequipped
with a singleair-conditioningunit. The terminal building contains a number of other facilities
on its gound floor, such athe airfield operations control room and geturity screening area
usedsolelyfrom terminal staff As these spaces draccessibléo passengerthey are not taken

into account in this study.
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Figure 4-9: LCY (a) west pierplan, Gates 210, (b) east piemplan, Gates 2124, (c) representative gate i& west pier

and (d) representative gate 28 east pier

Thekey passenger facilities housed on fhist floor arethreespaceslong a single passageway
that comprise the departures loursgeaand the transitional space between landside and airside;
the search areddigure 410). The latter is located inthe SE of the building and utiés three
double luggage and human screening systares an areaf 400 m? (figure 411a). A smalker
search areaf 230m? is locatedhearbyon the eastern side of the buildiagd is used in support

of the mainoneduringextreme traffic peaks

The three waiting areas in the departures |
and Adepartur es Jorentated seatiBgdoarea domes first antotview for a
passenger that has just been through the security screening (figlitb).41t is the only
concourse areaf the terminal, other than a large circulation space leading to the main search
area, with a high floeto-ceiling height (8m). Within its 418 floor area, this space provides a
number of seats, mostly restaurant dedicated. Adjoining the seating area, depauhge 2

utilises 126m? of floor area to provide additional standard seating (figdrlc andd-11d). It

is often used as a quiet vkarg space by passengers travelling on business and is one of the
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brightest airside spaces in the terminal due to natural light flooding in through the glass curtain
wall in the east facade of the terminal.
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Figure 4-10: LCY first floor plan (a) northsecondary search area and departures lour{ge south: main search
area, seting areaand departures lounge 2.
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The main and largest waiting area of the terminal is the departures louogatdd in the
northern side of the building (figuse-11e and4-11f). It spreads over an area of 605 and
provides access to the two nearby gate lounges of the main terminal building and to those in the
east and west pier. It is the only waiting area with direct view to outside though the windows in
the north facade and often the most congested amorgpdoes in the departures loungbe
departures lounge areas aperipherally enriched with several restaurants and shopping

facilities, which are also taken into account in this study.

N -

= )
Y

-

V)
Figure 4-11: (a) Views in the key first floor areas &CY: (a) search area (main), (lgeating area, (c) & (d)
departures lounge,de) & (f) departures lounge 1.
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The indoor environment in LCY is controlléy meansf approximatelyl3 air handling units,
with thetemperature sqioints being set a0 °C in winter and 23C in summer However, the
setpoints aremanually adjusted when requiretlie toextreme outdoor weather conditions
and/or to very high occupancy levelss far as he lighting environment is concerned, all
passengerelated spaces rely on artificial lighting, wistomesourceof natural light in most
areag(e.g. departures lounge 1 andtsaparea)and complete lack of daylight in fewer spaces

(e.g. baggage reclaim arg¢as

4.5 Manchester airport

The international airport of Manchester is locatedRingway, 7.5 autical milessouth wesbf
Manchestercity (53° 21 Nj1 K,r)02° 1 63N) \W). Before settling inits current sitethe early

history of the airportwas written in varioushortlived airportsin and around Manchester.
Barton was the last stop, where the airport opened in 1930 but soon after, this site had a number
of problems disruptingts servicesand was considered too small for lgiterm development
Meanwhile, another airfieldras openedh Wythenshawgin 1929,for temporary usevhile the

airportin Bartonwas being buil{Manchester Airport, 2004

The construction of the new airfield in Ringway began in 1984 airport openeih 1938and

during its 14 maths of operation handled 7,600 passengers. During the World War 1l the
airport was used for military purposes (training Briitain's Airborne forces and normal
services wereresumed in 194@y 1949 more enhancements were made to the teranbiew

yeas later the runway was extended. A range of changes took place5Aghadthe airport

began to operate on a-Béur basisHowever,the major developmentgook place in the 60s
with a new terminal b ui lair traffic contra fadliges(figwe 4ni n a |
12). In the 80s the airport began to serve dirleetg-haul international flightsand a new

fi d o meterminatwas built in 1989 (current terminal 3)

gg-—nls‘;l"‘- u“
z e ——

(b)

Figure 4-12: (a) Ringway airport opening in 25 June 1938) (lanchester airport in 1964Source:Manchester
Airport, 2014
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Nowadays, Manchester airport has threeieals (Terminal 1, Terminal &nd Terminal 3and

serves over 100 airlines and 200 destinations worldwid2013 it was the'3busiest airport in

the UK behind Heathrow and Gatwickn this year the airport handled nearly 170,000
commercial air movements armver 20 million passenger¢CAA, 2014. Among the major
features of the airport its skylink and second runway. The skylink opened in 18@d
connectsMAN T1 to MAN T2, utilising travelators toaid passengers with the -18 minute

walk, while italso links the terminals tathe aipor t 6 s r ai | wa yAftesthraet i on
extensions of the original runwadg 1951, 1969 and 198% second parallel and sfmilar

length runway (3,808 m) was granted in 1997 and opened in 2001, placing Manchester airport
together with Heathrow as the only airports in the UK with twolerdlgth runwaysContrarily

to LCY, theairfield operationsn Manchester airporun 24/7

45.1 Manchester Terminal 1

MAN T1 opened in 1962 with the original design criteria catering for an annual capacity of 2.5
mppa. Nowadays the teinal can accommodate aroundrbppaandservesothscheduled and
charterflights to European andorldwide destinationdt is the largst and busiesamong the
terminals at Manchester airport and represents the large scale terminal between the case studies.
Excluding the large car parking asaassigned to the terminahe mechanical people movers
andtheair bridgestheb u i | dacilities &re spread over an aread@{499nv.

The terminalholdsthe fingerpier and satellitepier systems(figure 413) and itwasthe first
terminal in Europeo incorporate piex It has28 gate lounges arZ# aircraft stands across the
two piess, of which 18with air bridges The older piernamed pier Cis 158 m long extending
to 205 m with the satelliteof nearly 1,150m? and accommodate43 gate loungesPier B is
nearly300m long anchouses 15 gate lounges

Figure 4-13: Manchester terminal Ipier finger andpier satellite serving 24 aircraft stangsource: Google Earth)
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A number ofoverhauls anéxpansions have been carried out sinca tleer mi nal.dlse open
most recenbnesinclude a retail upgradie 2003 and a major redesign proce$she terminal

between 2005 and 2009 the latter, theetail and catering facilitiesvere expanded, the
security throughputwas increased by expanding tbearchareato 14 lanesand the baince

between landside and airside was modified by providing more spaceaidide facilities As

a result of theconsecutiverefurbishmentand extensionsover the yearsMAN T1 is a large

complex buildingaccommodating mixture ofspaces wittheterogeneouarchitectural features

The facilities are spreagh four floors,with two of them (ground and second) accommodating
the passenger processing spadée first floor is mainly offices, while the third floor has plant
rooms similarly to the fourth floor whichlsohouses numerous stafére facilities. Departures
and arrivals are well segregated in MAN T1sasved inthe second (figure-44a) and groud

floor (figure 415a) respectively.

The second flooaccommodates a large chdokarea providing 59 out of the 107 chen

desks inMAN T1 (checkin 1; figure 4-14b). A smaller checkn hall is located on the ground
floor where 29 desks are operated by a single aidased at Manchest airport ¢heckin 2;

figure 4-15b). The two halls are operationally identical but differ greatly in size and
configuration. The main chedh concoursés housed in a space 45 m floor-to-ceiling height

and spreads over an area »f486 m? whereas the grouritbor checkin hall is significantly
smaller (1,162 m? and characteristic for the several ceiling height changes across its area,

ranging from & much as 5.&h in some areas to only 24 in other.

The variety of spaces in MAN T1 @soreflected in the diversgepartures lourgspaces. Soon
after passengers go through the spacious86lm?) and modern search arehey come across
the departures lounge consistingtbfee distinct spacesvhich could be alsthe departures
loungesof different terminalsThe seating aredigure 414c) or thefi r i of leyhto (Stageone,
2009, is a 763m? space with a flooto-ceiling® height of 7.5m and characteristic for its
dimmed blue lighting desigrintended to aid with wayfinding and specifically with the way
towards the duty free shapbhe nearby departures lounges 1 arat€nextto each other with
the lounge I(figure 414e) being theextensionof lounge 2(figure 4-14d). The latter provides
seating in adim area of 850m?, characteristic for the low suspendeglling of 2.6 m. On the
other hand, lounge tles over an area of 2,30%, with a significantlyhigherfloor-to-ceiling
height (7.3m), wherenatural light abounds due to the extensive glass wall and roofAght.
common characteristic among #ille airside spaces is the strong presenca wérietyof retail

facilities integratednto the departures lounges

% Refers to suspended ceiling.
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Figure 4-14: MAN T1 2“floor, (a) route between chedk hall (top right) to departures lounge (bottom left): check
in hall, search areacirculation, seating areaduty free circulation, dep. lounge 2 argep. louwnge 1 (b) checkin 1
(main), (c) seating area(d) dep. lounge and (e) dep. lounge. 1

Many terminalsrowadays put more effort on tldepartures areas than in the arrivals; the reason
being theairsideretail revenues. This is also the case with MAN T1 where the arrivals hall uses
one of the oldest spaces of the terminal. It is located on the ground floor with a dedicated floor

area of J070m?, however, the geometry of the area hinders direct eyeatdrgtweenexiting
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passengerandthe spaces further awdfigure 415c). As a resultonly a small portion of this
large area igractically used by meeters as an arrivals hale space is served by two air
handling units (AHUs) fed from the central lo@mperature hot watgt. THW) system for
heating andfrom a chilled water (CHW)system for cooling while there are alstocally
controlled reheat coils fed from the LTHW system. Howewince the early visits to the
terminal, it was apparent that tbatdoor weather conditions have a great impacheninidoor
thermal environment ofhis spacedue to the proximity of thérequently openingloors (two

pairs of double sliding door#) the waiting area.

Arrivals hall

Int. baggage reclaim

Shared seating

Check-in 2

(b)

Figure 4-15: MAN T1 ground floofa) arrivals hall (top) and cheeln 2 (right), (b) checkin 2 view, (c) arrivals hall
view.
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In general, there is a variety of systeus®d in thespaces oMAN T1, as a result of the new
spaces addegkgularly over the year&or instancecheckin 1 and seating area are conditioned
by two AHUs each, by means of LTHW for heating and CHW for cooliing. checkin 2 and
search area are served bggs fired AHU withchilled water fromthe central chilled vater
supply, while the departures lounges 1 andrg fed from multipléAHUs. Moreover, fer B has
natural draught convectors on the outside edije @X cooling down the middle anAHU
supply fromsix AHU's fed by central LTHW an@HW suppliesOn the otler hand, jer C has
multiple AHUs supplied with central LTHW, whiléhe satellite has its own chiller plafthe
temperature sqgiointin all terminal areass fixed at 21°C throughout the yeaThis is a general
setpoint which means that all the systemdthin the terminal compensate to achieve it

regardless of the external temperature.

4.5.2 Manchester Terminal 2

The opening ofMAN T2 in 1993 boostedManc hest er ai r pomppadts cape
facilities are spread over an area2d,063 m, whiche xcl udes t ¢tae parksearmi n a |
bridges and travelatoréccordingly, and witha current capacity of &ppa, MAN T2 is the

second largest terminal in Manchester and represents the medium scale terminal among the case
studies.Similarly to MAN T1, he terminalhandlesscheduled and chartéiights to European
andworldwide destinationdt employs the linear concept &go piers of 152n and331m long

spanNW and SE from the main terminahd serven total 15 aircraft standgfigure 4-16).

Thereare in totall7 gate loungesof which 14 served by air bridgem spite ofits rdative
Anewnesso, t he t eexteidedndein B0Asvhildaenertirwestéxtersiandisy

planned aiming for futureterminalcapacity of 25 mppa.

Figure 4-16: Manchester terminal 2onceptwith two piers spaning NWand SEfrom the main buildingsource:
Google Earth)
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The 4-storey terminalis designed withthe most contemporary terminal desifgatures
compared to its peeis Manchester airport. The vast majority ofdtsesconsist oflarge open
plan spaceswith high ceilings and extensive use of natural light throughrtain walls and
rooflights. Most key passenger facilities doeated on the secdrfloor, includingthe checkin
area, the departures lounge are@edting areaand Adepartures loun@ numerousretail
amenitiesand the gate lounges (figukel7a). The checkin area in MAN T2 is the largest
among the case studies (3,470), providing a total of 80 chedk desks and additional self
servicekiosks (figure4-17b).

TR T Check-in

tad Seating area

3 Dep. lounge

@ Gates / Cireulation

(d)

Figure 4-17: MAN T2 2%floor: (a) from top to bottom: chedk hall, seating area, duty free, departures lounged
gates lounges, (b) cheak hall, (c) seating area(d) duty free and (e) dep. lounge
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Passengers are then directed to the seaezhar the thirdloor (figure 418a). The search area

is equipped with 10anes of screening systems in a total floor area2#8Im? It is the only
shortceiling space (2.4n) among the passengelated areas in MAN T2. The space originally
designed to house this critical function is the large area lying between the seadirana the
departures lounge, however thiscigrrently used as aluty free facility. With the intention to

expand the airside spaces and enhance airside retail activity, the search area was moved in 2009
to its current location which is a result of theification of snaller separate rooms (figuwrd-

18b and4-18c).

N

T

LH s ﬁ E.mfp
Searh areaq| ;I -J
3 ;J:

Figure 4-18 MAN T2 ¥ floor, search area

From the search area, passengers flow down to the second floor comingleesesating area
(1,330m? where the extensive roofligdbminates its design (figure}c). Seatingin this area
is exclusively retaiprovided Passenger flow ishendirectedthrough thelarge duty free area

(1,615 m?) to the larger departures loun¢®855m?). The gates lounges are located on the
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extension ofthe departure lounge across the twaliametrically opposed pierd\ baggage
reclaim area and a dedicated arrivals hallg2,m? are located on the grountloor of the
terminal (figure 419).

[%:.....Z“ ~ B

(b)

Figure 4-19: MAN T2 ground flooka) plan, (b) & (c)views inarrivals hall.

All spaces in MAN T2 areonditioned by multiple AHUs fed withTHW from the central
plant for heatingand with CHW from the central chilled water suppfipr cooling. Local
variable air volume systems (VAVSs) are additionally used in certain spaces such as, the search
area, theseating areand the duty free. Similarly to MAN Tihe temperature s@bint is kept

at21°C all year roundrrespectively of the outdoor weather conditions.

4.6 Conclusions

The case studies terminal buildings were selettedepresent terminal buildings of three
different scales and to provide sufficient diversity in characteristics whmlidnallow the
study of a representative range of the indoor conditions commonly experienced in airport

terminals. The case studiesliffer in a number of other characteristics which include the
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location, design and spatial characteristics, as weglhasenger profile and dwell tinf@ble 4

1). LCY is characteristic for its compact and uniform environngerd the short dwell times
required. MAN T2 features a modern terminal design with large-pf@nspaces, whereas the
significantly larger MAN T1 cobinesa varietyof spaces as a result of consecutive expansions
over the yearsThe next chapteexplains how these parameters were incorporated in the data

collection during the surveys aimwhich waythey were used in the data analysis.

Table4-1: Summary table of the criteria influerttéhe selection of case studies

Scale Floor area  Capacity o
Building features

(m?) (mppa)
Built in 1987, compact, short walking
LCY Small 10,000 3 distances & dwell timesmall &
uniform spaces
Built in 1962,successive expansions
MAN T1 Medium 43,499 11 refurbishments, long walking distanct

& dwell times,diversity in spaces

Built in 1992, contemporaryong
MAN T2 Large 26,063 8 walking distances & dwell timefgarge
& open, mostly daylit
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CHAPTER 5: METHODOLOGY OF FIELD STUDIES

5.1 Introduction

The work involved extensive environmental monitoring in different terminal asems
guestionnairguided interviews withthe different types of occupants using tterminal

buildings. Thechapter discusses tlikevelopment of the tools used for the data collectioa,
pilot studies conducted to timize the research methodologhe nature of the field surveys

carried out in the three airport termisandthe limitations in data collection.

5.2 Equipment design

A microclimatic monitoring equipmentas designed for monitoring the indoor environmental

conditions in the terminal buildings. Tleavironmentafjuantitiesmeasured include:

dry bulb temperature, °C
black globetemperature, °C
relative humidity, %

air movement, m/s

carbon dioxide, ppm

= =4 -4 4 A -2

horizontal illuminancelux

The first four parameters are the standard environmental measurements required for the
investigation of thermal comfort condition84easurementof carbon dioxidewere used
predominantly as an indicator ahange inoccupancy leval and as a estimate forthe
adequacy ofentilation ratesn the terminal spacefluminance data aimed for the assessment

of perception and preference over lighting environment. The latter two measuremeaitaed

also at investigatingossible links between indoor air quality and lighting levels with perception

of thermal comfort.

The decision on the instruments was made on the balance between cost and the ispscificat
required, such as accuracy, response time and voltage. The equipment consists of a data logging
system, a shielded temperature and humidity prali#ack globe thermometean ultrasonic
anemometer, a GGsen®r and a light sensor (figureH, all conforming to 1ISO 772§ISO

7726, 1998 In particular:

1 The data logging system consists of a Campbell Scientific CR800 data logger and a
PS10012Vdc rechargeable power supply (battery) with a nominal capacity of 7 Amp

hours.
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A Campbell Scientific CS215 probe was used to measure dry bulb temperature and
relaive humidity. The probe utilises a single chip element incorporating a temperature
and RH sensor. The temperature sensor presents an accuta®yastC over +5°C to

+40°C (or+ 0.3°C at 25°C) and a response time of 12q63% response time in air
moving at 1 m/s). As far as the RH sensor is concerned, this has an accutadyeof

over 3100% (or+ 2% over 1890%) at 25°C and is compensated in terms of
temperature dependenicéo better that 2% over-20 to 60°C. The probe was housed

in a CampbelScientific MET 21 unaspirated radiation shield. Its white outer reflective
surface combined with the inner barrier of fmrefiective black louvres prevents

sunlight from reaching the sensor, whilst still allowing the air to flow through the

sensor.

Black globe temperature was measured with the black globe sensor commonly used in
indoor applications. The sensor uses a thermistor insideam5 ( 6 0 ) holl ow
sphere, painted black to measure radiant temperature. The overall probe accuracy is a
combination of the polynomial error, the precision of the bridge resistors and the
thermistords interchangeability specifice

result in an accuracy af 0.3°C in the range of3 °C to 90°C.

A Gill-make ultrasonic anesmeter (Windsonic- option 1) was employed fohé
measurement of air movemeiite principle of operation lies on the measurement of
the times taken for an ultrasonic sound pulse to travel from the north to the south
transducer, and their comparison wilfe travel time of a pulse from tts®uth to the

north transducerSimilarly, the Windsonic compares the times between west and east,
and east and west transducdts.accuracy £ 2% at 12m/s), operational range @D

m/s) and resolution (0.0fn/s) were ppropriate for measuring the low air velocities
expected indoors, while its short response time (8)2&ould allow the detection of

rapid air changes (draughts), e.g. from the opening of sliding doors.

Carbondioxide levels were measured by means of2Z{R ambient C@sensor with a
measurement range of2D00ppm. The sensor has an accuracy @0 ppm+ 3% of

reading and was calibrated to have the fresh air baseline ap&80

Horizontal lighting levels were measured by a Skyede SKL2630 HOPL lusensor

with a wide working range and a prompt response time-50® klux and 50ms
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respectively. The sensor uses a silicon photocell detector and has been fitted with a

large area photodiode for increased sensitivity at low light levels.

Data logging syem & battery Radiation &ield Black globe thermometer

Anemometer CO, sensor Lux sensor

Figure 5-1: Data logging systerand sensors

Major considerations in the instrumentation design were mobility, size and security screening.
More specifically, the study required the investigation of the immediate microclimate people
experience and therefore an easily transportable system was reditmdingly, a hand

trolley was employed to haul tlegjuipmentand confer flexibility in the transitions from space

to space. The instruments were mounted onto four crossarms spanning from a main rod of 1.65
m high (figue 52). Exceptionally, the C&sensor was placed close to the interface between rod
and crossarms to prevent deceptive readings from people coming very close to the equipment.
Leveling units and stands were fitted on the crossarms to ensure the correct positioning of the
sensors. Thauk sensor and anemometer were placed diametrically opposed spanning to a total
length of 51 cm and 48m from the rod. Similarly, the diametrically opposed black globe and
the shielded temperature and RH probe extend to a lengthcofi 3Bd 4&m respectiely.
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Figure 5-2: Instrumentation trolley system consisting of data logging system, shielded temperature and RH probe,
anemometer, black globe thermometer, lux sensor and&or.

The arrangement of the instruments and the total lesigthe armswvere determined from the

distance between the sensors required to enisaicunhindered function. Theod 6 s hei ght
decided according to the enviomgniakuantites atithe e me n
average height of a standing person (1.7 m). In its white fibregdaserced polyester

encl osure, the data |l ogging system was pl ace
centre of gravity close to the floor levéhe minimumdimensions of the screening machines in

the airportsweral so among the parameters determining
body (i.e. without the crossarms). In additidhe system was designed to be dismountable for

passing thragh security screening while moving from landside to airside.

The system was wired and programmed thereafter to record readings emfviainmental
gquantitiesat oneminute intervals(program in appendix B)The frequency of readings was
determined from the studyb6s requirements anct
key consideration in respect to the readifigm the C215 temperature and RH probe was the
avoidance of errors due to sékatirg. These errors can become significant when readings are
taken very frequently and in conditions of very low air movement; as expeateecimanically

ventilatedterminal buildings. This is because the sensor contains active elements, where power
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dissipaté in them can raise their temperature resulting to a slightreagling of temperature
and undereading of RH. Therefore, a frequency of no more often than every 5 seconds was

necessary for this sensor to prevent measurement errors.

5.3 Questionnaire desia

A standardised questionnai@ppendix A was developed to collect subjective data essential for
the evaluation of the indoor comfort conditions. The study adopted the method of structured
interviews as the most appropriate technique for data gathémintpe airport terminal
environment.Structured interviews are advantageous in that they allow the acquisition of the
required information in full range and depth from large numbers of people, whilalimge
researcherwith control over possible migierpretations and completion time of the
questionnaire. The design process involved a number of considerations, including question
types and wording, ordering and arrangement of items as well as the narrow time allowance of

passengers and staff in termibaildings.

The questionnaire comprises of opamded, partially closednded and closeended questions,

with the latter being the majority of the items as required from the quantitative nature of the
researchClosedended offorced choice questions ask the respondent to choose from a limited
number of alternatives, are easier and quicker to answer and easier to analyse statistically. The
survey includes nominal and ordinal cleseded questions and a combination gidint, 5

point and 7point scales for the assessment of perception and preference responses. Important
consideration in the construction of all types of forcldice questions was to ensure that the

response categories are exhaustive and mutually exclusive.

Partally closedended questions provide a compromise between-epdadand closeeended
questonsThey were used in cases where the alter.]
was necessary to ensure exhaustion or where further information onrargsmonse was
required. Operended questionask participants to formulate their own responses and allow for

a greater variety of answers. However, they can be very demanding for respondents who may
require a considerable amount of time to formuktearswer and they are more difficult to

analyse as they are hard to quantify and take time to be coded in some manner. Therefore, open
ended questions were kept to a minimum. A semantic feature of both partially-etossi and
openended questions is the fgh of the blank space provided; a single line encourages a short

answer, whereas several lines would indicate that a longer response is expected.

As a wide variety of respondents from different backgrounds was expected to be encountered,
the questions we worded in simple English to diminish possible confusion and to make sure

that items are perceived in the same manner by all participants. Active rather than passive voice
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was applied to all questions which were designed without possessive dodrgramrmatical
complexities to minimise the cognitive demand on respondef(Bsislin, 1989. The
guestionnaire was also deliberately kept fre
result in doublebarreled questions and mislead the interviewees when more than one issue is
raised in a single question. Moreoveonsideration was given to ensure that wording does not
produce loaded (e.g. with emotionally laden terms) and leading questions that sway respondents
to answer in a fallacious mann@roddy, 1993 Lengthy questions were avoid@eink, 2003

and all items were kept shorter than the maximum number of 16 and 20 words per sentence, as

recommended by Brislin and Oppenheim respectig@tislin, 1986 Oppenheim, 1992

The questions were arranged in subsets according to their relevance and ordered as such to
endow the survey with a natural flow. This is essential to ensure that the general concept being
investigated is madebvious to the respondents, while it also assists the interviewdesus

on one issue at a timélhe layout of the questionnaire was also determined from the
significance and nature of the questiomsportant topics were addressed padther than fe

in the questionnaire, whereas demographic questions were placed at the end. Although this
piece of information is important for researchers, many respondents view it as boring and lose
interest in the surveyJackson, 2011 For the same reason, opended or longer questions

were not used in the beginning of the questionnaire. Last but not least, questsamsitive

nature were also placed at the end of the questionnaire, as respondents are more likely to answer
them if they have already committed themselves in answering questions of less sensitive nature
(Jackson, 2071

The questionnaire was drafted on a single page and consists of five sedictin A (figure

5-3) classifies the interviewees preliminary population grougsemployees, passengers, well
wishas and othen and further intostaff and passenger subgroups (question 1). This was
intended to facilitate the separate investigation of the comfort requirements for the various
population goups, e.g. for passenger and staff, for the different types of staff and for leisure
versus business passengers. The question works also as a filter (funnel) question for section D;
all nonemployees respondents are excluded from this sechiemt, secton A requests
information on covariates that can affect thermal sensation (questighsTRBese include the
consumption of drinks, modification of clothing levels and the activity level in the preceding 15
mi nut es, as wel/l as W thetime ef shp mterdesvnStudiss suhgest | |
that information on the activity levels 15 minutes prior to the survey may improve the prediction
of thermal sensatiofGoto et al., 2002Chun et al., 2008 More generally and assuming steady
climatic conditions, standards state a minimum period of occupation necessary for occupant to
ascertain a valid reaction to the thermal environment. ISO 10551 recommends a period of at
least 30 minutes, whilst ASHRAE ggests a stay of no less than 15 min@8® 10551, 2001
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ANSI/ASHRAE, 2004. Taking these into account, the
as more apptable to the airport terminal environment for questiorss and applied it as the
spacer intervian the dwelttime question 2.
Dater ... Location m terminal: ... Start Time: ... Gender: o Female o MMale
Current Activity: © Sezted o Standing o Standing, light activity
SECTIONA
Q1. What is the main purpose of vour visit to the airport today?
o Working hereas. o Travellmg to.. ... for cleisure or chusiness
o Mester | Grester oOther e
Q1. How long have vou been in this terminal building?
o =13 mins o 13-30 mms o 30-60 mmns o =H0mmns
Q3. What was vour activity in the last 15 minutes?
o Sezted, relaxed o Sedentary activity o Standimg, light activity
o Standing, medium activity o Walkng oOther. ..
Q4. Have you modified vour clothing during the past 15 minutes?
T Yes, clothes on o Yes, clothes off o No
Q5. Have you consumed any drink in the last 15 minutes?
ocYes { o Hotdrink o Cold drink ) o Mo
Figure 5-3: Section A of the questionnairénterviewee classification arabvariatesof thermal sensation.
Section B (figure 54) elicits information for the subjective evalimt of the thermal
environment. The questionnaire uses the widely appliegpomt ASHRAE scale for the
assessment of thermal sensation (question 6) anep@inb scale for thermal preference
(question 7). Sevepoint scales have been commonly used in psychological studies and has
been caocluded that seven represents the optimum number distinguishable to people for
describing different levels of sensati(Miller, 1956, Nicol et al., 2012 The adopted $point
thermal preference scale has been applied in many comfort s{iié€artney and Nicol,
2002 and its use is suggestardvercome the ambiguity of thermal condition acceptalalitgt
to prevent overlapping with cultural use of

(Nicol et al., 2012 Similar form of questions wasdmted to assess other environmental
parameters.These include a -point scale for the sensation and preference over the air
movement (question8 and9), as well as the-point and 3point scales for the subjective

assessment of air freshness and humicbinditions respectively (questions 10 &iid.
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SECTIONE
Q6. How do vou feel at the moment?

o Cold oCool o Slightly o Neither cold o Slighly oWam  oHot
Cool nor hot warm
Q7. How would you prefer to be at the moment?
o huch warmer c Abit warmer o Nochange o Abiteeelsr o Much cooler

(8. How would you describe the air movement at the momeni?
ocVeylow oLlow oNeither lownorhigh oHigh oVeryhigh

(9. Would vou prefer the air movement to be:
cMuchmore oCAbitmore oNochange oCAbitless o Muchless

Q10. What do vou think of the air at the moment?
oStuffy ocAbitstuffy o Netther stuffy nor fresh oA bitfresh o Fresh

Q11. How do vou find the humidity conditions inside this terminal?

o Damp o Neither damp nor dry o Dry

Figure 5-4: Section B of the questionnaiireevaluation of thermal environment.

Section C(figure 55) poses questions about the lighting environment and the overall comfort
state of interviewees. Similarly to the assessment of subjective warmth, a sepoina and a
5-point scale itemse mpl oyed t o understand interviewees
lighting environment (questions 12 ari@®). Another pair of perceptigoreference questis
(questions 14 and5) focuses particularly on the daylight respect and was applied dheng t
daytime in spaces with at ldasome source of natural lighTthe corresponding -point
sensation and -Boint preference scales were used to understand the interaction between
occupants and spaead to evaluate thienportance of natural light.eaningtowards the same
direction, two dichotomous questions on glare and lghtistribution (questions 16 arid)

complete the lightingelated set of questions.

Thereafter, interviewees were asked tdag which environmental factof among air
temperature humidity, air movemant, air freshness and daylightthey consider the most
important in the terminal building and to assess their dveoanfort state (questions 18 and

19). The latter aimed for the assessment of the interactions between differets asghe
terminal environmenfASHRAE, 2010 Nicol et al., 2012 Section C closes with the two single
openended items of the questionnaire, where participants are asked about the terminal aspects
they (dis)like the most (questions 80d21). These questions were worded generically to allow
issues of any nature to baised and to ascertain the impact of the environmental and non

environment al conditions on peoplebdbs overald/l
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SECTIONC
Q12. How would vou describe the overall lighting environment at the moment?

o Very o Bright o Slightly o Neither o Slightly o Dim o Very
bright bright bright nor dim dim
dim

Q13 Would you prefer it to be:

o Much dimmer oA bit dimmer oNo change O A bit brighter o Much brighter
Q14. What do vou think about the daylight at the moment?

o Very little o Little o Sufficient o Much o Very much
Q15 Would you prefer the daylight to be:

o Less oNochange o More
Q16. Have vou experienced discomfort due to glare during your stay in this terminal?

o Yes oNo
Q17. Overall, do vou find the ight well distributed?

o Yes oNo
Q18. How would vou rate vour overall comfort in this terminal at the moment?

o Very comfortzble o Comfortable o Slightly comfortable

o Slightly uncomfortable o Very uncomfortzble

Q19. Which one do vou consider the most important factor in this building?
O Air temperature o Humidity o Airmovement o Aw freshness o Daylight

Q20. What do vou like the most in this space?

Figure 5-5: Section C of the questionnairesvaluation ofighting environment, overall comfort and general issues.

Due to their repeated exposure in the indoor environmental conditions in the terminal buildings,
employees are the most valuable sourcénfifrmation as far as the dgstanding issues are
regarded.Therefore, an additional section in the questionnaeetion D (figure 56), was
designed exclusively for terminal staff to seek for such issues as well as for further data that can
affect staf6 s a d a pottunitiee and pomfort levelsSome of the questions deal with
sensitive topics and therefore the whole section lies towards the end of the questionnaire. In
particular, staff members are further classified according to their employmarg atad the

period of time they have been working in tleentinal building (questions 22 ar&B). Both

variables are used to reflect staffbés degree

Subsequentlythe survey seeks information on existing environmleand norenvironmental
issues in the terminal building through the partially cleseded question 24. As there is a wide
range of employees in terminal buildings working under dissimilar conditions, terminal staff
was asked for possible controls ovee tindoor environmental conditions and whether these
controls fird them satisfied (questions 25 a®@)). Furthermore, employees were asked to rate
the clothing policy of their employer in maintaining their thermal comfort and the effect the

environmental coditions have on #ir productivity (questions 27 ar8).
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SECTION D (only for airport employees)
(22, Are vou working full or part-time?
oFull-tme o Part-time

(23. How long have vou been working at this terminal? . vears ... meonths

()24. Have vou noticed any environmental condition problems in this terminal?
o Thermally related .. ... o Visually related. ...
oOther . ieoo.O Nothing

Q15 Do vou have any control over your thermal and visual environment?
oMNe o¥es (What kind of comtrol? e, )

(26, How would you describe this control?
o Satizfactory o Neither satisfactory nor unsatisfactory o Unsatizfactory

(27, How would you rate the clothing policy in maintaining vour thermal comfort?
o Flexible o Neither flexible nor mflexible o Inflexible

(28. How would yvou describe the effect of the environmental conditions on vour productivity?

o Negative (wWhy P ) o Neither negative nor positive o Positive

Figure 5-6: Section D of the questionnairdurther informationon the indoor environmeifitom the staff
perspective.

Section E(figure 57) focuses on demographics and questions of sensitive nature including age
(using age groups), place of residence and origin, educational level and professional status
(questions 283). Data on age groups, educational level and professional status wegglgtann

be used as parameters to search for differences on other variables, e.g. thermal requirements or
overall comfort, while the place of residence and origin reflects the thermal history of the
interviewee. At the end of the questionnadetailed notee n t he i ntervi eweesb?é
kept in order to estimate clothing insulation, based on the clothing insulation levels for separate
garmenfpieceg(appendix Cprovidedin ISO 7730(ISO 7730, 200p

SECTIONE
Q29. What is vour age group? o <13 o18-24 £23.34 03544 4554 05564 o=63

Q30.Do vou live in the Greater London area?

oYes oNo(Where dovoulivel )
(Q31.Have you always lived in this area?
oYes oNe(Where are vou fromT .o )
Q31. What is vour educational level? oPrmazry o Secondary o College o University

Q33 Arevou a: oInemployment o= Pensioner o Housekesper o Student o Other

CLOTHING

Trousers/ Skut/ Dress: oshort(s)  oleng o light onommal o thick

Shirtz blouses: o T-shirt o Shertsleeves o Long sleeves —light, Long sleeves — thick
Sweater/ Jacket /Coat:  oshert olong othin onomal o thick

Footwear: oClesed o Open o Boots

End Time:...............

Figure 5-7: SectionkE and closuref the questionnaire.
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5.4 Pilot studies

Subsequent to the completion of the design process, pilot studies were conducted in actual
airpott terminal environmentstgble 51). Through these early surveys the study aimed to
identify potential inadequacies in the proposed research methodology, optimize the research
procedure and provide insights on the possible outcomes of the research. In particular, the
guestionnaire was text to ensure that words and terms are clear, response categories are
adequate, format and layout are friendly, the language is culturally appropriate, the flow of

questions is logical and that the projected completion time is achievable.

The first pilotstudy was conducted in March 2012, in Mansinternational airport, Kent.he

very low aircraft and passenger traffic maveprecluded it from being among the case studies
but anointed it as the suitable site for twlection of preliminary dataDuring the tweday

pilot, themicroclimatic monitoring equipmemindquestionnaire were tested in the chactkall

and departures area of the terminal where 52 passengers, staff andistvets were
interviewed. The data analysis validated the research owtyy, however, the survey itself
reveal ed two drawbacks. Par't of the sampl e

ou find the air quality at t h e-poimcscale fram? ¢  wi

o<

veroyr opot o fAvery thgsagoedtion waslrénovesd fn addidon, responses in the

uestion AWhat do you thinkodfntt ree segiornsat stcle

ot O

neither stuffy nor fresho and dAfresho) den

additonofia bit stuffyodo and fAa bi-pointfscaleshd al t er n:

Table5-1: Airport terminal buildings whee pilot studies were conducted.

Terminal Spacs Date

Manston Checkin, dep. lounge 97 10 March '12
Manchestefl  Circulation,seding area, dep. lounge 1 16 April '12
Manchestef2  Seding area, dep. lounge 17 April '12

Checkin 1, checkin 2, seahg area,dep. lounge

Manchesteil 1 1, arrivals hall

277 29 June '12

Additional feasibility studies wereonducted in MAN T1 and MAN TZ2The significance of
these surveys lies on the opportunity provided to carry out pilots in several areas of the
prospective case studies and during traffic peaks when time matters. Tleedaingurveys in

MAN T1 and MAN T2, in April 2012, resulted in the shortening of two crossarms and the

rearrangement of the sensors to allow passing through shortcut security doors. Together with the
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3-day survey in MAN T1, in June 2012, the pilots in Md#ester airport involved 213
gquestionnaires, improved significantly the interviewing techniqgues and confirmed the

effectiveness othedata collectiormethodology.

5.5 Data collection: eavironmental & human monitoring

The actual field studies involved extéres monitoring of the indoor environmental conditions
across the different terminal areas and simultaneous questiegoalexl interviews with
terminal users. Each terminal was surveyed in summer and winter to allow for the seasonal
variations and for a aeklong period of time to include quiet and busy days. The terminals
were monitored continuously during the airfield opening hours to get the daily peak and off
peak traffic profiles. Accordingly, surveys were conducted from 5:00 am to 9:00 pm every day
in MAN T1 and MAN T2, similarly to the weekdays in LCY, whar®nitoring was limited
between6:30 am - 12:30 pm on Saturdays and 12:38m - 9:50 pm on Sundays due to its

restricted airfield operation in weekends.

The spaces surveydd each terminal (tablés-2) involve landside and airsidicilities and
include checkn halls, security searclreas, circulation spaces, s$egtareas, departures
lounges, retail facilities, gate lounges, baggage reclaim areas and arrivals hattenitoging
equipmentwas moved from space to space several times a day so that terminal areas are
monitored repeatedly during the welekig surveys at different times of the day. In smaller
spaces (e.g. gate lounges) #mguipmentwas placed at a central poiror the majority of
terminal spaceshowever,a multipoint monitoring was requiredo ensurerepresentative
readings This was necessamnyhere the selection of a single representative point was not
possible due to space arrangements and safety considerations, in vespéaege(e.g. chedk

hall in MAN T2), as well as in spaces with naniform characteristics (e.g. different conditions

expected close to a glazed curtain wall than further inside the space).

Prior to measurements, a tunp period of about 3 minutes wapplied for the semss when
moving within a spaceDue to the longer periodf time required for the black glob&o
equilibrate this was extended to about-20 minutes wherthe transition involved spaces with
significantly different intake of sunligi{e.g. from the dim andrtificially lit departures lounge

2 to thebright andabundantlysunlit departures lounge 1 and vice veinsaMAN T1).

The questionnairbased interviews were taking place in close proximity to rtwaitoring
equipment The seletion of interviewees was random in order to get a representdivple
population of passengers, staff, meeters and greeters. Introductory to the interviews, participants
were briefly informed for the questirotenair e

confidentiality of their responses, with the latter being extremely important for terminal staff.
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The average time for the questionnaire completion was approximately 5 minutes for passengers

and a minute longer f@mployees

Table5-2: Seasonal ofsite survey# a wide range of terminal spacasLCY, MAN T1 and MAN T2

Terminal Spaces Date

28 Mayi 3 June '12

Checkin, search area, dep. lounge 2, retail, ¢

London €Y ounge 1, gates, int. baggage reclaim

29 Jani 4 Feb'13

Manchester Checkin 1, checkin 2, search area, circulatiol 227 28 Aug '12
seaing area, dep. lounge 2, retail, dep. lounge 1,
T1 C (beg), Pier C (gates), Pier B (gates), arrivals ha 37 10 Dec '12

Manchester Checkin, search area, s@@g area, retail, dep 29 Augl 6 Sep 12

T2 lounge, gates, arrivals hall

117 18 Dec '12

5.6 Limitations in data collection

Safety and security are nowadayajon considerations for airporéeross the globe. Inevitably,
the project planning and execution was influenicedarious respectsy the necessary security
measures in the three sea studieswith the greatest limitations being associated to data

collectionaspects

An initial effectwas the delayed commencement of the field surveys as asethdtprolonged
procedures required for the acquisitionttod security passThe pass was an essential means of
obtaining access to the ter mi musngthemoratarings i d e
equipmentaind questionnaire across the terminal spddes.course of action included extensive
paper wor k, visits and negotiations with the
General Security Awareness Training (GSAT}he two airports. The process was brought to

an end after a period of only two weeks for London City and nine months for Manchester

airport, while in the meantime the guestionnaire and equipment were being set up.

The lack of pass had an impact on thetmtudies conducted in MAN T1 and MAN T2, where
surveys would have been conducted ideally to all pursued terminal spaces. This would have
allowed for a greater degree of familiarity with the terminal spaces and practices before the
conduction of the acal surveysThe absence of such authatibn at theime resulted in thé
undersurveillance piloting of only few landside and airside asefor a limited period of time,

yet, without influencing the methodology evaluation.
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Safety and securityelatedwere also limitations of the actual field studies in all three case
studies. Passenger safety was among the basic considerations in the selection of monitoring
point(s) within a space, while in the case of LCY overcrowding often hampered the relocation

of the monitoring equipmentA limitation that was ultimately overcomea s t he equi pr
transition from landside to airside. Normally, this required disassembfitite crossarms and
sensorsvhich was easy but timeonsuminggiven that such transitionseretaking place many

times a dayThis hindrance was eliminated through the -tlagay contact with security staff,

resulting in the use of the swab device as the sole meaeswafitycheckin some cases afat

in the use of theearch areas dedicatdterminal employeeis other

On the contrary, this was not the case with the insupetabi@ation, which resulted in the
exclusion of thébaggage reclaim areas in MAN T1 and MAN T2 from the monitored spaces.
Specifically, a short passage link betwaba baggage reclaim rooms and the nearby airside
areas required the wuse of athusforbidding theadcesdto pa s s
baggage reclaimln addition a postsurvey limitation was the difficult and eventually
confidential acquist i on of the terminal buil dingsd dr

presented with removeat modifiedfeatures

Limitations also applied in thgatheringof supplementargatafrom the airportg¢hati although

were beyondhe scope of the studywould allow the assessment of the thermal environment
from a mechanical perspective. These include energy consumption data, the type of HVAC
systems and the locations of air supply diffusers in all the terminal spaces monitored, as well as
the temperatureof the supplied air and the air supply rates. The incorporation of such
information in the data analysis would provide a better understanding of the parameters
determining the thermal conditiomghile allowing the investigation of the impaetrespective

energy strateglason occupantdés comfort.

Most of these data, however, were either unavailable or incomplete due to different
circumstances angarticularitiesin each terminal. For instancahile datasets of monthly
electrical energy useere obtained foMAN T1 and MAN T2, thermal energy consumption

(gas) data were completely unavailafilbis was becausddAN T1 gas consumption was on the
same net wor k MANATB and the boileometeraasMAN TWas not loggedThus,

stripping out the individual terminals consumption was not possible. Similarly, nfaasible

to segregatehe consumption of MAN T2 and MAN T3 as the boiler mdterthe latterwas
bypassed and the boiler mefer the formerwas also not logged. Meover, MAN T2 gas
consumption was on a different neeit rwpQ@argd O(si P r
centreas well Further investigatiomevealed the reasons behingstbomplexity;the meters had

not been logged due to financial constraanddu e t o t he ai r puohartadten appr

would have no financial benefit (payback).
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The information obtained with respect to the type of HVAC systems isuhveyedspaces was
presented in chapter Blowever, a comparative analysis between dhffie systemspacesvas
impracticalbecause many of the spaces were served by two or more different systems. This is
also among the reasons why the terminal areas in this study were defined accordimg to the
function the physical boarders between them and the different design charactekisfiasas

the consideration othe locationswhere air is supplied from, this was limited by large

number and complexity of the spaces monitofidds was also the case withe data regarding

the air supply rate and therefore this veasumed to b&0 L s1 per personas recommended

by CIBSE for this type of building$CIBSE, 200§. Due to theincomplete nature of the
technical data discussed above, these were disregarded as to ensure uniformity in the data

analysis between the three terminal buildings.

5.7 Conclusions

The chapter discussed the development of the survey tools used for the data collection during
the onsite surveys in the three case stuyminal buildings. A portablemicroclimatic
monitoring equipmenivas designed to monitor the immediate environmentalitiond people
experience across the different terminal spaces . ehli@gonmentafuantitiesmeasured include

dry bulb and black globe temperature, RH, air movement, as well as carbon dioxide and

horizontal illuminance levels.

A standardised questionnaimeas developed to collect subjective data for the evaluation of
comfort conditions through interviews with randomly selected passengers, staff and other
terminal users. The questionnaire uses a combination ofembad, partially closednded and
closederded questions written in an approachable manner for respondents of different
backgrounds. Items include@int, 5point and 7point subjective scales for the assessment of
perception and preference over the indoor conditions, while additional data dattodude the
activity levels during and 15 minutes prior to the questionnaire, dwell time, clothing insulation

and demographic data.

Following their developmentnonitoring equipmenand qeestionnaire were piloted in actual
airport terminal environments e sul ti ng in modifications for
chapter also discussed the framework of the subsequent field surveys and the research
limitations applied due to the nature of the case studies. Lastly, the chapter addressed the
frameworkof the statisticalanalysiswhich led to the research outconmgsentedn the next

chapter.
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CHAPTER 6: DATA ANALYSIS

6.1 Introduction

This chapter presents the results derived from the analysis of the data collected in the three
terminal buildingsFollowing a synopsis of the statistical analysis plan #reldescriptionof
the samplgopulation, section 6.4ddressethep ar amet er Acl ot lovervigpb and

of the environmental conditiorsdong with an outline of satisfaction levels.

Section 66 evaluategshe comfortconditions for the entire terminal population. The assessment

of sensation and preference over the thermal environment succeeds the calculation of neutral
andpreferred temperaturés specifythe thermal requirementéfterwards, thesection assesses

the lighting environment and closes with an appraisal of the environmental aspects influencing
overall comfort and the relative importance of the environmental andemaronmental

parameters.

Subsequentlysection 6.&ifferentiates biveen the user groups aintvestigates the comfort
conditions from the standpoint of passengers asthff. It reveals different comfort
requirementsquantifies the thermal conflieindstresses the different perceptiand preference
over lighting. Towards the end, iexamines theignificance ofthe indoor environment fothe

two groups.

Section 6.7rovidesa spatial analysis for the different terminal building$odks thoroughly at
the thermal condibns across the terminal spaces dmghlights theformative factors of the
thermal environmentMoreover, it examines ththermal requirements in the different spaces
and locates the thermal conflict between passengers and Seftion summarises the

findings whid are discussed in apter 7.

6.2 Statistical analysis

The study used the Statistical Package for Social Sciences (SPSS 19) as the means for the
statistical analysis of the data collectédstandardised statistical analysis pldignedwith the

pr oj ect 0 svasadbveleedttonsure wiformity in data analgsiThe plan involved:

management of raw dagadinvestigation of data quality
descriptive statisticandcorrelation analysis between environmental and subjective data
a series of statistical tools (etgests, ANOVA ANCOVA, posthoc comparisor)s

checks regarding the violation of the assumptions underlyingatti@us techniques

= =4 4 -4 -

development of mathematical models for the prediction of thermal comfort
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Data analysis was terminal and season specific, with the data sets being analysed for the
terminal population as a whole and separately for passengers and staff. In spaces where more
than a monitoring location was employed, an average value was takeacfwneironmental

quantity measured. Preliminary analysis focused on data quality control to ensure that data
meets the requirements and do not violate the assumptions of the statistictd fedtsw.

Where assumptions were violateadternative norpatametric techniques were applied and/or
supplementary tests were conducted to validate the results. For instance, in cases where data did
not meet the bas@ssumption of homogeneity of variance underlying ANQYH#e significance

of the results wasdetermired by the Welch and Browafrorsythe tests and subsequently from
Tamhaneods p tndhe velydew cases svheee .these tests were ineffective, the non

parametric alterative of KruskaVallis test was adopted.

Additionally, the environmental variablegere statistically treated to allow joint dysis with

the subjective dat& his included the calculation of mean radiant and operative temperature and
the correspondence of each questionnaire to an avesdge of eactenvironmentaljuantity.

The datalogger was programmed to measure globe temperatgyemiich was used for the
calculation of the mean radiant temperature gostandard globe by forced convecti@8O

7726, 199%

8 . T

Y Y X0 ¢® pmm YUY ¢XOo (@)

The mean radiant temperature was in turn used for the calculation of the operative temperatur
(CIBSE, 2006:

Y Y pmed & Yjp pmo 8 )

Correlation analysis was performed to identify shared variance between variables. Assuming
linear relationships, Pearsontled) correlation was used between intervaelgcontinuous)
variables, as well as between a continuous and a dichotomous variable. Spearman correlation
analysis was conducted to investigate the strength and direction of the relationship between the
variables that do not meet the criteria for Pearsarrelation. In both cases, a significance level

of at least p<0.01 was considered for the statistical significance of the results.

In the development of mathematical modtie study used the binning method; the purpose
being to minimise the impact of outlying data points that are based on relatively small number
of observations.For the evaluation ofmeutral temperaturesfor instance,the operative
temperature was binned intalf-degree increments and the mean thermal sensation vote was
calculated for each biworking with the binmean values instead of the individual responses,

the linear regression models fitted between the mean scores of thermal sensation and the
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operativetemperaturavere weighted according to the sample sizgthin each haHdegree bin
i.e. according to the number of thermal sensation viatéing in each temperature bin, thus
ensuring that any outliers representing small sample sizes have relatitbelgffiect on the

slope of the model.

Grouping on the axis of the independent variable generally improves the correlatjon (R
However,if binning is coarsé¢hevariation in the data is hidden while tberrelation coefficient
and theregression coefficienfgradient) may be alterecconsiderablyproducing misleading
results Therefore the decision on the bins used waken upon thereliminaryinvestigation of

the effect of different numbers and widths of bifr example, binning th operative
temperature into 1.0 °C and 2.0 °C increments was found to be too coarse for the ranges of
operative temperaturenonitored and thus grouping of 0.5 °C was appliedgeneral,the
binning method can give a good visual portragéltrends in the datavhile the inspection of
the binmeansis useful in finding outwhether a linear fit is satisfactory, or whether a more
complex model is required. For this reason,it was also used in the investigation of the
relationship betweeRH (%) and sensation as well betweenilluminance and the respective

sensation andrpferencevotes

Two statistical techniques were applied for the calculation of preferred temperatures; probit
analysis and linear regression. Probit models require biraponses whereas the questionnaire

item has five alternatives. For this reason, thermal preference was initially transformed-into a 3
point variable by merging the responses for
Aprefer cootloertohe simidhrwgyr mer o and fAa bit w
Aprefer war mer 0. The Ano changed responses
Aprefer war mer 0 and Aiprefer c o o hak-degree @)t egor
increments aththe number of preference votes was proportionally weighted with the sub total
number of responses irach operative temperature biRrobit analysis was performed
separately for the percentages of nApre&ber wa
probit procedure. Preferred temperature was then obtained by the simple calculation equating
the two probit modelsThis technique confirmed the results obtained fromlitiear regression

analysis in some cases but failed in otldere to the narrow meperature rangeConsequently,

in order to ensure uniformity, linear regression analysis was adopted as the method for the
estimation of preferred temperature in all case studileseover,PMV was calculated as per

ISO 7730 and was used to assess its accuracy in predicting the thermal sensation and thermal

neutrality in themechanically ventilateterminal buildings.
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6.3 Description of sample population

A total of 3,087 peoplewere interviewed in the surveyed terminals. The sample population

presentsa 50:50 maldemale ratio(table 61) and consists of people aged from less than 18

years to over 65 years. Interviewees were classified into three prime groups consistent with the

distinct nature of occupancy they represent. a) employees, b) passengers, and c) meeters,

greeters and othgtalde 6-2). The relevant magnitude of the groups is representative of the

occupancy profile in a typical airport terminal, where population is dominated by passengers

and complemeted by terminal staff and welishers.

Table6-1: Numbe of male and female interviewees in the surveyed terminals.

LCY MAN T1 MAN T2
Summer Winter | Summer Winter | Summer Winter Total
Femals | 203 197 331 236 276 300 1543
Males 200 218 332 299 262 233 1544
Table6-2: Number and type of interviewees in the surveyed terminals.
LCY MAN T1 MAN T2
: : : Total
Summer Winter | Summer Winter | Summer Winter
Employeesl 68 72 103 71 65 86 465
Passenger{ 320 332 462 425 406 388 2333
M/G/O* 15 11 98 39 67 59 289
Total 818 1198 1071 3087

*Meeters, greeters and other

With a total passenger sample population of 2333 people, passengers &c@08b of the
sample population in LCYndfor 74% of thepopulation in MAN T1 and MAN T2. Based on

median values,he average passengertite threeterminalswas 35-44 years oldeducated at

college (for MAN T1 and MAN T2) or university (for LCY) level and employment. The

majority of passengers were UK residents, living in areas otheiGheater Londorgfor LCY)
andGreater Manchester, Lancash(fer MAN).

The passengeopulation consists of arrivingnd predominantly departing passengers, with the

former interviewed exclusively in the baggage reclaim dmad arrivals halls and the latter

across all other terminal spaces. The profile of departing passengers handled in the three

terminals differed ansiderably in terms of journey purpose. Over half the passengers flying

from LCY (52%)were travelling on business, whereas this percenmtagsignificantly smaller

3 as highlightedin chapter 4baggage reclaim areas were surveyed onlyCat due to access issues at MAN T1 and MAN T2
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for MAN T1 (14%) and particularly low for MAN T2 (3%) which serves predomigaetsure

passengers (tabledj.

Table6-3: Passenger characterisgoof residency and journey type.

% of total passenger population % of departing passenge
. UK Local . . Flying for  Flying for
Terminal resident resident* Arrived  Departing business leisure
LCY 60% 44% 9% 91% 52% 48%
MAN T1 70% 40% 5% 95% 14% 86%
MAN T2 90% 46% 3% 97% 3% 97%

*Living in the Greater London area for LCY and in the Greater Manchester area, Lancashi&Nio

Data concerning the time people had spent indoors (by the time of the questionnaire) reveal that
dwell time varied between passengers departing from the three terminals. Its importance lies in
the allowable time for people to adapt to the thermal conditiorthe terminal building. An
overview of these data suggests that 82% of passengers flying from LCY spent up to an hour in
the terminal, with the correspondipgrcentagédeing lowerfor MAN T1 (63%)and MAN T2

(52%).

Although useful in providing an ovall picture, these figures include data collected in the
landside of the terminals. The significantly shorter dwell time in LCtYéxombinedresult of

t he t e smmall siza tiasprovides short walking distances and quick trdias from
checkin to boarding- and thefast passenger processimgplicy. The role of these two
parameters is further highlighted when considering the time passengers spent airside, i.e.
beyond the checln and security point#Accordingly, almost80% ofpassengers in LCY stayed
maximum an hour airside, with a considerable fractioabout 40%- spending up to 30
minutes. The latter was true for only 19% and 14% of passengers flying from MAN T1 and
MAN T2, where dwell time for the majority exceededhamr (figure 61).

MAN T2
m <15 mins
® 15-30 mins
MAN T1
30-60 mins
= >60 mins
LCY

0% 20% 40% 60% 80% 100%
% of departing passengers

Figure 6-1: Airside dvell time for departing passengers
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In total, 465 members of staff were interviewed in their workspace. Employees constitute the
second largest group representing 17%, 15% and 14% of the population in LCY, MAN T1 and
MAN T2 respectively. The average employee in LCY and MAN T1 2&84 yearsold and

35-44 years oldn MAN T2, college graduate and had been working 4 years in LCY, 5 years in
MAN T1 and 7 years in MAN T2Reflectings t a dwkelbtisne, nearly 80% of interviewed
employeeswere working full-time and 20%on aparttime basis Employees were classified

into airport, airline, security, police and retail staff according to the space they occupy and the
nature ofwork (table 64).

Table6-4: Classification of employeésterviewed irthe surveyed terminals.

LCY MAN T1 MAN T2

Staff type | Frequency % of staff| Frequency % of staff| Frequency % of staff
Security 38 27% 29 17% 27 18%
Airline 40 29% 33 19% 32 21%
Retail 37 26% 53 30% 57 38%
Airport 21 15% 55 32% 35 23%
Police 4 3% 4 2% 0 0%

Work status| Full-time  Parttime | Full-time  Parttime | Full-time  Parttime
79% 21% 80% 20% 76% 24%

In general, there is a wide range of terminal staff engaged with different aspects of security,
such as immigration control, luggage and body screening and space surveillance. In this study,
the term fisecurityo i s us e delytindhe gearchtareas,evheeemp | o
tasks involve mostly standidght and standingnedium activity levels. Employees carrying

out securityr el at ed tasks in other terminal areas
staff. The negligible number of poé officers interviewed in two terminals was singled Tout

rather than forming another categdryglue to their significantly higher clothing insulation and

the very short dwell time, as they move across the terminal spaces.

The cat egor y téthe difféeranttypas ofpasgengerhandling agents employed by
the various air carriers operating in the terminal. Airline staff works mainly in the -éheck
halls, involved predominantly in sedentary and secondarily in standing activities. For a fraction
of airline employees, work responsibilities entail also st@rh transitions to other spaces such

as to the gate lounges for passenger boarding.

AAi rporto employees comprise a wide range o
technicians and eimgeers, customer service agents, terminal team leaders, coordinators, arrivals

agents, terminal duty officers and security agents, who are most often employed by the airport
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and work across the terminal areas. Employees working in any type of retatly faaitih

restaurants and

bar s,

duty free and

currency

The population of meetergreetersand other accounts for 3%, 11% and 12% of the sample

population in LCY, MAN T1 and MAN T2. It consists mainly of wellshers interviewedn

the landside areas of the termsétheckin and arrivals halls) where activities most commonly

involve seating ath standing. In addition, this group includes very few casisther shorstay

visitors, such as people conducting surveys on behalf of the Civil Aviation Authority (CAA)

and the Office for National Statistics. The ageuping percentage distributionrfthe total

population at each terminal is providedfigure 62 along with the respective distributions

separately for passengers and staff.
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Figure 6-2: Age group frequency distributiaf (a) total terminal population, and of passengers and staff in (b) LCY,
(c) MAN T1 and (d) MAN T2.

6.4 Environmental conditions and satisfaction

This section presents the environmental conditions people experienced in the three terminal

buildings along withthe outdoor weather conditions during the surveyslso provides an

“In particularthere were3 cases of other shestay visitorsn LCY, 4in MAN T1 and 11 in MAN T2
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outline of satisfaction with the indoor conditiors similar analysis focused on passengers and
staff reveals a satisfaction gap between the two groups. The section closes with an investigation
of theclothing levels worn in the termirgal

6.4.1 Indoor and outdoor conditions

Figure 63 illustratesthe profileof mean hourly outdoor temperature throughout the sutveys
During the summemonitoring periodn LCY the mean daily temperature (2dverage) ranged
between 11.0 20.0 °C. Sgnificantly narrower was the corresponding range in Manchester;
150 - 16.0 °C for MAN T1 and 100 - 16.0 °C for MAN T2. In winter, the mean daily
temperature fluctuated between 322.0 °C for LCY and within the range of 0:%.6 °C and-

1.6- 6.3°C for MAN T1 and MAN T2 respectively.
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Figure 6-3: Mean hourly outdoor temperature throughout the sumanerwinter surveys.

A summaryof theenvironmentafuantitiesmeasured in the three terminal buildinggrovided

in table 65. ThesmallsizedLCY exhibitedthe leastvariablethermal enironment among the
case studies. Athe respective seasonal standard deviatguggest, temperature weastered
closely tothe meanvaluein both seasons. In fact, operative temperature presented a narrow

range of 4.4°C in summer and 3.8C in winter, with the lowest and highest temperatures

® Source of outdoaiemperaturelata: http://www.wunderground.com/
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occurring during the occupancy lows and peaks respectively. The meamatmgder summer
(23.3 °C) and winter (23.4°C) imply no significant seasonal differentiatiofthe former
matchesthe summertemperature sqiointwhile the latter lie®.4 °C higher than thevinter set

point.

In thelargerMAN T2, temperature ranged between 20%5.3°C in sunmer and 18.9 24.5°C

in winter. The mean temperature in winter (23C) was equato the flat temperature spoint
adopted throughout the year whilst in summer (2&Bwas 2.3°C higher. As the respective
standard deviationsuggest the thermal environment in MAN T2 was more rigid in winter and

variable in summer, similarly to LCY.

The large scale and spatial diversity of MAN @fe attributed to a widghermal diversity.
Operative temperature presented the highest variance among the case studies as well as the
widest range in both seasons; 1925.4°C in summerwhen the mean teperature (22.0C)

was a degree higher than the-geintand 16.2- 25.6°C in winterwhen the mean temperature
(21.3°C) coincided with the sqtoint.

Table6-5: Mean values aihdoor environmentadjuantities monitored in summer and winter.

Summer Winter

Top* Vair RH CO, lllum. | Tgp* Vair RH CO,  lllum.

C)  (m/s) (%) (ppm) (ux) | (°C) (m/s) (%)  (ppm) (lux)

Mean | 23.3 0.12 504 483 339 234 013 323 817 300
5> SD 0.9 0.06 3.0 138 680 0.6 0.04 7.0 152 390
S Min 214  0.04 447 324 80 21.7 0.04 217 660 70
Max 258 058 64.1 1095 7999 | 253 0.26 53.3 1333 3746
Mean | 220 0.15 575 648 260 21.3 016 325 770 485
= SD 15 0.05 5.8 172 223 2.0 0.16 5.9 107 1044
g Min 19.1 0.04 46.6 298 40 16.2 0.03 232 587 20
Max 254 032 738 1059 1854 | 256 104 53.1 1365 8173
Mean | 23.0 0.18 51.1 726 836 211 016 326 752 480
D) 1.3 0.11 6.8 209 957 0.9 0.09 6.0 159 536
g Min 206 004 376 490 20 189 0.04 220 284 40
Max 26.3 055 66.6 1380 6431 | 245 049 445 1273 3498

*Temperature sqiointis 23°C in summer and 21°C in winter for LCY, and 21°C throughout the year for MA& AN T2.

Indoor and outdoor temperatures are weakly correfaredCY and MAN T1.0n the contrary,
a strong relationshipvas revealed for MAN T2 associating nearly 50% of the temperature
variance indoors to outdodemperature (figure -8). Such a relationshigould suggest

building management system utilizing outdoor weather dataa Amtter of fact, both MAN T1
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and MAN T2 are equipped ith outdoor temperature sensors lbere are reservations
regardingtheir location and calibratiorConsequentlyputdoor temperature is not taken into
consideration in the impmented HVAC controlteategiesevidentalsofrom the adoption of a
flat temperature sqgoint throughout the year. On the other hathe, two buildings differ in
terms of air quality control strategy. Unlike MAN T1, the newer MAN T2 is equippedairith
quality sensordnstaled prior to the smoking ban in 200The b u i | dintegrgtédsBMS
system ulises air qualitydata (CQ and VOC)to control the amounof fresh air injected
indoors, which explains thelationshipfor MAN T2.
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Figure 6-4: Relationship between outdoor and indoor temperature in the three terminal buildings.

Air movement was in general very low in all three terminals, resulting in average values within
the range of 0.10.2 m/s Air velocitiesbeyond theaipper comfort boundary of 0.3 ndscurred
sporadically in certain spaces exposed to outdoor wind through openings (e.g. the gate lounges
in LCY and the arrivals hall of MAN T1). Although none of the buildings include
(de)humidificationin ther control strategy, in all cases the mean RH (%) lensgtginedwithin

the seasonal rangecommendedty ASHRAE (section 3.8) Along with the values of standard
deviation, the range of illuminancéable 65) is indicative of the variety oflighting
environments across the different terminal areas.

The mean C@levels indicate sufficiententilation ratesn all buildings and lie well below the
ASHRAE recommended maximum concentration rangel0001200 ppm The higher
concentrations recorded duringcupancy peaks remained close to the maximum recommended
range.In all casesoperative temperaturgvas correlated withCO, concentrationwith the
relationship between the two being modétége LCY (0.44, p<0.01) and weak for MAN T2
(0.13, p0.01) and MAN T1 (0.06, p<0.05).

6 Different authors provide different classifications. The study adopts that of Cohen for behavioral sciemesgioncoefficient
(n) is smallif £0.100r O+0.29 demonstrating aveak relationship mediumif +0.30 Or 0+0.49for a moderaterelationshipand

largeif £0.50 Or O+1 for astrongrelationshipCOHEN, J. 1988Statistical Power Analysis for the Behavioral Sciente&rlbaum
Associates.
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As a result of the small volume of spaces andhibbly variable traffic handled within the day

in LCY, occupancy levels had a significant effect on its indoor thermal environment in both
seasons. Statistically, this isrdirmed by the large correlation coefficients for summer (0.62,
p<0.01) and winter (0.55, p<0.01). Expressed as coefficient of determihatienseasonal
coefficients show that CQOand therefore occupancy levels explained nearly 30% of the

temperature &riance in winter and 40% in summer.

Further to this point, LCYhandleda secondary occupancy peak in the morning, a low in the
afternoonwith mostly landings (rather than takdéfs) taking place anda main peak in the

evening. The mean hourly profile ¢dmperature an€O, concentration are similar to each

ot her and both refl e qrofilet(fljuee 65)eOQpearativeadmpesature p e r a
followed the morning occupancy peak and the respective lowth@n afternoon with
approximately a 2our timelag, as well as the subsequent aselmain occupancypeak in the

evening with a 3@ninute time lag.
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Figure 6-5: Profile of nmean hourly (a) C@concentration and (b) operative temperating.CY.

On the contrary, the relationship between temperature andc@@entration is weakeor

MAN T1 and MAN T2, as the considerably larger volume of spaces does not allow for an
analogoustemperature increase when occupancy levels are on the rise. In seasonal terms,
however, the correlation is statistically significant for summer with the respective coefficients
being 0.29 for MAN T1 an@.37for MAN T2, p<0.01

The reason underlying thimsignificance of the relationship in winter is associated to the
terminal sé operational profile at t his tiom
destinations, MAN T2 experienced significantly lower passenger traffic during the winter
surveys, pres#ing a main occupancy peak early in the morning and a secondary in the midday.
MAN T1 handled high passenger volumes in both seasons (higher in summer due to the extra

flights scheduled to holiday destinations). Unlike summer, however, occupancy in eithter

" Coefficient of determiation or percentage of varianceguaredr value expressed as percentage

92



not fluctuate significantly on a daily basis. Consequently, in both terminal@@entration

and therefore occupancy levels did not vary enough to achieve statistical significance in winter.

6.4.2 Satisfaction and overall comfort

Satisfaction with theéndoor environment was evaluated tmeans ofpreferencevotes. More
specifically, the study used the questionnaire items 7, 9 andappendix A)to assess
satisfaction with fAther mal c¢ dhabassessmeénisliefoathe mo
assumption that a person requiring no change is satisfied with the prevailing conditions. This
approach was adopted to avoid the vagueness of (dis)satisfaction underlying the preference
votes for da bit YotedforElight adjgstrentseohavcertaim comdiéam,tsuch

as a fAbit coolero for the ther mal dightng r o n me
environmentmay imply satisfaction for some people and dissatisfaction for others, depending

on expectatins and tolerance level$.her ef or e, people who respol
preference questions were regarded as satisfied with the respective condtimasver,

gquestion 10 was used to evaluate satisfaction with air freshResgonses n c | u ditheng @A n e
stuffy nor fresho, fassumed to sighify satsfactidnmahe thllowidgr e s h 0
figures, satisfaction with the indoor conditions is juxtaposed with overall comfort levels derived

directly from -{dsessedstasfponford ent sé6 sel f

The results (figure &) showthat a considerable fraction of people was dissatisfied with the
thermal environment in all three terminals. More specifically, satisfied was slightly less than
half the population in LCY (43%) and MAN T1 (47%) and slightly more than half the people in
MAN T2 (54%). From a seasonal point of view, nearly half the population in LCY (47%),
MAN T1 (47%) and MAN T2 (49%) required no change in summer, percentage which
remained unaffected for MAN T1 in winter. On the other hand, satisfaction in LCY decreased to

38% in winter, conversely to MAN T2 where the respective percentage increased to 58%.

Satisfaction with air movement was similar, expressing the minority of 44% of people in LCY
and a very narrow majority in MAN T1 (52%) and MAN T2 (53%). In all casessdiasonal

profile was essentially unchanged between summer and winter, as the slight decrease in LCY
and increase in MAN T1 and MAN T2 in winter is statistically negligible. More votes denoting
satisfaction were received with respect to air freshness, @ineguor 60%, 69% and 73% of
respondents in LCY, MAN T1 and MAN T2 respectively. Higher were also the satisfaction
levels with the lighting environment, representing 64%, 60% and 67% of the population in
LCY, MAN T1 and MAN T2.
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Figure 6-6: Satisfaction levels with the indoor conditions in summer, winter and overall.

In spite of the relatively low satisfaction levels with the indoor conditions, overall comfort
levels were significantly higher; 79982% and 85% of the population in LCY, MAN T1 and

MAN T2 reported to be comfortable. To a great extent, this gap is attributed to the particular
approach of the term satisfaction as addressed at the beginning of the section. Beyond that,
however, the perceed importance of the environmental conditions in airport terminals is an
unknown factor, provided that in such facilities a number of otherenvironmental
parameters may well impact overall dom (e.g. amount o$pace, wafjinding, time and speed

of processing). Thisspect is explored in section 65

Under the same assumptions, a comparative analysis conducted for passengers and staff
revealeda significant satisfaction gap between the two groujpsall three terminal buildings
dissatisfactiorwasconsiderably higher among staff in sumrasrwell as irwinter figure 67).

More specifically, nearly 2/8f employees prefeed a thermal environment other than the one
experienced in their workspace. In LCY and MAN T2 the low satisfaction levels astaffig

were essentiallythe samén summer and wintervhereadissatisfaction for staff in MAN T1

rosein winter when only 27% of employeésundt he t her mal conditions

other hand, passengers s#ated higher satisfaction levelsth approximately 50% requiring
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no changeAn exception, however, is LCY where the percentage of satisfied passevagers

limited to 38%,implying a thermal issue in the terminal during winter.

Moreover, a significant fraction of staff, in the range of8806, preferredchange inair
movement in theirworkspace, whereas such requirement was expressed 5{)%40of
passengers in the three terminaldd®épread among employesasthe assessment of indoor
air as fetatediromf4g60% of staff with thesame notion being reported by-20%

of passengers. Consideraldee also the different satisfaction levels regarding ligeting
environment. About 3@0% of passengers would prefer either brighter or dimmer lighting

levels, while such preference expredg065% of terminal staff.

The prevalent satisfaction gap between passengers and staff in all terminals implies different
comfort requirementdetween the two groups. The latter is also reflected in the considerably

higher percentages of uncomfortablepbmyees (2349%) as opposed to passenger2186)
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Figure 6-7: Satisfaction levels of passengers and staff witlintheor conditions in summemnd winter.
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6.4.3 Clothing

Being among the majatifferentiating factors between occupants in airport terminals, clothing

is an essential component in understanding thermal comfort conditions in such facilities. The
data analysis showed thatitdoor i rather than indoor temperatuiie explains better the
variance in clothing people wear in the termsnalhe relationship between operative
temperature in MAN T2 and clothing insulation is statistically significant and strong. The
respective relationship for MAN Tachievedstatistical significance but is wemweak. As a

result of thevery narrowindoor temperature range and the shorter dwell timesjgmificant
relationshipwas establishedor LCY (figure 6-8a). On the other handgxternaltemperature
explains approximately 50% of the variance in clothiegels worn in all terminal buildings.

The relationship between the two is better described with an exponential rather than by a linear

expressior{figure 6-8b).
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Figure 6-8: Relationship between clothing insulation gadl indoor operative temperature, (blitdoor temperatte.

The mean clothing insulation for the total population was very similar at 0.57 clo in summer and
increased to nearly 1.0 clo in winter. An examination of the clothing values separately for
passengers, staff and MG@ble 66) shows that the overall highetothing levels in winter
were due to the increased clothing insulation worn by all population groups at this time of the
year. This increase, however, was lower for staff and significantly higher for passengers and
MGO, thusreflecting thegreater impacof weatherconditionson their outfits. In fact, outdoor

temperature explains nearly 50% of the variance in passenger clothing and up to 65% of the

96



clothing variation forMGO (figure 69). For staff, whose outfits are largely dependent on
certain clothingpolicies, outdoor temperature explains 41%, 22% and 33% of the variance in

LCY, MAN T1 and MAN T2 respectively.
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Figure 6-9: Relationshipbetween clothing insulation and outdoor temperaforestaff, passengers and MGO.

The mean clothing insulatiofor staff ranged between 0.56 clo and 0.64 clo in summer and
between 0.79 clo and 0.90 clo in winter. For passengers and MGO this was@t50o and
0.540.67 clo in summer, rising to 0.8815 clo and 1.08L.28 clo in winter respectivelygnd
thusresultingin distinct variations betweehe groups The larger effect of outdoor weather on
passenger and MGO clothing in winter is also reflected in the higher standard deviations for the
two groups (table ®). Moreover the lower winter values for passengers handled in MAN T2
which serves mostly holiday destinations in warmer climagaggest that destination is also
among the parameters influencing passenger clothing.
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Table6-6: Meanvalues and standard deviatiar clothing insulation (clo) foterminal users.

LCY MAN T1 MAN T2
Summer Winter Summer Winter Summer Winter
Total population  0.64 1.11 0.55 0.99 0.51 0.89

- = Employees 0.64 0.90 0.60 0.79 0.56 0.80
'% % Passengers 0.64 1.15 0.53 1.02 0.50 0.88
g MGO 0.67 1.28 0.57 1.04 0.54 1.05
o Total population  0.19 027 _ 0.15 028 013 024
% A Employees 0.13 0.16 0.16 0.20 0.13 0.17
© n Passengers 0.20 0.27 0.15 0.28 0.13 0.23

MGO 0.17 0.15 0.16 0.21 0.12 0.29

6.5 Comfort conditions for the terminal population

This section investigates the range of comfort conditions while accounting for the entire sample
population at each terminal building. Subjective andironmentaldata areused to assess the
thermal and lighting environemt, to evaluate the comfortonditions and assess their

importance in the complex terminal environment.

6.5.1 Subjective sensation of warmth

Figure 610 illustrates the frequendistribution of actual thermal sensation (TS) and PMV for
each terminal. Thprofile of TS suggests that the general perception of the thermal environment
lay more on the warm, rather on the cool side of the ASHRAE scale in all buildings. In seasonal
terms this was true for both summer and winter, with the mean TS presenting small seasonal
change in MAN T1 and MAN T2 and a significant increase towards warmer sensations in LCY

duringwinter (table 67).

Table6-7: Mean value and standard deviation of thermal sensation in summer and winter.

Summer Winter
Mean TS SD Mean TS SD
LCY 0.48 1.06 0.87 1.08
MAN T1 0.44 1.16 0.57 1.26
MAN T2 0.56 1.16 0.46 1.25

More specifically, most people in LCY (83%) and MAN T1 (78%) experienced acceptable TS
i n summer , when Aneither cold nor hot O recei
MAN T1), yet very close to fAslight |aresutafr mo (

the increased clothingiorn (table 66), the majority of sensationsn both terminals (87% in
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LCY and 76% in MAN T1) shifted towards war m
then the most frequent TS while a considerable percentage of people (1/4 iandC¥5 in

MAN T1) reported to bé wa r mo .

On the other hand, the TS profile in MAN Wasvery similar betweethe two seasons despite

the cooler indoor conditions and the relatively small increase of clothing insulation in winter.
The majority of votes (78% in summer and 79% in wintay)within the categoriesinei t her
cold nor hthloy owafimdi gnd fwar mo. | wastheindst s eas

frequent sensation, representing one out of three interviewees.
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Figure 6-10: Percentage distribution of actual and predictéérmal sensation.

PMV follows the seasonal shift of T® LCY and MAN T1, and agrees with the seasonal
consistency in MAN T2. However, it implies a significanthrrower range of TS in all
terminalsand considerably coolsensationgn both summer and winter. In particulgretmean
absolute TSPMV discrepancy ranges between 1.04 and 1A3HRAE scale unitshnd is
higherfor summer (table 8). Moreover, a qualitative comparison between PPD and the actual
percentage of unacceptaldensationseveals a reverse pattern between the two. While PPD
implies a higher percentage of dissatisfied in summer, more unacceptatsationsvere
actually experienced during winter in all terminals. The most significant seasonal increase

occurredm LCY where most unacceptaldensationsver e associ ated to fAwa!

Table6-8: Percentage of unacceptable, T8°D and rean absolute discrepanbgtweerPMV andTS

Summer Winter
% of PPD _TSPMV % of PPD _TSPMV
unaccept. TS discrepancy | unaccept. TS discrepancy
LCY 17% 15% 1.19 32% 10% 1.04
MAN T1 22% 34% 1.62 29% 21% 1.39
MAN T2 23% 32% 1.67 28% 25% 1.53

* mean absolute discrepancy measuneiSHRAE scale units
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Pearson (2ailed) correlation analysis showsthat TS correlates better with operative

temperaturghan with any other of thenvironmentalariables The relationship is weaker for

LCY and MAN T2 and stronger for the more variable thermal environmektAdd T1 (table

6-9). Interestingy, a positive correlation was also found with geévels, implying that TS had

an increasing trendn overcrowdedconditions (figure 6L1). The effecwas stronger in LCY
and MAN T2 and weaker in MAN T1.
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Figure 6-11: Relationship obperative temperaturé&;O, levels (occupancygnd TSin (a) LCY and (b) MAN T2.
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Furthermore, correlatioanalysis revealed wealet significant relationship between TS and the

respondent s 615 anoutes priortto thel geestmrinairesuggesting that having

performed lighter activities people reported codli€r(table 69). Conversely, this demonstrates

a tendency towards warmeensationsexperienced by people with higher metabolic heat

generation associated to higher activity levels such as walking or walking while carrying
luggage. Clothing levels (0.21, p<0.01) and air movement (0.11, p<0.01) are also among the

quantities correlated with TS in LCY, whereas the corresponding relationships férilAand

MAN T2 do not achieve statistical significance.

Table6-9: Quantities correlated to TS in all terminals, PearsortgRed) correlation coefficients.

Top CO, 15Njet
LCY 0.25 0.23 0.18

MAN T1 0.40 0.06* 0.09

MAN T2 0.20 0.25 0.14

*significant at p<0.05 levehll other at p<0.01.

6.5.1.1 The determining factors

Correlation analysis enables the identification of the variables that share variance with TS.

However, a certain variable that does not vary sufficiently to produce a statistically significant
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relationship with TS may stilhave a significant influenctéhrough its interrelationship with

other variables. Thereforenultiple regression analysis was performed to identify the set of
variables that best predicts TS and to investigate the relative importance of the variables
involved. Accordingly, operative tempature, air movement, RH, clothing insulation and the
activity levels during and 15 minutes prior to the questionnaire were all taken into account and

regressed against TS.

Standard and hierarchical multiple regression were theifisshong the differentmethods of

multiple regression implementédio be disregarded. While standard multiple regression would

all ow the examination of the wvariablesd int
identifying the set ofariables that best predicts BSall variables are entered in the model. On

the other hand, hierarchical (sequential) multiple regression presupposes a theoretical
background; variables are entered in steps according to the assessment of each variable in terms

to what it adds to the predion of TS after the previous vabigs have been controlled for.

Therefore, lhe multiple regressiaperformedwere stepwise thusallowing the controbf the
variablesenteing the models and the ord#irey go into the equatigthrough a set oftatistical
criteia. Theanalysistested allthree appaches of stepwise regressiofi f or war d s el e (
Abackward selectiond and A s t-aifhwhe ktedresltiogpirmb i n a

models of higher statistical significance.

The gudy did not aim to include or exclude variables according to thealle, therefore the
probability (significance) of F was instead selected as the stepping method criterion. The entry
and removal criteria were set to 0.05 and 0.10 respectively, mettuaing variable is selected

for analysis if the significance of F is less than 0.05 and is removed if the significance level is
greater than 0.10Cases with +3 standard deviations or beyond from the mean sere
considered outliers and were removetle assumptions of data normality and independence of
variables were checked by the inspeattad the histogram of standardi residuals, the normal
probability plot (PP) of standadised residuals and the scatterplétongside the TS model
produced fronthe entire dataset of each terminal, separate models were developed for summer

and winter. All models are significant at the p<0.005 level.

The results show that the combination of variables explaining better TS in LCY consists of
operative temperature,athing and15Ninet, and is supplemented with the square root of air
movement in the case of MAN T1 and MAR (table 610). The unstandardésl coefficient

ahead of each variable indicate amount of change expected in TSdweeryoneunit change

in the value of that variablprovidedthat all otherquantitiesin the model are held constant. For

i nstance, control |l i ngNjfearo,t hae tveanrpieéhaltledyr e crli o

would result in nearly 0.4 units changeTS. In other wordsthe temperature change required
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to shift TS in LCY by one unit is 2.7C. Simil ar | yn,MAN €loapd MABIS2 T S
would not present a unit change unless they experience a temperature chang&Cadrgi3t.1

°C respectively.

Table 6-10: TS models witkomfortvariables.

TS model FlFuiia R

Alldata TS =0.369 T,+ 0.613 clo + 0.556 (1jet)- 9.24, 52.82.6 0.16
§ Summer TS =0.278 T, + 0.565 (13djet)i 6.74 23.0/3.0 0.10

Winter TS =0.446 T,+ 0.499 clo + 1.8 (met) 12.127 21.2/2.6 0.14
_, Alldata TS =0.305T,+ 0.512 clo + 0.251 (Ijet)i 0.958 Var)?®1 6.492 72.5/2.4 0.20
Lz: Summer TS =0.301 T, + 0.257 (13jet)i 2.002 (\;)?®i 5.774 49.7/2.6 0.19
= Winter TS =0.303 T,i 0.737 \4, 1 5.75 70.6/2.4 0.21
« Alldata TS =0.246 T,+ 0.803 clo + 0.588 (Mjet)i 1.257 Va)®1 5.76  30.7/2.4 0.11
'<z_E Summer TS =0.342 T, + 0.502 (13jet) + 0.02 RH 1.71 (\4,)°°1 8.283  28.3/2.4 0.18
=

Winter TS =0.252 J,+ 0.824 clo + 0.159 (1Hjet) +0.025 RH 7.234 11.6/2.4 0.09

The unstandardésl coefficients are measured in the unit of the variable they accontparlye
contrary, the standardid coefficients for eachariable (table €L.1) are all measured in standard
deviations thusenabling the comparison of the relative strength of the various predictors within
the models. Accordingly, the results show that the variable making the strongest contribution to

explaining TS is operative teragature in all cases.

Table6-11: Standardied coefficiergdand significancédevelsfor the TS predictorsn table6-10 (in bold).

Top Clo 15Njet Vg
> Standardised coefficient 0.284 0.196 0.190 n/a
5 Significance level 0.000 0.000 0.000 n/a
O Standrdisedcoefficient 0.448 0.133 0.072 -0.083
g Significance level 0.000 0.000 0.006 0.002
N Standrdisedcoefficient 0.315 0.188 0.173 -0.122
g Significance level 0.000 0.000 0.000 0.000
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As discussed in the previosgction ficl ot hi ngo was found to be
TS only for LCY. Interestingly, the results reveal that in all cases clothing levels make the
second strongest unigue contribution (behind operative tempertigeplaining TS, when the
variance explained by all other variables in the model is controlled for. Similarly, air movement
was individually found not to share variance with TS in all cases, but controlling for the other
variables involved, it makes agsiificant contribution to explaining TS in MAN T1 and MAN

T2.

6.5.1.2 Effect of age, gender, drinks and clothing modification

An independensamples-test was conducted tovestigate potential differences in TS between
males and female§he mean clothing insulation worn by men and women was identical in all
cases (table-&2). The resultsare universal among the case studies and demonstrate that the
marginally higher TS reported by males in all terminals is statistigalgnificant (able 613).
Moreover, a onavay analysis of variance betwegroups was performed to explore the impact

of age on TS, with the results suggesting no significant difference between people of different

age groupsgtable 614).

Table6-12: Mean clothing insulatioriclo) for males and females.

Summer Winter
Females Males Females Males
LCY 0.63 0.66 1.09 1.14
MAN T1 0.54 0.55 1.00 0.99
MAN T2 0.52 0.51 0.89 0.88

Table6-13: T-test resultshowing nasignificant difference in TS scores between males and females.

Females Males
MeanTS SD MeanTS SD t value t critical p value
LCY 0.64 1.11 0.72 1.06 (816 =-0.96 +1.96 0.34

MAN T1 0.46 1.26 0.54 1.16 (1199 =-1.09 +1.96 0.28
MAN T2 0.45 1.30 0.58 1.08 (1069 =-1.71 +1.96 0.09

Table6-14: ANOVA results demonstrating no impact of age an TS

F value F critical p value
LCY F(6,811) =1.1 2.11 0.35
MAN T1 F(6,1191) =1.6 2.11 0.15
MAN T2 F(6,1064) = 0.8 2.11 0.55

A oneway analysis of variance was also conducted to investigate wigthange in clothing

levels 15 minutes prior to the questionndiesl an impact ofS. Therefore, the test was used to
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compare the mean scores of clothing insulation between three population groups; those who had
not altered their clothing and those who had added or removed clothing. The respective
frequency distributiorwas found nearlyidentical for all terminals, where the vast majority of
people had not altered their clothing levels, while among those who did, cloth removal was the
most frequently actiotaken (table 6L5). Moreover most of thepeople who had modified their
clothing reported acceptable TS but expressed a preference for a change in the thermal

environment, preferring predominantly cooler conditions.

Table6-15: Clothingmodification15 minutes prior to questionnaire

% of total population % of people Who altered their
clothing
No Clothes Clothes | Acceptable Preferred
change on off TS warmer or cooler
LCY 83% 2% 15% 80% 54%
MAN T1 83% 3% 14% 71% 66%
MAN T2 86% 2% 12% 57% 54%

As a result of the high numericdlifference between the three groups, the assumption of
homogeneity of variance underlying ANOVA was violated in some of the®’tdsts these
cases, the significance of the results was determined from the Welch and Brmythe tests
and subsequently r o m T a mh a n e 8°sThepresslts (tableo@s) athievedstatistical
significance for MAN T1 and MAN T2In these casesnterviewees who had reduced their
clothing levels reported higher mean TS than those who added clotihig between the tow

lies the mean TS of thoseade no change. Therefore, thsules suggest that A5-minute

intervalwasinsufficiently allowing clothing modification to impact TS.

Table6-16: Mean value and standard deviation of clothing insulationpieople who did and did not alter their
clothing levels 15 minutes prior to the questionnaire.

LCY MAN T1 MAN T2
Mean TS SD Mean TS SD Mean TS SD
Clothes on 0.00 1.41 -0.28 1.45 011 1.85
Clothes off 0.69 1.07 1.01 0.97 0.87 1.31
No change 0.69 1.08 0.45 1.21 0.47 1.16

Furthermore the study investigated the potential effect of drinks on TS, as their consumption
has been demonstrated to affect the metabolic heat prodBe#@r andStandeven, 1996

Nikolopoulou and Steemers, 2008nd hence TSThis was done by means of a emay

8 sig<0. 05 i n L e homageneiy of vagiante thanothe assumption for homogeneity is violated.

Tamhane arsongTth post hoc tests that are appropriate wdréances are unequahdprovides onservative pairige
comparisons based otest.
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analysis of covariance (ANCOVA}hus allowing for the control of indootemperature and
addifonally for the evaluation of the extent that the consumption of drinks is a response to the
thermal conditions. Therefore, the dependent variable was TS, the independent variable was the
one grouping people according to whether they had a hot drinkdaddok or no drink 15
minutes prior to the questionnaire, while the operative temperature played the role of the
covariate. Preliminary checks were conducted to ensure that there is no violation of the
assumption underlying the ANCOVA test (assumptiomafmality, linearity, homogeneity of

variances, homogeneity of regression slopes and reliable measurement of the covariate).

The results (adjustedhlues in table 4.7) aresignificant at p<0.05 but not uniform between the
case studiesn LCY, the mean TS for people who consumed a cold drink (mean TS =whad7)
0.29 units lower than for those who had no drink (mean TS = 0.76), with the difference being
equivalent to nearly 40% cooler TS. Very similar is the result for MAN T2; peoplehatia

cold drink (mean TS = 0.30fported0.27 unitslower TS thanthose who did not havadrink

(mean TS = 0.57)equivalentto a 50% difference. On the other hand, the corresponding
difference for MAN T1lwasonly 0.07 units and statistically insigniéint. Moreover, the results

for MAN T1 show that the mean TS score for the people who had a hotwhagtk43 and 0.39

units higher than for those who had a cold drink and no drink respecfivedyresult however,
wasnot confirmed for LCY and MAN T2.

Table6-17: Effect ofdrinkson TS while controlling for indoor temperature (adjusted) and witfneadjusted).

Adjusted** Unadjusted***
N* Mean TS St. Error Mean TS St. Dev.

Hot drink 97 0.46 0.13 0.47 1.00

6 Cold drink 205 0.47 0.08 0.53 1.12
- No drink 765 0.76 0.04 0.74 1.08
o Hot drink 92 0.85 0.12 0.78 1.26
; Cold drink 259 0.42 0.07 0.48 1.26
<§E No drink 847 0.49 0.04 0.48 1.18
N Hot drink 97 0.51 0.12 0.43 1.07
C  Colddrink 205 030 008 031  1.23
<§( No drink 765 0.57 0.04 0.58 1.21

*N = sample size (in the case of MAN T2 there were 4 missing values out of the 1071 in total)
** Adjusted values= controlling forthe operative temperature
*** Unadjusted are the values without the effect of operative temperature

Therefore, it can be concluded that the consumption of drinks may impact TS but the effect is
small. In fact, the effect size can be seen from the partial eta squdued which converted

into a percentage shows how much of the variance in TS is explained by the consumption (or
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not) of drinks, while controlling for temperature. Accordingly, this is only 1.5% for LCY, 0.9%
for MAN T1 and 0.8% for MAN T2.

Furthermoretable 617 showsthat the adjusted and unadjusted scores of mean TS for each
group are nearly identical in most cases. In other words, with and without controlling for
temperature the mean TS value for each group is almost the Baménstance without
controlling for temperature, the mean difference in TS between people who had a cold drink and
no drink in LCY would be 0.21 units (instead of 0.29 units), while the corresponding difference
for the case of MAN T2 remains unchanged (0.21 units). Thereftttepugh operative
temperature has a statistically significant effect on th® results indicate thét within the

range found in the terminailstemperature has little to do with the decision of having a drink

6.5.2 Assessment of thermal preference

The examination of thermal preference (TP) votes provides further information about the
thermal requirements of people in the three terminals. Operative temperature is the
environmentabuantity correlated better with TP in all cases. The relationship dertvthe two

is weaker in LCY (0.27, p<0.01) and MAN T2 (0.31, p<0.01) and stronger in the more variable
thermal environment of MAN T1 (0.41, p<0.01). People engaged in higher activity levels 15
minutes prior to the questionnaire tended to prefer coolemtieconditions, as the respective
correlation coefficients suggest (0.12 for LCY, 0.10 for MAN T1 and 0.14 for MAN T2,
p<0.01).

For LCY and MAN T2, where elevated G@oncentrations were associated with higher indoor
temperatures (section 614 and warner TS (figure 611 andtable 69), asignificant but weak
relationship was also found between occupancy levels and thermal preference (0.16, p<0.01 for
LCY and 0. 23, p<0.01 for MAN T2) . The rel at]

tendency of TP vats towards a cooler thermal environment in crowded conditions.

In both summer and winter, preference over the thermal environment in all terminals converged
at two votes expressing the majori t(jgureet | nt e
12). However, the relevant magnitude between the two and their seasonal changes draw
different conclusions for each buildinth summer, TP profile was very similar with almost

50% of people in all terminals finding titeh e r ma | envi r oandmearly 40% j ust
preferring cooler conditions. his patternwas reversed in LCYduring winter whenthe TS

profile was suggestive adverheatingln fact, he majority (53%) prefeed a cooler thermal

environment, with nearly half thgeoplep r e f e r r d ovq@linghadicular t
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Figure 6-12: Percentage distribution of thermal preference votes

In MAN T1 the percentage of people desiring no change remained unchanged in winter (nearly

50%). Compared teummer, the preference for a cooler environment represented a slightly

lower, yet significant fraction of interviewees (one out of three). However, what stands out in

the winter profile is the respectful fractioh peoplepreferringa warmer thermal envanment.

Reflecting the cooler conditions experienced in certain terminal areas at this time of the year,

this percentage was neatlyice of that in summeaind represented 20% of the population.

MAN T2 is the only terminal where more people foundthe mper at ur e

Ajust r

(nearly 60%). Yet, similarly to LCY and MAN T1, the majority of interviewees requiring a

change in winter preferred to be cooler, with such preference expressing 25% of people.

Interestingly,a crosstabulation of TSandT P
not the desired TS for the majority of people in the terminal buildidgsing assumet h a t
s a 64d%sandsb8% of people int h e r

changebo

response

reveal

denotes

S

t hat

neutr al (A

fino

LCY, MAN T1 andMAN T2 - who were satisfied with the thermal conditionlsad reported

TS other than neutrdfigure 6-:13). Thevast majority of thenhadfelt eitherii s | i ght |l y ¢

(O

Asl i ght,lwih the tattensénsationreceiving higher respons&ignificantly lower, yet
respectful, was the fraction of the people in MAN T1 (17%) and MAN T2 (14%) who had
reportedii u n a ¢ ¢ e p widld requidng MoSchange. This reflects the diversity of comfort

requirements across the different thermal environmepexisting in these terminals and

represent predominantly warm sensations reported under cooler thermal conditions.
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Figure 6-13: Breakdown of thermal sensation votes at each thermal prefecategory.

6.5.3 Perception and preference over air movement and sensation of air humidity

As discussedh section6.4.1, airmovement was on average very low with small variance in all
terminal buildings. As a result, the relati
sensation is weak for MAN T1 (0.18, p<0.01) and MAN T2 (0.08, p<0.01), while there is no
significant correlation between the two for LCY. The sensation of air movement is better
correlated with operative temperatur®.{1 in LCY,-0.25 in MAN T1 and0.34 in MAN T2,
p<0.01) than with any other of trenvironmentalvariables,suggesting that people temtdé&o

assess air movementhrough a temperature assessmext low at higher temperature levels.

Other quantities found to be significantly correlated with the assessment of air movement
include the 1Blmet in LCY ¢0.14, p<0.01) and MAN T1-0.08, p<001), and the clothing
insulation levels ilfMAN T1 (0.07, p<0.05) and MAN T2 (0.20, p<0.01hdfirst relationship

reflects peoplebs tendency to assess the ai
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higher intensity On the other hand, the positiveelationship with clothing associates

assessments for higher air movement with people dressed in warmer dhtfitsuggests that

occupantswvho perceived the air movement as high had either added clothesrewearing

outfits of high thermal insulatioto keep warm

I'n all ter

mi nal

s air

movement

wa s

rar el

y eve

On the contrary, widespread among the population was the assessment of air movement as

finei t her [

ow

nor

hi gh

0

a n daccuntmgvfor, 7680&0i of the

t he

responses in summer amdnter (figure 614). In LCY and MAN T1 the two categories

received nearly the same response in both seasons, whilst in MAN T2 the most popular

sensation was Al owbhaéern Isawnnwnenter. Notalidegishiase then
percentage of people who felt it was
represented nearly 20% oécupantsn LCY and MAN T1 and 25% abccupantsn MAN T2.
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Figure 6-14: (a) Perceptiorand(b) preferencever air movemert s ensati on of fAvery
imuch | esso air movement are bel

Avery
higho
ow 1 %)

Similarly to the sensation, preference over the air movement is better correldtexperiative
temperature-0.14 in LCY,-0.30 in MAN T1 and-0.29 in MAN T2, p<0.01) than with any

other of the environmentalvariables. The relationship implies preference for more air

movement the higher the temperature was sensed. Once again, air movement is not correlated
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with peoplebs preference in LCY but only in
p<0.05).

In both seasonsther ef er ence profile was dominated by
moreo, with almost the same frequency in LC
MAN T1 and MAN T2 (figure 614).Mor e speci fically, fino chang
pemle in all terminals, whildi a b i twaswmesgréad among thosequiring a change.

Such preferencevasexpressed by at leashe out of three in MAN T1 and MAN T2, and by

nearly halfthe respondents ithe warmer LCY thus suggesting that warm rathéman cool
conditions were an issue in summer and winfEnis is also apparent from the cross
examination othe sensation and preference voise vast majority of people who perceived

the air movement as fineither Ipeferrednhigher diri g h 0,
movement. Additionally, theercentage of people requiring no change while having assessed it

as highwas considerabl1- 43%;figure 615).

LCY

wery high-]

High—{5%

T T T T T T T T 1
[:} 10 20 30 40 50 &0 70 80 a0 100

% of total for each y-axis category

MANT1 MAN T2

Very high
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Neither low nor high-]

Low-]

Very low

T T T T T T T T T T
10 20 30 40 50 60 70 80 20 100 o 10 20 30 40 50 60 70 80 a0 100

% of total for each y-axis category % of total for each y-axis category

M uch more Il & bit more [ ro change O A bit less M rauch less

Figure 6-15: Crossexamination of preference and sensatiwerthe air movement in (a) LCY, (b) MAN T1 & (c)
MAN T2, based on summer and winter data.
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As far as the air humidity is concerned, the majority of interviewees%%8) in the three
terminalsassessed thewad i t i ons as i n ein duthneer andveimepiowaverr dr y
the sensation of dryness in winter wasreasedas noted by nearl$3% of people in LCY and

MAN T1, while such notion was expressed by 33% of respondents in MAN T2 in both seasons

(figure 6-16).

100% -
90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -

0% -

Summe Winter |Summe Winter |Summe Winter
LCY MAN T1 MAN T2

% of population

mDamp = Neither damp nor dry = Dry

Figure 6-16: Subjective assessment of humidity conditions in summer and winter.

The relationship betweeRH (%) and the respective sensatisrsignificant only for LCY(-

0.17, p<0.01)and MAN T1(-0.18, p<0.01). The direction of the relationskgrifiesp e op | e 6 s
assessment, as it implies drier sensation the drier the environmeunthsr to this pointRH

(%) was binned in 5% increments, the mean sensatime $¢as calculated for eatlin (table

F-1, appendix Fandregressed against RH (%)he models(significant atthe 99% level or

bette) confirm the relationshifput the very low gradientshowthatthe small variance of RH

(%) indoorsc annot ¢ h asergaiongfiguedli)e 6 s

LCY MAN T1 MAN T2

s ! s ! s !
o 05 Y= 0.0094x 0.5166 o 05 Y= 0.0074x 0.5366 s 05 y = 0.0004x- 0.3082
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Figure 6-17: Relationship between mean RH sensaffoom -1 = dry to +1 = damp)& RH (%).
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6.5.4 Comfort temperatures

The section focuses on the calculation of neutral and preferred temperature along with the

evaluation of the temperature range that 80% and 90% of occupants would find acceptable.

6.5.4.1 Neutral temperature

Weighted linear regression was performed to calcuthte actual and predicted neutral
temperaturedor the terminal populatiofde Dea et al., 199). Operative temperature was
binned into hakdegree (°C) increments and the mean values of TS and PMV were calculated
for eachbin (tables F2, F3 and F4 in appendix F. Assuming a linear relationship between
temperature and TS, linear regression models were fitted between mean TS and operative
temperature, as well as between mean PMV and temperature. The data was binned so that
regression models weigh each point accordinthe sample size; i.e. according to the number

of TS votes within each temperature btases with £3 standard deviations or beyond from the

mean scoravere considered outliers. The general form of the regression models is:
-AM3I OAAD-6 A A 4

Neutrality and predicted neutrality wakeno bt ai ned by solving the
equations for mean TS = 0 and mean PMV = 0 respectively. All presmatgels (figure 618)

achieved a statistical significance level of 99% or better.
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QTS A2 Linesr = 0740 o R L o 8-5 3 Linear = 0 887
PV Liear TS R Linear = s 2 Lo 0550
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i 2 i
o
8 8
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B N N s

015 FLnewr=05%
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Figure 6-18: Relationship between actual and predicted thermal sensation with operative temperga)reummer
and (b) winter.
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Representing thermal sensitivity, the slope ofrémgression modeldemonstrates a similar rate

of TS change in all terminals during summer. More specifically, the temperature change
required toshift TS by one units 3.9 °C in LCY, 3.4 °C in MAN T1 and 3.5 °C in MAN T2

For winter, the gradient varies widely between ¢hse studies.ermal sensitivitywasgreatly
increasedn LCY, where the TS change rate wae unitfor every2.2 °Ctemperature change.

In MAN T1, thermal sensitivity and rate of TS change remained close to the summer levels,
while the reduced thermalensitivity in MAN T2 indicates thathe mean TS would not be

altered with temperature changes below 6.2 °C.

Interestingly, the results reveal thaeutral temperature lies below the mean operative
temperature people experiencedall terminals, in summer andinter (table 618). More
specifically, neutrality in summer was lower by °C in MAN T1 and by 1.9 °C in LCY and
MAN T2. In spite of the increased thermal sensitivity in LCY during winter, ribatral
temperaturewas identical in both seasonand consistently lower than the mean operative
temperature by 1.9 °C. In MAN T1 and MAN T2, neutrality in winaslower than the mean
operative temperature by 1.9 °C and 2.8 R€sultsbased on the regression moddésived
from PMV imply significantly higher neutral temperaturésan the actual ones, with the

discrepancy between the two ranging from°Cao 7.6°C.

Table6-18 TS & PMV regression models, neutral f@ratures (°C) anécceptableanges in summer & winter.

Theutral Tmean  80% accept. 90% accept.
(°C) (°C) (°C)

LCY 0.256 -5.49 0.74 21.4/23.3 18.11 248 19.5i 234

Slope  Constant R?

S MAN T1 0.300 -6.13 0.92 20.4/22.0 17.671 23.3 18.8i 22.1
g < MmANT2 0.289 -6.11 0.70 21.1/23.0 18.21 24.1 19.4i 22.9
U%) B LCY 0.139 -3.72 0.50 26.8/23.3 20.71 329 23.21 30.4
% MAN T1 0.241 -6.36 0.91 26.4/22.0 22.971 299 24.371 28.5
él_’ MAN T2 0.327 -8.53 0.95 26.1/23.0 23.51 28.7 24.61 27.6
_ LCY 0.459 -9.88 0.77 21.5/23.4 19.71 23.4 20.4i 22.6
% MAN T1 0.288 -5.58 0.71 19.4/21.3 16.41 22.3 17.6i 21.1
i < MANT2 0.163 -2.99 0.54 18.3/21.1 13.11 23.6 15.3i 21.4
'(;E S LCY 0.181 -4.07 0.73 225/234 1781 27.2 19.71 25.2
% MAN T1 0.209 -5.00 0.78 23.9/21.3 1991 28.0 2157 26.3
09__) MAN T2 0.170 -4.40 0.73 25.9/21.1 20.971 30.9 22.97 28.8
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The acceptable temperature ranges were evaluated in accorddheestatistical assumptions
underlyingthe PMV/PPD heabalance mode(ISO 7730, 200b Accordingly, it was assumed
that a mean TS of £0.8%mnd +0.50 corresponds to 80%nd 90% general acceptability
respectively. As demonstrated figure 619, the indoor thermal conditions in all terminal

buildingsregularlydid not meet the respective randeble 618).
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Figure 6-19: Operative temperature, 80% (dotted lines) and 90% (continuous lines) acceptability temperature ranges
in (@) LCY, (b) MAN T1 and (c) MAN T2.
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More specifically, operative temperature in summer lay withen80% acceptabilityange for
94%, 82% and 73% of the monitoring tithan LCY, MAN T1 and MAN T2respectively This
wasalso the case during wintar MAN T2 (99% of time),whereas in LCY and/1AN T1 the
temperatureemainedwithin that range for only 48% and 66% of tingressing periods of
overheating that aralso apparent from th&equency distributiorof TS (figure 610). The
narrower 90% acceptability ranges were accomplished for signtfy shorter periods of time;
59% of time in MAN T1, and 57% of time in LCY and MAN T2 in summer and for even
shorter intervals in winter, 9% in LCY, 34% in MAN Bhd 69%n MAN T2.

6.5.4.2 Preferred temperature

In order to quantify the temperatures peoptefered in the terminal buildings, the-point
thermal preference variable was transformed intepaifit variable. Accordinglypreferencdor
afimuch warmer o and fa bit war mer o0 environmen

those for a amdchacbbtecool er 06 anishawniofigme nt b

6-20.
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u Prefer Warmer = No Change = Prefer Cooler

Figure 6-20: Percentage of binned thermal preference votes.

Weighted linear regressionswehenf i t t ed separately between t he
cool erd percentages and oper awasacbmined 'ompgher at u

intersection of the tweegression lines (figure-81).

10 Having excluded the data collected whildy environmental but not humamonitoringwas taking placethe percentage of
monitoring time here equals the percentage of the questionnaires completed.

115



LCY Summer LCY Winter
100% 100% —
0, 0,
g 3802 5 38£ y=0.1819x 3.6818 = ,{
= 70% y=0.1177x 2.3103 = 70% R2 = 0.8062
g 60% R? = 0.9049 é 60%
S 5006 A 4,7l~_{-_ g 50% - A
5 40% 5 A0% =-0.0631x + 1.568
S 300 o 5 300 W y'=-0.0631x + 1.5688
S 200 | ETE y=-0.0448x + 1.1432 L 20% 3 e R2=0.4948
T—<&_ R?2=0.6563 T
10% == * 10% - =
0% T .‘ & =, 0% T~
21 22 23 24 25 26 21 22 23 24 25 26
Operative Temperaturéff) Operative Temperaturé()
(a)
MAN T1 Summer MAN T1 Winter
100% 100% i
90% y=0112x2.0779 90%
g 80% Rz = 0.8404 8 80% V.Z -0.0925x + 2.2189 oo
2 70% = 70% R2=0.7916
S 60% +— S 60%
S 50% - S 50% -
g 40% ++ fg 40%
< gggf - y =-0%643x + 1.5476 < ggz" 1
> R2 = 0.8584 ?
10% - 10%
o 0 3~ 0%
0% B T 0%
19 20 21 22 23 24 25 26 16 17 18 19 20 21 22 23 24 25 26
Operative Temperaturéf) Operative Temperaturéf)
(b)
MAN T2 Summer MAN T2 Winter
100% - 100% -
90% 90% =
c 80% _ ] - c 80% y = 0.1441x 2.7383
S Yy =071301% 2.5627 o R2 =0.7525
g 70% RZ=0.8514 g 0%
3 60% = 3 60% — 5
g 50% - — g 50%
o 40% w 40% =
° 30% ° 30% o e
S 200 - =-0.0341x 4+ 0.8798 S 20% + ::0.0376x +0.9267
b+ — o . . . — T
20 21 22 23 24 25 26 27 18 19 20 21 22 23 24 25
Operative Temperaturéf) Operative Temperaturé()
(©)

# Prefer Wanmer W Prefer Cooler No Change
Figure 6-21: Calculation of preferred temperatures in (a) LCY, (b) MAN T1 and (c) MAN T2 in summer and winter.

The profile of preferred temperature@gs found to followthat of neutral temperaturesith the

two almost coincidingn most casesThe results (table -@9) are uniform among the case
studies and demonstrate peoplebds preference
the terminal buildings in both summer and winter. More specifically, in LCY, preferred
temperaturday 2.0°C below the mean temperature in both seasons and in complete alignment
with neutral temperature highlights the overheating conditions in the terminal. People in MAN
T1l and MAN T2 preferred the thermal environment to be cooler by°@.4nd 2.0°C
respectivelyin summer, and cooler by nearly 19 in both terminalsduring winter.
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Furthermore, the results provide evidence of tolerance under cooler conditidf&N T1 and
MAN T2 where the lowest indoor temperatures occurred dutirgwinter surveys the
preferredtemperature was 20.6 °C and 20 with the respective neutral temperatuies9.4
°C in MAN Tland 18.3 °Cin MAN T2 i showing that people were still comfortable at

temperatures lower than the ones preferred.

Table6-19: Summary of mean, neutral and preferred operative temperatures.

Summer Winter
(°C) LCY MANTL MANT2 LCY MANT1 MANT2
Tmean 23.3 22.0 23.0 23.4 21.3 21.1
Theutral 21.4 20.4 21.1 21.5 194 18.3
Tpreferred 21.3 20.6 21.0 21.3 20.6 20.2
Tmean~ Tpreferred 2.0 14 2.0 2.1 0.7 0.9
Theutra- Tpreferred 0.1 -0.2 0.1 0.2 -1.2 -1.9

6.5.5 The lighting environment

This sectionexamines how the terminal populatiemaluatedthe lighting environment in the

terminal buildings. Perception and preference over lighting are addressed along with the
relationship between the two and illuminance, while further analysis reveals that bright rather
dim conditions were preferred. Subseqtly, the subjective assessments of daylight
demonstrate peoplebdbs desire for natur al I i g

with the time of the day.

6.5.5.1 Assessment of overall lighting conditions

The relationship between lighting sensatiod dluminance is significant at the p<0.01 level in
all cases, with th&earson correlation coefficiebeing0.18 for LCY, 0.29 for MAN T1 and
0.25 for MAN T2 The corresponding coefficient describing the relationship between lighting
levels and preferemcover the lighting environment i8.17 (p<0.01) in LCY and MAN T1 and
-0.09 (p<0.05) in MAN T2.

Overall, the average perception of l' ighting
and rounds wup to fAslightly Dbr iibgtion af lightiogr MA N
sensation is representative of the [ uminous
the differentiating parameter between the cases studies. More specifttaliysttibution for

the uniform spaces &fCY (figure 6-22a) isdominatedby the middle three categorigs.S1 i ght | vy
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