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ABSTRACT

LEVERAGING DIVERGENCES :
BUILDING CONTROL, PERSONAL COMFORT AND INDOOR CLIMATE

Topak, Fatih
Doctor of PhilosophyBuilding Science in Architecture
SupervisorAssist.Prof. Dr.Mehmet Koray Pekerigli

June2023 176 pages

Over the lastwo decades, major advancest@chnology have alloweksearchers

to develop strategies fautomating the operational tasks in buildibggnprovethe
overall system efficiency However, the stochastic nature of human nemus$
standardizedpnesizefits-all configurationsin currentcontrol approaches ad to
disharmony in humaautomation oexistence in buildingsAlthough welt
established interactiometween control systems and occupants is acknowledged as
one ofthe core elements of intelligent buildings, defined borderlines girthailing
automation modalities fail to satisfy this pany featureTo this end, his research
conceptualizes a collaborative building control framework, which establishes a
communication ground between people and buildihgassessomfort and energy
related implications of the proposgdmework a simulaion based and datdriven
research was conducted in the thermal dontainsideringhe need for investigating
thepersonalized dimensions of building contralmancomfort and indoor climate

A multi-occupancy office space shared by six occupants vegdetias a case study.
Probabilistic personal comfort profiles wersedto quantify the likelihood of each
occupant being comfortable in diverse conditionhermal distribution
characteristics of the space were investigated usiangputational fluid dynamics

(CFD)simulations under varying supply airflow rates, supply airflow direstiand



occupancy settingsThrough performing an optimization analysis, ieghble
comfort improvements and energy savings were presented.eshiksconfirmed
that considering thelivergences impersonal comfort and indoor climatgth a
dynamic control strategyvhere occupants are kept in the lpbgs great potential
for providing comfortable indooenvironmental conditionand improving energy

efficiency.

Keywords: Building Control, Thermal Comfort, Energy Efficiency, Personal
Comfort Models, Computational Fluid Dynami¢sOccupamnCentric Building

Operation

Vi



0z
FARKLILIKLARDAN YARARLANMAK

BKNHONTROLU, KKk KSEL KONFOR VE K¢ MEKAN KK

Topak, Fatih
DoktoraYapée Bilimleri, Mi mar | ék
Tez YoneticisiDr . ¥ ] Mehmét Karay Pekericli

Haziran2023 176 sayfa

Sony i r mi yéel da, teknol ojideki b¢e¢yek 11 er
verimlilifini artéermak i -in Dbinalardaki
y°nel ik stratejiler g e | Bukunla miriléel, exsan ne o |
i htiya- | ars&né&n dot] mks & vV e mevcut kontr

standartl akt éaa&jl aneée « ek dpe@rkgarasgonlarn, ybiaalarda

insarot omasyon birl ikt elng ki tn¥ueolgistamharsve z | uj a

bi na kuldrammss&mnd a rkeu et kli nhuexkiérh | é bi nal ar én
unsurl aréndan bi r de mevcu ot@nkasyork gdmtentlerinie di | s e

t anéml anmeée ana’széenlielail jmie baamankr heéasket z@Bwa@hacla,

bu arakteér ma, insanl ar ve lanoratl ak| ak masyean
daylile bina kontrol -er-evesini kavr amsa
konfor ve enerji ile ilgiligetirilernidej er |l endi r mek i -1 n, bin
konforu ve icmekani k1 i mi ni n ki ki sell ektyancEmigRzbo

onunde bulundurularak termal alanda similasyom& er i ye dayal e bir
yeéer et el megktgr . Al té ki Ki taraféendan payl ¢
olarak kabul edihi k Harbirbi na kul fl amlélcé& slkoofelundimaa r d a
ihtimallerini belirlemek i - i n ol asel eksal Kku lkli ssred | mexrn fi
Se-il ent mehk®Inéedma] éfl &rbkel®& emki hheai akék heéz

vii



hava alérievebiyrfan k ul | a ndézerdemé@eriad otléunlduaj uhesapl amal

akékkanl ar dinamif9j.i sim¢égl asyonl aré kull anél
y a p € linman &daforuve enerji tasarruflbb a k € méndan ul akeél abilir [
sunul muktur . S 0 n ukoritral dongudiine mahil delid kipamik e r i ni n

bir kontrol stratejisicercevesind& i Ki s e | konforf avrek li el érkelkatrné ni ekr

di kkate al é@énmas énkéonk uksdarpff@mlau vie- emek ©n veri

artéerma konusunda b¢yeéek pamarseyele sahip o

Anahtar Kelimeler: Bina kontrolt, TermalKonf or , Enerji Verimlil:i
Konfor Modellerii He sapl amal € AkgkKanllamedeé n aairjkie z | i

Kkl et i mi

viii



To araEla



ACKNOWLEDGMENTS

The path otompleting this work was neither smogatlor straightlt was an arduous
journey filled with challengeanduncertaintiesandl am grateful for the unwavering
support and guidance | received from remarkable individuals who played an integral

role inthe mmpletion of this work

First and foremost, | would like to express my deepest appreciation to my supervisor,
Assist. ProfDr. Mehmet Koray Pekericli, whospertisejnsights andcontinuous
supporthave beeninvaluable throughout the entire procesBs guidance and
mentorshiphave not only refined myresearchabilities but have also shaped my
growth as a academidn the last ten years am truly fortunate to have hdudm as

my mentor.

| would like to extend my heartfelt appreciation to thembers of my thesis
monitoringcommittee Prof. Dr. Ali Murat TanyerandAssoc.Dr. Aktan Acar Their
constructive feedback andspirationalcontributionshave significantly enhanced
the quality of this workl would alsolike to express mygratitude tathe examining
committee member&rof. Dr. Arzu Goneng¢ Sorgu¢ and Assoc. Prof. Dr. Timugin

Harputlugil for theirrigorous critics an@valuatiors.

| am particularly gratefuto Assist. Prof. Dr. Gregory S. Pavlak from Penn State

University, who graciouslfiosted me as a visiting scholar for a transformative year

in the United State®uring my time at Penn State, | walsofortunate tchavehad

the opportunity to engage witkssoc. Prof. Dr. Julian Wang.aim indebtedo Dr.

Pavlak and Dr. Wang fgproviding me with access to invaluable resources, and

fostering an environment ointerdisciplinary collaboration. Their hospitality,

guidance, and expertiseve played a pivotal role in expanding the scopthef

researchWith their support, computations in this research were performed on Penn

St at e Universityos Il nstitute for Comput at

supercomputerl also owe gratitude to Assoc. Prof. Dr. Farrokh Jazizadeh from



Virginia-TechUniversity, for generously sharing his expertiaadresourcesvithin
our scholarly cooperatiom.also want tagratefully acknowledgehe Scientific and
Technological Research Council of Turkiy funding the research | conducted
abroadunderTUB K T A K -A2p2odrdm, withthe grant number 1059B142000493.

| am also thankful for being surrounded peciousfriends and colleagues, who

present their support patiently whenever | needed. | would especially want tp thank

toDr . Bakar ¥zbil en f orofuhcertainyphrougboetithes s | e a
paths we crosseith successionto Assist. Prof. Dr. Bekir OzeAy for generously

offering his expertise inonfusing matters both within and outside of dicademia

toNi | ¢fer Kézél kaya ¥ks ¢ibeingawedomlovvsand Akt ak
great colleagues in our teachimgsks and to Nil Akdede for all theesearch

di scussions that webdbve shared.

| would like to expressmy profoundgratitude to my mother, Hatice Topak, my
father, Hiseyin Topak, and my sisters, Kdifiopak and Vildan Topak, for their
unconditionallove, careand supportwhichhave always been a source of strength
and motivation | am also grateful to the members of extendedramily, Serdal
Cankaya, Serta¢ Cankayand Helin Cankaydor their continuous suppottwould
also like toacknowledge the loving memory wfy motherin-law, Halime Cankaya,

whom we dearlymiss.

| reserve mydeepest gratitudeo my beloved wife and closest friendg 3 Her
boundlesssupport, sacrificesandencouragemertavepropelled me forward even
in extremely challenging times and habeen the cornerstone of this arduous
journey. | am forever grateful fohaving such areat companion. Lastly, Bm
thankful tomy precious daughter, Elderinfectious laughter and innocent curiosity
have brought immeasural@ppinessand loveto our lives.As our little sunshine,
she has enlightenemlir daysand hadeenmy primary source omotivationin the

last six months

Xi



TABLE OF CONTENTS

AB ST R A C T e e e e et e e e e e e e v
ACKNOWLEDGMENTS.... o eeeie e eeeee e e e e e e eees X
TABLE OF CONTENTS ... Xii
LIST OF TABLES. ... .ottt e e e e e eenee XVi
LIST OF FIGURES. ... .ottt XVii
LIST OF ABBREVIATIONS ... ..ot XX
CHAPTERS

1  INTRODUCTION. ..ot eerme e ee e e e e e 1
1.1 Research Motivations and Problem Statement...............ccccoovecee e 2
1.2 ODJECHVES. . ittt eannnaan 4
1.3 Research QUESHIONS........cooiiiiiii e 6
1.4 CONIDULION......coiiiiiii e e e e e e 6
1.5 Research Structure and DiSPOSItION.........cccoeeevvivviiiccciiini e eeeeennn
2 COLLABORATIVE BUILDING CONTROL ....uuuiiiiiiiiiiiieeeeeeiimmceei e 9
2.1 LITErature REVIEW........ccviiiiiiiiiiii e 10
2.1.1  Intelligent BUIldiNgS........ccccuuiiiiiiiiiiieeieeeiiiiiiee e 10
2.1.2  Building Automation SYStEMS.........ccccuuiiiiiiiiiimeeiiiiiiieeeeeeeeeeee e e eas 12
2.1.3  Flexibility in AUTOMALION. .......uuiiiiiiiiiiiiiii e 14
2.2 Conceptualization of Mixedthitiative Building Control.......................... 18
2.2.1  The MacChing SIde.......ccuiiiiiiiiiiiiie i 21
2.2.2  The HUMAN SId@.....cccoiiiiiiiiie e eieee e rmmee e 22

Xii



2.2.3  SYStem OPEratioN...........cuuuuuuuiiiiii it e e e e e e e e s enenraa e e e e e eeaaes 24

2.3 Building Control in Shared Environments............cccceeeevievieeneeveeviieenn, 26
2.3.1  Occuparcentric Approach..........ccciiiiiiiiieeee e, 27
2.3.2  Proposed Structure for Thermal Domain..........cccoeeeeeeeeeieeecieneennn. 30
2.3.3  CaSE SEIECHON. ....cii i 34
2.4 DISCUSSION. ...ceeeiiiiiiiitieee e e e e e ettt e e e e e e e e e e e e e e mn e e bbb e e e enens 36
3 PERSONAL COMFORT MODELING........ccovtiiiiiieiiieeiimmeii e 39
3.1 Literature REVIEW.......ccoeeiiiiiiiiie e e 39
3.1.1 Thermal Comfort in BUIldiNgS.........cuuiiiiiiiiiiiiiiieeniiiieeieeeeee e 39
3.1.2 The Predicted Mean Vote (PMV) and Adaptive Models.................41
3.1.3 Personal Comfort Models.............coooiiiiimiimemiiie e 43
3.2 Material and Method.............ooviiiiiiiiiee e 46
3.2.1  DaAtasel..........coovviiiiiiiiiiimmriee e 4O
3.2.2  Probabilstic MOdeliNg............uuviuiiiiii e 47
3.3 Personal Comfort Profiles.............ccccoiiiiiiiemn e 51
3.4 DISCUSSION......uiiiiiiiiiiiiiii ettt eeeei ettt e e e e e ammr e e e e e e e e e e e nees 54
4  ANALYSIS OF THERMAL DISTRIBUTION PATTERNS..................... 57
4.1 LIterature REVIEW.......cuiiiiiiiiee e 57
4.1.1 Spatial Heterogeneity in Shared Spaces.............cocoeeiicemri s 57
4.1.2 Computational Fluid Dynamics Simulations.............cccccccvviieeennennn. 60
4.2  Material and Method.............uuiiiiiiiiiii e 61
4.2.1  Simulation FrameWorK............ceiiiiiiiiiiiiieeseee e 61
4.2.2 Governing Equations and Boundary Conditions....................vvveeee.. 63
4.2.3 Grid Independence Study and CFD Validation..................ceeeeeeueene 67

Xiii



4.24 Initial Analysis for Independent Variables.............ccccoovvvvvieeeeeeeee. 71

A.2.5  SCENAIOS ..ot i i i e eeeee ettt emee ettt st b e eeaan 74
4.3 CFD Simulation RESUIS......uuuueiiii e 77
4.3.1 Visualization of Thermal Distribution Patterns............ccccccovvvvvieeenn.n. 78
4.3.2 Temperature Variations at Occupant LOCations.................ceevveeenee. 82
4.3.3 Analysis of Variable Importance...............ccccoiiiimmmrnniiiieeeeee 388
N I T[T o1 1 11 o] o UP 93

5 OPTIMIZATION OF COLLECTIVE COMFORT IN SHARED SPACES95

5.1  LItErature REVIEW.........uuuiiiiiiiiiiiiie et mmme e 96
5.1.1 Comfort Improvement StrategiesS..........cceeeeeeiiiiiiieeeii e, 96
5.1.2  Strategies Accounting for Nonuniformity............cccccevvvvvviieeeneeeeeee. 97
5.2  Material and Method...........cooiiiiiiiiiiiice e 100
5.2.1 Thermal Comfort ASSESSMENL..........ccceiiiiiiiiiiieeeeeeee e ee e 100
5.2.2 Energy Saving ASSESSMENL......cciciiiiiiiiiii e ieeee e 102
5.2.3 Compiled Datasets and Data FLOW..............cccoovviiccciiiii e, 106
5.2.4  Control Strategies for Data Analysis............cccovvviiiiiceeiii e, 107
5.3 RESUIS ... e 109
5.4  Follow-up Study for Assessing Temporal Variations........................ 116
5.4.1 Additional Simulation Scenarios..............cccccuuririmmmniniiiiiiieeeee 116
5.4.2 Analysis of Temporal IMPactS..........ccoooviiiiiiiiiicce e, 117
5.4.3 Individualistic Comfort Evaluation..................ceeeiviiieemieeeeeeeiennneenn. 121
5.5 DISCUSSIOM . ..cuiiiiiiiiiiiiie et e 124
6  CONCLUSION. ...t eee e e 127
6.1 Revisitingthe Research QUeStioNS.............ccoovvvviviieeee e 128

Xiv



6.2 Limitations and FUtUre WOEK .........ooeeee e 130

6.3  ConcClusiVE REMAIKS.........coviiiiiiiiiiiiii e 132
REFERENCES...... ..o enen s 135
N e o 1 T O 157
A. Publications from This ThesSIS.........coooiiiiiiiiiiee e 157
B. Temperature Distribution Patterns in All Occupancy Scenarios......... 158
CURRICULUM VITAE ...ttt nnme e eaeeane 173

XV



LIST OF TABL ES

TABLES

Table 2.1. Levels of automation proposed by Vagial. (2016)........................ 16
Table 4.1. Boundary conditions used in the baselimalation.......................... 66
Table 4.2. Grid parameters for different mesh sizes..........cccccooeevvieeeeieiennnnn. 67
Table 4.3Results of RF models for each location................ccccciveeniiiinnnd 89
Table 4.4Results of the main RF model..........cccoovviiiiiiiiceeiciiiiee e, 92
Table 5.1. Comparison of previous studies in the literatute......................... 99

Table 5.2. Collective comfort probabilities for the baseline and three control

strategies (for minimum muitccupancy, in c&s of two occupantsy............. 111

XVi



LIST OF FIGURES

FIGURES

Figure 1.1. Three interdependent subjects in building practice...................... 1
Figure 1.2. Overview Of reSearciuture. ..............uuveieiiiiiiieeeiiiiieeieeeeee e 7
Figure 2.1. Comparison of different automation modalities......................cc. 17

Figure 2.2. Conceptual model of the mixediative building control frameworR0

Figure 2.3. Workflow model of the proposed framewatk................c...vueeee 25
Figure 2.4Flowchart of the proposed building control framewark............... 27
Figure 2.5. Data flow and control framework for thermal domain................ 32
Figure 2.6. Workflow modeldr the thermal domain................c..ovvvvennne. 33
Figure 2.7. Threelimensional model of the selected office space................ 35
Figure 3.1. Prevalent thermal comfort approaches in buildings................... 41
Figure 3.2. Aggregated models versus personal comfort madels............... 43
Figure 3.3Development of personal comfort models............cooeeeeiiieeeinnnn 45
Figure 3.4. Graphical representation of Bayesian network........................... 48
Figure 3.5. Graphical representation of the comfort profiling process......... 50
Figure 3.6. Personal comfort profiles for six occupants...............ooooevveeenn. 51

Figure 3.7. Thermal comfort sensitivity differences between the six occupdis

Figure 4.1. Factors causing miecbhmate variations in shared spaces........... 58
Figure 4.2. CFD simulation framewark............cccccooiiiiiones 62
Figure 4.3The architectural layout of the selected office space.................. 62

Figure 4.4 Simulated geometry and generated mesh in ANSYS FEluent......63
Figure 4.5. Vertical amperature profiles simulated with four meshesandom
([o o1 10 3 PR 68
Figure 4.6. Vertical temperature profiles simulated withr fmeshesi random
[oTox= 11 T0] ¢ 2RO 68
Figure 4.7. CFD model geometry created for simulating the experiments of Loomans
(1998).... ettt e e e e et e ann— e e e e e raaaaas 70

Xvil



Figure 4.8.Vertical profiles comparing the measuremen{lajomans, 1998and

CFD calculations for temperature at x=1.50 rd galocity at x = 2.40 m......... 70
Figure 4.9 CFD simulations for supplied airflow rate variations.................... 71
Figure 4.10CFD simulations for occupancy variations............cccceeeeeeeeeevnnnes 72
Figure 4.11. Comparative analysis of airflow direction variations................ 73
Figure 4.12. Variable combinations for simulation scenarias....................... 75
Figure 4.13Six occupant loations in the mukoccupancy office space.......... 76
Figure 4.140CCUpanCy SCENATQS.........cceeeeerierrrerieenieeaeeeeseeereeeesssssssssmnneeeseesd O
Figure 4.15. Density plot for all six occupant positions.............ccceeeevvveeeeennn A 8

Figure 4.16. Temperature distribution gradients in scenarios for maximum
Lo ToT o] 1 o= g 103 Y/ PP 80
Figure 4.17. Temperature distribution gradients in scenarios for minimum multi
occupancy (one of the fifteen scenarios with two occupants)...................... 81
Figure 4.18. Operative temperature values in case of minimum-occlipancy for

different airflow direction and occupancy case scenarios (for airflow rate=0.125

Figure 4.19. Operative temperature values in case of minimum-acclipancy for

different airflow direction and occupancy case scenariosaffiow rate=0.1625

Figure 4.20. Operative temperature values in case of minimumacalipancy for

different airflowdirection and occupancy case scenarios (for airflow rate=8/g m

Figure 4.21. Operative temperature values in case of maxmultroccupancy for

SIX OCCUPANT [OCALIONS. .....eeeieiieiiii e 36

Figure 4.22. Pseudo code for Random Forest algorithm.................cccceees 38

Figure 4.23. Predictive performance of Random Forest models, developed for each
OCCUPANT IOCALION. .....eeeiiiieiiiee e eeees 90

Figure 4.24. Predictive performance of Random Forest model, developed with data
FrOM @l JOCALIONS. .....uuiiiiiiiiiiiiiiiec e 92

Figure 5.1 Air velocity values in all sSimulations.............cccoooiiiiiiiceciiiiinnnnn. 101

Xvili



Figure 5.2. MRT tool developed by CBE (Hoyt, 2016)............ccovvvvrvrrieeee... 102
Figure 5.3 Overall framework of the comfort optimization analysis............ 107
Figure 5.4 Characteristics of the baseline and control strategies............... 108
Figure 5.5. Temperature distributions (at plane y = 1.25 m) and comfort probabilities
under the baseline and three control strategies settings (occupandprasell4
Figure 5.6 Collective comfort probabilities for the control strategies.......... 115
Figure 5.7 Simulation scenarios for temporal variation analysis................ 117
Figure 5.8. Temporal variations obllective comfort probabilities at baseline and
three CONtrol SrategIS......cocvvviiii i e 118
Figure 5.9. Temporalariations ofoperative temperature in baseline setting$20
Figure 5.10. Temporalariations ofoperative temperature in Control Strate}§20
Figure 5.11. Relocation of occupants in control stra®gy.............cceeeeeeenn. 121
Figure 5. 12. Oc ahilifeain thesbaseloeosetting.r...t.....p22 0 b
Figure 5.13. Occupantsdé codf.or.t...p22o0babil

Xix



BAS

BMS

CFD

DB

loT

HVAC

MRT

MSE

RF

VAV

VSD

LIST OF ABBREVIATIONS

Building Automation System

Building Management System
Computational Fluid Dynamics

Dry Bulb

Internet of Things

Heating, Ventilationand Air Conditioning
Mean Radiant Temperature

Mean Squared Error

Random Forest

Variable Air Volume

Variable Speed Drive

XX



CHAPTER 1

INTRODUCTION

Building control, personal comfgrand indoor climate armterdependent subjects
that have received considerable attention in the building industrytlodast two
decadegFigure 1.1) Althoughthe specific focus of research has been remarkably
diverse amongst the scholars, they are all in pursuitcofivanongoal at a higher
level, which is to provide a comfortable and healthy indoor climate for people while
ensuring the efficient use of energy ressesfor lessening the negative impacts of
buildings on the environmenAs an overarching contribution to themmon
purpose, this researchconceptualizesan occupantentric building control
framework and leveragets implementatiorfor climatizationsystemsby coupling

the nonuniformityofi ndi vi dual s @andthehetérogeneity dhermal s

conditionsin shared indoor spaces.

Building

% Indoor
% Climate

Figurel.1l. Three interdependent subjects in buildprgctice



1.1 Resarch Motivations and Problem Statement

Divergencesn Building Control

The energy demand of the building sector constitutes nearly 40% of total energy use
globally, and energy is primarily utilized teatisfy occupanté ¢ o mf o.r t needs
Heating,ventilation, andir conditioning (HVAC) systems alone are accountable for
nearly 5% of electricity consumption and 40% of total energy consumption in
buildings in the United Stat¢®OE, 2011) With theintention ofreducing energy
consumption and minimizing inefficacies the operationof building systems
adopting a centralized automated controbk leeen introduced as possible
technology aidedolution (Wang, 2010) However,such approachedid not gain
popularity andhigh acceptance levebmongst theccupantsiue to thedecreased
perceived control, evazhanging dynamic individual needs and standardiaed
sizefits-all approach in current automation systeni3epriving occupants
completelyof building controlaffects bothenergy efficiency and occupant comfort

in anegativemannerDay and Hesabng, 2016) It is crucial to note thatccupants

and their complex nature have significant impacts on building energy performance,
and they are the major factors contributing to the excessive energy consumption of
building systemgHong et al, 2017) Considering thee, it can ke claimed that
maintaining efficient operation of building systems and human comfort
simultaneouslyrequiresan inclusive approachyhereboth the control capacity of
technologypowered methods and flexibility granted by incorporating occupants

the loopareensured.

Divergencesn Personal Comfort

Among various human dynamics, thermal comfort can be claimed as the paramount
subject considering its effects on overall human satisfaffiimmtczak & Wargocki,

2011; Wagneket al, 2007)and the account of HVAC systems on building energy
use.Providing thermal comfort in buildings is quite a complex task, which is still
unresolved and stied by many. Building researchers have concentrated on



developing empirical models, which link the thermal variables (temperature, air
velocity, etc.) of indoor environments and other factors with the comfort states of
occupants. Two main modelsamelythe predicted mean vote (PMV) and adaptive
models, underpin the current thermal comfort approacheswanel adoptedin
international standards likRSHRAE 55 (2017)andISO 7730(2005) However,

both are pralefined aggregate models, and their prediction only demonstrates the
average comfort of large populations. They fail to accurately predict individuals'
thermal comfort in multbccupancy indoor environents, where occupants with
varying comfort profiles share the same thermal zones. In recent years, the
developments in the Internet of Things (I0T) concept have enabled the collection and
analysis of reatime personal data, and this paved the ¥eaya nev paradigm in
thermal comfort modeling, called personal comfort mo@e€is, Schiavon.et al,

2018) Personal comfort models eliminate the esinplified assumptions in PMV

and adaptive models by demonstrating a highly granular, individualistic approach.
Through directly making use of the data collected in everyday environments, it
utilizes machine leaing algorithms to learn individuals' comfort profiles and

creates the base for occupaentric building contro{Jung & Jazizadeh, 2019a)

Divergencesn Indoor Climate

One of the primary asmptions in current studies on occupaentric building
control is the uniform temperature distribution in the spaoceter investigation
which does not take dynamic conditiospecific to particular positions into
consideration. Although a single therrtaisor a local sensor is attributed to be
representative for the entire room for assessing the thermal conditions; micro
thermal conditions may vary by location, especially in large offices with multiple
occupantgZhou et al, 2015) Many parameters can affect miecbmate around
different occupants, including proximity to windows, furniture layout, solar
radiation, supply air inlet placement, and heat flux aroused from electronic
appliances.These factors can lead to variations in indoor environmental parameter

valueswithin the same spacenaking occupant locatioran essential aspect for



continuouscomfort In the absence of proper control strategies, occupants may have
varying sesations (cold, warm, et.) in the same room caused by the uneven thermal
distribution. The worstase scenario would be not being able to provide comfort for
any occupants while consuming an excessive amount of energy for conditioning the
space. In that sem,just like regarding the nonuniformity personal comfortaking

the heterogeneity ahdoor climate conditionsto consideration in building control
holds great potential for improving occupant comfort and reducing energy

consumption.

Neverthelesslimited research exists questioning the potential of incorporating
micro-thermal condition data in control loops for system efficiency in buildifigs
reason may be the high cost associated with acquiring controlled measurements and
implementing complex sensor infrastructures to comprehensively analyze the
patterns and distributions of thermal parameters in indoor environments. However,
with advances in technology facilitating greater accessibility to high computational
power, it is lecoming increasingly feasible to leverage computational fluid dynamics
(CFD) simulations as a more economical and efficient alternative for obtaining the
necessary thermal variable€FD simulation is a powerful tool that solves a set of
partial differental equations for conservation of mass (the continuity equation),
momentum (NavieStokes equations), and energy with applicable turbulence
models. Although this simulation tool is extensively usedlesign and optimize
HVAC systems in buildinggDuan & Wang, 2019; Shaet al, 2019; Zhouet al,

2014) its employment to elaborate occupaantric control igelativelylimited.

1.2  Objectives

This researctarguesthat an occuparntentric building control framework, which
allows btdirectional communication andontrol negotiation betweebuilding
managemensystems and occupantsanincrease human comfort whienhancing
energy efficiencyTo assesghe potentialbenefits of the framework, a data driven

investigationwas conductedin the thermal domainThis investigation involved



personalized evaluation of thermal comfort and dynamic operation of HVAC

systemsThe main objectives of this dissertation alentified as:

1 Developing a collaborative building control framework enabling
collaboration and communication between building occupants and the
automationto respond to the drawbacks of prevailing building control

approaches

1 Assessing theoptimization of collective thermal comfortand efficient
operation of conditioning systemghrough leveraging nonuniformity of
p e o ppersodatomfortpreferenceanddistribution ofthermal parameters

in shared spaces

1 Demonstratinghe influences of occupancy (number, position, etc.), supplied
airflow parameters and potential hurdamilding communication for
improving collective thermal comfort and efficient systgparationin multi-

occupancy scenarios.
Accordingly, in pursuit of these aims:

1 A building control framework that aims to enhance hunrianiding
communicationwas conceptualizechtough reviewingexistinghuman and

automation related system issues

1 Multiple personal comfort profiles were generated with Bayesian network
modeling approach bgmploying available datasets collected from actual

buildings in the literature.

1 Heterogeneity of thermal conditions ishared indoor spacesvere
demonstratednder variougsonditioningand occupancgettings by carrying
out CFD simulations in NSYSFluent software.

1 A datadriven optimization analysisithin the scope of proposed framework
was carried ouusing personal omfort profiles and thermal distribution

datasets$o present collective comfort and energy saving improvements



1.3 Research Questions

The main questionof this research iddow can we improveccupantomfort while
ensuring the efficient use of energy in dinlg operation?

In order b answer the main questido]lowing sub-questionsare formed

1 What are the comfort and energy affiliated problems in prevailing building

control approaches and how can they be tackled?

1 What are the implications of occupantort in shared indoor environments

on building control?

1 What are the characteristics of thermal distribution patterns in -multi

occupancy office spaces?

1 Can we leverage varying comfort preferences of occupants and heterogeneity

of thermalconditions to improve collective comfort and energy efficiency?

1.4 Contribution

Jendritzky and de Dear (200€gported that even making small adjustments on
temperature set pointsd., tuning a few degrees) may have profound impacts on
energy consumption and greenhouse gas emis§lespitethe considerable amount

of energy used to provide comfort in buildings, the lack of thermal comfort is still
one of the most common occupant complaiBésed on what this research provides,
it is expeced to demonstrate how building energy can dféectively used for
optimum thermal comfort provision in multiccupancy indoor environments
doing so, aollaborativebuilding control frameworlenablingcontrol flexibility and
providing desired comfort conditions for building occupaistsproposed The
applicability of the proposed approach was validated in the thermal domain, through
examinng the primary assumptionmade in building control, whichare the

averageness of thermal comfegnsationeandhomogeneity of thermal conditions



in indoor spaces/Nithin the scope of an optimization analysientrol strategieare
elaboratedio use the aroused potentials in favor of human comfort and energy

efficiency.

Throughout the progressioaf this research, three journal articléBopak &
Pekericli, 2021 Topak & Pekegli, 2022 Topaket al, 2023 were publishedand
the sections were partially presented in several confergntegaket al, 2019
Topak & Pekericli, 2020 Topaket al, 2022; Topalet al, 2023, the exhaustive list
of which is given in AppendpA.

1.5 Research Structure andDisposition

The structure of his dissertationis composed ofour main sections, which is
demonstrated in Figure2. Following the introduction section, Chapter 2 provides
an overview of occupant and system related issues of mgikditomation systems

in the literature and presents the conceptualized collaborative building control
framework, which proposes a mixedtiative approach in system operation.

CHAPTERS METHODS
Chapter 2
Collaborative Building Control } ------------- { Literature Survey
Chapter 3
Probabilisti h
Personal Comfort Modeling oo oo I? K.: approa
based on existing databases
Chapter 4
Analysis of Thermal Distribution Patterns } ------------- [ CFD Simulations in ANSYS Fluent
Chapter 5
Data-dri timizati lysis | i
Optimization of Collective Comfort in Shared Spaces [ Ska Cvel 2P |m|_za on analysis leveraging
datasets generated in Chapter 3 and Chapter 4

Figurel.2. Overview ofresarchstructure



Chapter 3, Chapter, 4nd Chapter altogetherconstitute a dedicated workflow for
demonstrating how the proposed framework may function for the thermal domain.
In Chapter 3 the transition towards personal comfort modsl&xplained and
multiple comfort profiles argresented, generatdxy applying Bayesian network
modelingapproacton existing realworld datasets in the literature to account for the

individual differences in comfort needs and preferences.

Chapter 4 addresses the nonuniformity of thermal conditions in shared indoor spaces.
The procdural process of runningumerical CFD simulations, simulatichased
assessment of independent variables, main simulation scenarios and corresponding
results are presented, respectivéllye impacts of occupancy, supplied airflow rate

and supplied airflovdirection in thermal distribution patterns are illustrated.

Leveraging personal comfortprofiles and indoor thermal distribution patterns
datasets presented in Chapter 3 and Chapt€hdpter Selaborates a datdriven
optimization assessment aadalyzs the potential implications of humdnilding
cooperation in the thermal domaifhe range of achievable comfort improvement
probabilitiesand energysaving possibilitiesredemonstratecth comparison to the

pre-determined baseline scenaio

Thedissertation is concluded in the last chapter with the overall discussigsiting

of research questionlgnitations of the studyand projections on future work.



CHAPTER 2

COLLABORATIVE BUILDING CONTROL

In this chapter,htrough reviewing current human and automation related system
issues, a conceptual mix@utiative framework that aims to enhance human
automation collaboration for the control of building systems was presented. The
conceptualizabn is refined through analyzing related subjects, and the framework

is elaborated upon the available evidence in the literature. The novelty of the
proposed approachi nsttatimnepnodooeepmi kedt
which enables humaautomation collaboration for achieving optimum efficiency

comfort balance. Thigproposalmay help researchers comprehend the integral
components of mixedhitiative building control and grasp the prospective research
directions, enhancing more humeantric built environments.Following the
conceptualization, the building control scheme was concretized for the indoor
environments shared by multiple occupants, which presents a unique challenge for
personalized operation in building control due to the potentiar ar i at i ons i n

behaviors, preferences and tolerance levels.

The chapter is structured as follows. Fitee emergence of automation concept in
buildings were reviewed and prevailingcupantrelated building automation issues
were introducedThen, the concept of flexibility in automatiaves discussed by
referring to the automation taxonomies in general. Subsequently,cafieally
reviewing the literaturghe conceptualization of the mixgdtiative frameworkwas
demonstratedand the opetional workflow was explained Lastly, a potential
application scenarioof the proposed framework in the thermal domalas
elaboratedy structuring a simplified building control schemedthe chaptewas

finalized withsome conclusive remarks adidcussion



2.1 Literature Review

211 Intelligent Buildings

Starting from the early 1980s, considerable advancements in computer, information,

and communication technologies reflect themselves in the management and control

of buil ding services, evolving from simpl e
computerizeduildings. The integration of cuttingdge technological tools in built

environments has been studied in the literature under the umbrella term of intelligent

buildings, the concept of which was born with the purpose of creating energy

efficient, productve, and environmentally healthy spaces for ped@liements

Croome, 2013) The early definitions of the term i
entirely related to technology integration and building autammaMany of the

examples of s@alled intelligent buildings were only representing the incorporation

of increasing quantities of information technology into buildif@d&gginton &

Harris, 2002) Later on, the definition of the intelligent building concept was

expanded to cover the linkage between occupants, building systems, and the
environment. From seeking technology integration, the main focus of the concept

gradwally shifted towards responding to occupant expectations, comfort needs, and

quality of life enhancement. One of the very first comprehensive definitions of

intelligent buildings was presented ByementsCroome (1997}through referring

ClB Working Group W980s proceedings as:

An intelligent building is a dynamic and responsive architecture that provides
every occupant with productive, castective and environmentally approved
conditions through a continuous interaction among its four basic elements:
Places (fabric; structure; facilities); Processes (automation, control, systems);
People (users, occupants) and Management (maintenancenzarée) (p.

396).

In their intelligent environments manifestaygusto, Callaghan, Cook, Kameas, and
Satoh (2013)efined intelligent buildings as the environments where intelligent
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softwareagents control networked controllers to ensure holistic functionality and
comfort for inhabitants. From our perspective, an intelligent building can be
described as a dynamic immersive living machine, which incorporates numerous
processes flexibly to respd to the various needs of its occupants through enabling
humanmachine cooperation, dasystems integration and technological
articulation. In fact,one of the most fundamental characteristics of intelligent
environments is to minimize the burden of weants on controlling different
operational tasks in buildings through the employment of technology, providing

them more free time to spare other activi{@sleet al, 2012)

The main component of intelligent buildingsishting this characteristic is called
building automatiorfWang, 2010)The stateof-the-art technological developments
supporting automation in buildings in recent years includes but not limited to
artificial intelligence algrithms, ubiquitous sensing, actuation systems, cloud
computing, big data engineering and the Internet of Things (loT) pro@iecét al,

2019) These tools enable to collect and analyze data from both occupants and built
environments, and assist decision making in the control of various busigltgms

and operations including heating, ventilation and air conditioning (HVAC), lighting,

shading, pluggeth appliances and so on.

Despite the advanced developments and \wade use of automation systems in
various disciplines, the employment of austtion in buildings has not gain
popularity. This is mainly caused by the fact that automation has-adogptance

level amongst the building occupants, which is the reflection of disharmony between
human nature and the operation principles of currendibgi automation systems
(Brush et al, 2011; Mayraet al, 2006) Although weltlestablished continuous
interaction between building contreystems and occupants is referred to as one of
the core elements of intelligent environmef@ementsCroome, 1997)strictly-
defined borderlines of the prevailing automationeys fail to satisfy this primary
feature(AhmadiKarvighet al, 2017; E. S. Leet al, 2013)
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2.1.2 Building Automation Systems

Building automation systems (also known as building management systems), refer

to the installed technological infrastructure that monitorandmdnms t r at e bui | di ng
physical environments and operations, including heating, ventilation and air

conditioning, lighting, shading, auxiliary energy, and water supply. Automating the

building systems and creating centralized control is generally favoredaby m

engineers, designers, and facility managers, with an intended goal of enhancing
system efficiency. Although automation syst:
recent yearqAparicio-Ruiz et al, 2018; Nayloret al, 2018) their widescale

employment by building occupants has remained unregliedrbeelet al, 2014)

which can be grounded by several reasons.

First of all, people usually desire to have a control over their environments; they
prefer manual adjustments rather than automated operatoexgerimental study
conducted byLuo et al. (2016) demonstrated that the feeling of being in charge,
whichis often referred to as perceived contro
perception of comforfT a ma s OQuf , a rreportedatatroccepants@® 0 1 9 )
usually dissatisfied with building automation, and perceived comfort is correlated

with perceived contilo People accustomed to primitive building systems that are
almost entirely transparent with their simple logic and physical interfaeea (ight

switch) become relatively unenlightened in the existence of advanced logic of
automation systems operating in the background with no intervention possibilities.
When people do not understand fundamentals of a system, they do not trust it, and

their sense of control and satisfaction decreases dramaiikalijalainen, 2013)

Secondly, occupantsdé6 automation needs and p
of autonomy that they desire may change depgnatirtheir physical, psychological,

and emotional statg€allaghan, 2013)Although there have been some research

efforts for enabling occupants to vary the legkltechnical assistance in the built
environments(Ball & Callaghan, 2012b; Bradshaet al, 2003) no widely
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influential result or a comprehensiframework has been demonstrated so far, and

current building automation systems still lack such flexibility.

Lastly, building automation systems usually provide standardized indoor
environmental conditions that are the mean preference of many pedpl&irg a

A o fsirefits-al | 0 man a g e nParkand Nagy2018assehted that the
research on building automation systems mostly focuses on energy savings rather
than incorporating human comfort, demonstrating the recent discrepancy between
indeed very much related two subjects. Despite the ongwogyess in developing
personalized comfort models to improve occupant comfort using techn@ogy

& Jazizadeh, 2019a; Kim, Schiavaet, al, 2018) mostof them rely on physical

sensor measurements and fail to centralize people in the control loop of their indoor

habitats. Due to human beings6é stochast.i

time-dependent, and standardized automation systems fail tolfulf occupant

requirements.

People have certain comfort expectations of their environments, and when these
expectations are not met, they perform actions to adjust their surroundings. In
modern buildings, occupants have been allowed to interact witle staitding
components to adjust the environment according to their comfort levels. For
example, individually controlled window ventilation has been a universal consent,
and it was demonstrated as a beneficial strategy for ensuring a relaxed state for
occupants (Brager et al., 2004)In the last two decades, it is revealed by many
researchers that such huraumlding interactions have crucial influences on
building energy performance, indoor environmental conditions, and occupant
comfort (Hong et al, 2017) Building automation solutions were devised to
overcome such impacts by dramatically decreasing the level of control handed over
to occupants through <centralizing the
operation(Vasseur & Dunkls, 2010) However, recent researches demonstrated a
high demand for direct personal control, which necessitates a change of perspective

in the research agenda of building automation systems.
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Since the unfamiliarity of occupants with the way automatiworks leads to
inadequate humabuilding interactions, and resultantly, to system failures, human
intervention could be considered a risky input for the proper functioning of building
automation system@.azarovaMolnar & Mohamed, 2017YOc cupant s awarenes
and knowledge of technology is an essential aspect for obtaining the desired benefits.
Day and Heschong (201@mphasized that both energy efficiency and occupant
comfort were negatively affected when occupants are deprived of building control
without any priorclarification. Considering the core of implementation barriers of
building automation systems and the impacts of occupant behaviors, the main issue
to be concentrated on can be identified as the lack of a mechanism providing
coordination and communicatiobetween occupants and building automation
systems. In order to enhance the system robustness, efficient operation of building
systems, and human comfort simultaneousgnefiting from both control capacity

of computerpowered methods and flexibility gra by incorporating occupants in

the loop holds a substantial potential.

2.1.3 Flexibility in Automation

Incorporating a coordination and cooperation mechanism between people and
automation systems requires a certain level of system adjustability on the enachin
end. Such flexibility has been initially led with different taxonomies proposing
varying levels of automation (LOA) in the literature. Starting from late 1950s,
intermediate levels between the two extremes of full manual operation and full
automation hae been assessed to find solutions for control conflicts in various
humanmachine interaction scenarifgagiaet al, 2016) Automation levels have
been specified based on the discipline they are applied in, ingluVionics,

advanced manufacturing, teleoperation, air traffic control, and piloting.

A comprehensive general humarachine interaction model with no specified
application was introduced yiley (1989)in order to assist the investigation of

automatiorrelated issues. Accordingly, the author proposed twelve levels, through
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combining automation degrees and systemo:
six |l evels were cat efgmation precdssing amatwityandn sy s
the level of displayed advising, while the latter six were collocated according to their
ability of taking actions. Levels are |
capability limits, including information fuser, aders servant, assistant, partner, and
supervisor. A more recent and refined taxonomy was proposedadia et al.

(2016) intending a wider range of usability (Table 1). LQi&scribed in this

taxonomy is also created considering how and when the system would notify the

user, share responsibilities and take actions. Although these different levels show

how the computerized systems can provide adjusted forms of aid to humeds bas

on their needs, designating automation systems though using the identified levels
brings out a static situation yet again, which lacks flexibility in operation.
Considering the everhanging requirements in built environments due to the
stochastic natar of occupant behaviors, facilitating dynamic arrangements in the

level of supplied machine assistance is of the utmost importance.

The possibility of dynamic shifts between different LOA has been studied under
different key terms, including adaptive awntation (Kaber & Endsley, 2004)
adjustable (or adaptable) automatigviiller & Parasuraman, 2007and mixed
initiative systemgBarneset al, 2015) Chen and Barnes (201€¥plained that these

three terms aver flexibility in automation and are differentiated depending on the
delegation of authority between humans and machines on the management of the
shifts between the automation levels. As depicted in Figdrevhich is elaborated

upon the work of AhmadiKarvigh et al. (2017) automation modalities are
categorized based on the traafé between the amounts of human control and the
automated operation. In adaptive systems, the automation is designatedke
appropriate drifts between LOA based on analysis of the contextual and situational
data. In adjustable systems, on the other hand, decisions of changing the automation
levels are made by humans. Adaptive systems lack human involvement in the

maragement of critical tasks and may lead to a reduced perceived control, whereas
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adjustable systems require certain human capabilities and result in an unbalanced

mental work load for peopl@iussein & Abbass, 2018)

Table2.1. Levels of automation proposed by Vagiaal. (2016)

LOA Description Explanation

1 Manual Control Computeroffers no assistance

The computer offers some decisions to

2 Decision Proposal  operator. The operator is responsible to decide
execute.
3 Human decision The human selects one decision and the comy
select executes.
4 Computer decision The computer selects one decision and exec

select with human approval.

Computer execution
5 and human
information

The computer executes the selected decision
informs the human

Computer execution
6 and on call human
information

The computer executes the selected decision
informs the human only if asked

Computer execution
7 and voluntarily
human information

The computer executes the selected decision
informs the human only if it decides to

The computer does everything without hum
notification, except if an error that is not into t
specifications arrives. In that case, the comp
needs to inform the operator.

8 Autonomous control
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Figure2.1. Comparison of different automation modalities

As an eclectic solution combining the advantages of adaptive and adjustable systems,
mixed-initiative systems were proposed to allow a balanced responsibility
distribution in deisionrmaking.Allen (1999)d ef i ned t hese -systems
initiative refers to a flexible interaction strategy, where each agent (human or
computer) can contribute to the task wha
of solving a problem, the roles are oppoistically negotiated between the agents

to actualize the best possible solution. In some cases, one of the agents might have

the full initiative as the other operates to assist it, while in some other, the roles might

be reversed. The agents may alsokwodependently in performing some tasks and
dynamically adapt their interaction level based on the specifically asked assistance
(Allen, 1999)

Mixed-initiative systems require dynamic and adaptive function allocation, which
are usually delegated to the automation due to their complex challenges. Thes
challenges were pointed out Biprvitz (2007)as; recognition and decomposition of
problems, identification of suproblemshat may be best solved either by the human

or the automation, the task of sequentially and symphonically interleaving human
and automation contributions, and enhancement of coordination and communication
during the reasoning and problem solving procesSash collaboration may be

predicated on prscripted operational codes, and task distribution can be adjusted
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according to particular conditions. Yet, if instant communication between the two
sides can be provided where necessary, a more natural coapgraicess for
humans can be accomplished.

2.2  Conceptualizationof Mixed-Initiative Building Control

The aforementioned researches in the previous section are mostly carried out to
converge solutions to numerous problems in various disciplines where a leshin

of automation is utilized. However, the achieved advances and developments were
not fully reflected in building automation systems, which can be seen as a root cause
of the fact that they are not widely adopted in the built environments. To thef best
our knowledge, although studies focusing on L®yal et al, 2021) adaptive
automation (AhmadiKarvigh et al, 2019) and adjustable autonom{Ball &
Callaghan, 2012ajn buildings exist, no previous research proposed a mixed

initiative framework for the operational management ot letmvironments.

In intelligent buildings research, the focus is usually either on empowering the end

user for building control or developing fully autonomous agkiven systems that

minimize occupant inference. However, people generally prefer tavea the

ability to control their environments and choose the tasks to be delegated to the
automation(Ball & Callaghan, 2011)The study ofAryal et al.(2020)revealed that

no single automation level could satisfy all users, and the authority of building

control should be shared between the intelligent system and théausensegulated

where necessanphmadiKarvigh et al. (2017)indicated that LOA preferences of

occupants change by context, and certain demographic variables and personality

traits impact their inclinai on s . Li kewi se, the occupantds p
amount and the type of assistance they receive from intelligent building applications

was predicated bgallaghan (2013 n t wo mai n reasons. First, t
or physical states that change according to age, health, mood, akilitgay affect

the desired level of technological assistance. The second rieakahthe accuracy

of intelligent assistance may not be as high as it should be depending on the
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repetitiveness of tasks and how spontane
be best solved with adjustability through enabling communication betweesmsum

and the automated systen®itchett and Feary (201Bsserted that team play

between people and automation systems is-grelinded, where both are expected

to contribute their strengths and work in harmony to ensure the effective operation

of building systems. For this teamwork, the authors emphasized the significance of
several features including communication, cooperation, giving of suggestions or
feedbacks, @ansensus formation and reassurance. In addi®éokeret al. (2005)

showed that occupants would favor the automation sytatns easy to manage

and configurable to adjust personal preferences and control settings.

Although manual control has been shown to be energy inefficient and the automation
is a need in the built environment, the level of user satisfaction dramatically
decreases when the individual control is unavailgbl@badkaniet al, 2020)
Perceived control, which i s <charableteri ze
controls and the effectiveness of the feedback given by exercising control over the
environment, is attributed as an essential factor for technology acceptance models
and user satisfaction measur@&enkateshet al, 2003) Similarly, it has also
appeared to be one of the significant concepts in automated building control studies
(Lolli etal, 2020) Researches have shown that both occupant coftjalainen,
2009)and energy consumption in buildin@sun, 2018)are affected by the level of
perceived control. Occupants with higher levels of perceived control were reported
to be more tolerant to the deviations from the comfortable indoor enwérmaim
conditions(Luo et al, 2016) On the contrary, when personal control is unavailable,

or the complexity of the control interface leads to acomvenience for usage,
occupants become more likely to report discomfort or switch off the automated
operation(Karjalainen & Koistinen, 2007; Meerbeek al, 2014) Hellwig (2015)
provided a comprehensive review, where the concept of perceived control and its

implications for the buildings have been analyzed in detail.
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Figure2.2. Conceptual model of the mixexitiative building control framework

Considering the current evidence on the link between the automation and the
occupant 6 s c¢ omf ocognitive ppadr anceenergy dfficiencyete r o |
is a need to establish a coordination and communication framework, which allows
for mixedinitiative interaction and encourages control negotiation between
buildings automation systems and occupants. The d¢nteat here is to pvide the
occupants with a sense of continuous control while allocating operational
responsibility to the system where applicable. Such a scerwarid enact concurrent
assessment of occupant comfort and energy efficiency while makitggnated
applications more favorable for building inhabitants. Naturally, designing every
detail of such a framework requires the contribution of various disciplines with
specialized proficiencies. Accordingly, this study approaches the need for
conceptalizing a novel building control framework from a general perspective and
defines the borderlines of the mixadtiative system. As demonstrated in Figure
2.2, this conceptual framework can be segregated and studied under two main

sections, namely the maioe side and the human side.
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221 The Machine Side

The implementation of the proposed conceptual framework is predicated on the
existence of @uilding ManagemenBystem(BMS), appropriate sensor network,

and compatible building components. One of the coraeis to be integrated into
BMS is agentbased control. Human comfort in buildings is tied to three factors that
are thermal comfort, visual comfort, and indoor air quality. Satisfying comfort needs
requires multiple building systems and components topeeated simultaneously

with optimal performance. In order to enhance energy efficiency, possible conflicts
that could arise between building subsys
system operations should be avoided. One of the most advanced &ffeards
ensuring the coordination in the operation of building systems has beerbagedt
control systemgDounis & Caraiscos, 2009Multi-agent based control, especially,

is widely employed for sophisticated combined control of buildingtesys in
intelligent environments for achieving optimum performance under dynamic
conditions(Qiaoet al, 2007) The design of mukagent based systems varies, and
adapted logic and agent attribution differ based on the app(datlkee, 2010; R.

Yang & Wang, 2013)Intelligent agents can represent physical devices, particular
building zones, smafic user profiles, or concepts such as conflict resolution or
energy management, and they can communicate with each other for sharing
information, making requests, or checking objectives. The defined task assignments
to the agents result in a hierarchiead layered organization, where some agents
execute simple tasks like controlling illuminance levels in a room, while others have
more complex functionalities like generating decisions for the best possible control
action based on the occupant feedh&tiktadoet al, 2014) Treado and Delgoshaei
(2010) listed the possible benefits of utilizing agdwsed building control as
enabling subsystems to organize themselves for bpsi@tion, optimizing building
performance through an adaptive strategy based on dynamic human factors and
environmental data, spontaneous fault detection and rectification, facilitating

interactions with utility grids and city networks, allowing systergragability and
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promoting the integration of innovative building systems. As it has been asserted as
a viable solution for handling the complex problems of dynamic environments,

agentbased control should be an integral part of the mirditive framewak.

The machine side of the proposed conceptual framework employs adaptive
algorithms to assist building management system in analyzing the sensor data and
adjusting operational setpoints. Ideally, an intelligent environment should have
persistent awareness of human presence, activities, and personal comfort
requirements and adjust indoor environment setpoints based on occupant
preferences. In the last two decades, studies have focused on developing adaptive
algorithms as predictive conts through recording and analyzing human actions in
buildings(Haldi & Robinson, 2008; Mirakhorli & Dong, 2016fPredictive building
control models usually utilize various machine learning algorithms, artificial neural
networks, or fuzzy logic to learn patterns in occupant actions with regard to
contextual parametershiiough continuously retraining themselves with new data to
update control procedures, predictive control algorithms are to be incorporated in the
mixedinitiative framework, for not only automating preference adjustments for
adaptive system operatiqiGunay et al, 2014) but also allowing flexible and
efficient management of energy usg¢@thirgamanathaet al, 2021) Adaptive

control algorithms assist building management through making use of the system
inputs, state changes in buildingnsponents, and collected environmental and
humanrelated data. Evidently, configuring a compatible utilization of both agent
based control and adaptive control algorithms, when combined with the central logic
defining the building management flow, is premg to assure a competent

composition in the machine side of the defined framework.

2.2.2 The Human Side

The main component of the humside in the framework is the interface, through
which all building systems might be controlled. The interface elementribesg@as

a metacontrol intermediary, which could be either mobile or vielegrated with
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the building design, providing bidirectional feedback and communication between
the occupants and the building systems. In conventional buildings, primitive building
components that are almost entirely transparent with their simple logic and physical
interfaces (i.e., light switches, operable windows) provided occupants sophisticated
opportunities to regulate indoor environmental conditions, including temperature,
lighting, and air quality. Traditional toughput procedures will progressively be
replaced with a common building interface that provides a cooperation ground
between occupants and buildings and regulates interaction dynérojgak &
Pekericli, 2021)

The transition in the control modalities and the importance of building interfaces are
currently very hot research topics and were extensively reviewedyst al.(2020)

and Tabadkaret al. (2020) Considering the fact that the sole intermediary fer bi
directional communication and coordination between the automation and the human

is the interface, which @hds at the intersection of the sides (Figu, & is of the

ut most i mportance to study the questi ons:s
context, and their underlying control I o
and dAwhat I es and chiiractelstics areamost effective at delivering a

comfortable environment, outstanding perceived control, and reductions in energy
consumption?0, which are pursued by | EA /
O 06 Bm eteal. (2020) The most prevalent technologies to be used as a
communication tool between occupants and intelligent environments were listed by
Marson and McAllister (2021as mobile apps, screens, dashboards, biometrics,
implantables, gait identificatiomnd thought control. However, it is not easy to list
possible intermediary tools explicitly due to the pace that technological
developments have reached in recent years. gywoariately designed and
understandable control interfaces in buildings arengdito be an effective way of
matching building operations to actual occupant ng@tshenet al, 1999) a
common, usefriendly interface model enabling building occupants to have full
control of their environments should be weditablished within the demonstrated

framework.
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2.2.3 System Operation

In order to actualize the control flow that is suggested inrdmadwork, building
management system should be supplied with continuous spatial and temporal data
from compatible tools and systems, allowing spontaneous connection, coordination,
actuation, and data exchange. As the internet revolution has evolved into
interconnecting objects surrounding everyday life to furnish intelligent built
environments, loT can be considered as a primary enabler for the proposed
conceptual framework. In his booklukhopadhyay (2014explained that the
connectivity l1oT provides through improving access to information can increase
reliability, sustainability, and efficiency in any system. As pointed ouvlbger,
Harder, & Koo (2014)one of the paramount issues in intelligent buildings is the
lack of interoperability between different sensors, deviceshaiding components.
Internetenabled communication can be considered as an effective solution to this
interoperability problem. In the case where every building component, device or
sensor, regardless of their vendors, is capable of communicating thiheugternet,

a smooth interaction and data exchange between systems and an integrated and
coherent operational process could become possible. Moreover, 10T has been
attributed to have humanelated data collection functionality, including occupancy
detetion (Jeonet al.2018) occupant monitoringAkkayaet al.2015) and activity
recognition Zou, Zhou, Yang, and Spanos 2018)is et al. (2017)also asserted

that the abundance of devices brought by the 10T extends the benefits of BAS with
energy harvesting capabilities without the need for intervention, improved habit

tracking, lowcost sensors for monitoring, andcupanicentric decisiormaking.

The proposed framework can be implemented once the necessary hardware and
software platforms are availabl e. Buil ding
environmental conditions, and occupants can be monitored by imgtéle sensor

network, the collected data of which is to be deployed in the central server: Agent

based control models and adaptive algorithms can be implemented using the

platform and protocols utilized by building management system, to process both the
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sensor data and the event logs and control building systems and services. In order to
hand over the overall control of the building to the occupants, aintetéace should

be provided that is connected to building management system, through which
occupah requests, system suggestions, and bidirectional feedbacks are
communicated. There exist continuous feedbamktrol loops between the interface,
building management system, and the building services. The building systems and
services (such as HVAC, lighyg, or windows) could be controlled either directly

by the occupant, ignoring system suggestions, or through consensus reached by the

system and the occupant, depending on the personal inclination.
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Figure2.3. Workflow model of the proposed framework

An explanatory possible scenario model is presented in F2gRirim order to clarify

the intended workflow of the system. Accordingly, when an occupant desires a
cooler indoor enwonment on a windy summer day and delivers this request to the
building through the interface, the most convenient action to satisfy this request can

be determined by the building using the collected data from the environment and the
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building systems. Inead of turning on the mechanical cooling, the building may
decide or suggest opening the windows for crasgilation, which is a more energy
efficient solution satisfying the same requirement. In other words, the system may
respond to the needs of itsaupants by invoking the most effective and efficient
action. I f the occupant does not comply wit
take a different action, the system can give related feedbacks through the interface
and confirm t heaegardessr Evesy rquueshdlysisactioneeest

can be saved as an event log in the system and used to train the control algorithms
and the central management logic. Such a scenario could be a convenient way to
simultaneously enhance personal comfort, g@iged control, and energy efficiency,

as it grants comprehensive controllability on the hwside and datdriven

automation adjustability on the machine side.

2.3 Building Control in Shared Environments

It is foreseerthat he d@ovementioned system opematicouldhave a smooth flow

in cases where the space is occupied by a single person, as it allows indoor
environmental parameters to be controlled based iodividualspecific

characteristics and feedbackdowever, considering the potential variations in

peopl ebs behaviors, p r edn@ronments eslsaredabyd t ol er a
multiple building occupants present a unique challengpdéosonalized operation in

building control(Figure 2.4) Interaction pattermand feedback to BMS would differ

based oneach occupant ds per sonal traits. I n s
conflicting choices, a control dispute may arise that could be solved with an

optimization strategy.

In order to assess and study the control dispute in+medtipancy environments

undera manageable complexity and decrease the number of independent variables,

the research scope was required to be narrowed dowa dimgle domain.
Considering thermal comfort 0<deingandthe ve i mpac:

amount of energy used by HVAC to satishmfort needs dbuilding occupantshe
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researctscope was determined tiiermal domainAlthough there are some studies
proposing shategies for multoccupancy comfort optimization in the literat|f

Lee et al, 2019; Ngarathinamet al, 2021) optimization of occupant comfort
through utilizing personal comfort preferences in shared environments has still room
for further investigation.

BMS » Personalized @ BMS @

Control Action

:
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Personal Data} ___
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Figure2.4. Flowchart of the prposed building control framework

The scope of theesearch in terms of building typeidentified as office buildings
depending on the fact that commercial buildings is the leading sector in energy
demand growth with a predicted increase rate of 1.6% per year from 2012 to 2040
(EIA, 2016) They are dynamic environments where the number and type of
occupants are unpredictable, and require-tiza feedbackesponse control
systems for #icient system operations. Moreovéhe motivation of occupants to
regulate their behaviors towards enhancing energy efficiency is different in
commercial buildings from that of residential ones. Since occupants are not
responsible for building controhd its costs in commercial buildings, they may not

be aware of the consequences of their enegated interaction&Zanjani, 2017)

2.3.1 Occupant-centric Approach

In modern buildings, indoor climate is generally controlled based cdgineed
setpoints and schedules that are determined in the dpkiggse with limited
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knowledge about occupancy and user profiles. Regardless of the mismatch between
the initial presumptions and the actual inputs during building operation, a defined set
of control parameters are rarely updated or modified. This singplistid
conservative process was built upon the assumption that controlling buildings based
on custom occupancy, average occupant characteristics, andllesb ideal
conditions are adequate for improving energy efficiency and human comfort.
However, certainsuboptimal issues were demonstrat@cluding maximum
occupancy assumption in spaces, continuous operation in unoccupied zones, and
over-conditioning despite creating discomf@Brager et al., 2015; Erickson et al.,
2009) In recent years, occupacentric building control has emerged asavel
approach, taking human dynamics such as presence, location, preferences, and
behaviors as inputs to enhance overall occupant comfort and optimum system
operation(Naylor et al, 2018; O'Brieret al, 2020) This approach has shifted the
paradigm in indoor climate control from onesizefits-all perspective towards

humanoriented merits.

Although occupantentric building control has been studied since the early 2000s
(Dounis & Caraiscos, 2009; Guillemin & Morel, 2001)ere has been significant
growth in the number of researches over the past decade along with technological
developmentgPark, Ouf,et al, 2019; Wagneet al, 2018) As there is not a
standarzed approach about the level of occupaathted data integration to control
loops(Naghiyevet al, 2014) various scopes have been defined by the researchers
within the extent of occupaitentric building control depending on the utilized data
characteristics. For examplBark et al. (2019) referredto systems that only use
presence/absence states of occupants as occupasey controls, whereas defined
the ones that employath on occupant preferences as occupant behaagsd
controls.Jung and Jazizadeh (201%sed the terihumanin-the-loop operatiohto
account for dynamics of occupatscluding presence, count, positi@nd thermal
comfort. To this end, a broader overview was presenteNdyor et al. (2018)
categorizing occupastentric control research into four based on implementation
approaches, which are reactive response to occupancy Hinmealcontrol to
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individual occyant preference, control catered to individual behaviors/activity types
and control based on the prediction of future occupancy/behaviors. As a common
practice in occupastentric control studies, occupamtated data is coupled with

the data representinghdoor and outdoor environmental conditions (such as
temperature, humidity, air quality, illuminance, etc.) to ensure both human comfort
and system efficienddung & Jazizadeh, 2019a; Park, Doughestyl, 2019; Peng

et al, 2019) Xie et al.(2020) reportednat occupantentric control research offers
improvements on both comfort and energy efficiency with a median of 29% and

22%, respectively.

The scope of occupawentric control studies oftentimes extends to occupelated
building performance metricgcluding indoor air quality, thermal comfort, visual
comfort and acoustics comfofAntoniadou & Papampoulos, 2017; Azaet al,
2020) Kong et al.(2022)tested an occupandyased control approach with sibg-

side experiments to quantify perceived air quality and thermal comfort in
commercial buildingsPak, Dougherty,et al. (2019) developed a reinforcement
learningbased controller for lighting, which learns from and adapts to occupant
behaviors and indoor conditiorf@enget al.(2019)proposed an adaptive operational
strategy for climate control indoors, which considers dynamic aspects of occupant
behaviors and environental conditions. Acoustic comfort is usually assessed
alongside other elements of personal comfmrdviding a base for muisensory
consideration in buildingBourikaset al, 2021; W. Yang & Moon, 2019)

Among other occupasntlated comfort aspects, thermal comfort attracted the
attention of researchers the most due to its massive impact on overall human
satisfaction and the account of HVAC systems afding energy userFrontczak &
Wargocki (2011) conducted a literature survegbout the effects ofindoor
environmental quality (IEQdn overall human comfoland reported that thermal
comfort wasthe toprankedfactorin most of the studiesSimilarly, Lecceseet al.
(2021)revealed that thermal comfort was weighted as the most critical IEQ factor in
more than half of the related studies published between 2002 to @vil8e other

hand, acording to thé®epartment of Energy (DOE, 201 HVAC systems consume
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75% of electricity and 40% of total energy in buildings in the United States.
However, despitehe high levels of energy used by HVAC systems to provide
comfort in buildings, the lack of thermal comfort is still one of the most common
occupant complaints (ASHRAE, 201 According to the study bitarmannet al.
(2018) analyzing thermal comfort votes from 52980 occupants in 351 office
buildings, only 2% of buildings meet the targeted satisfied occupant rate, which was
determined as 804y ASHRAE (2017). They reported that 43% of occupants were
thermally dissatisfiedvith their working environments, which might be correlated
with the inadequate personalized conditioning or control provided by prevailing
HVAC systems.

2.3.2 ProposedStructure for Thermal Domain

Ideally, an intelligentbuilding control frameworkshould account for human
presence, activities, and personal comfort requirenteatjust indoor environment
conditions in all domainsbased on occupantreferences.Once the physical
requirements such as a centoalilding management system, appropriate sensor
network, and compatible building componests properly installed, the operational
logic of the building subsystems should be established in icati@h with each
other. In the last two decades, malgentbased control have become a prominent
strategy for coordinating tasks in complex environments to ensure cdrdéct
operation of different subsysterfBuan & Lin, 2008; Micolieret al, 2019) This
control strategy basically allocates individual tasks to autonomous entities, which
are usually called as agent s, and establist
interaction. Each agent has its internal mechanism with specific inputs, objectives
and decisiormaking triggers for taking necessary actions to complete defined tasks
(Dorri et al, 2018) In multi-occupancy environments, the number of personal agents
could be determined considering the room capacity to reflect the preferences of all

individuals in building control.

30



In order to ground aaptimization strategy fathe operation of HVAC systems, we
isolated the interaction between the HVAC agent and personal agents from the bigger
multi-agentbased control scheme. In doing so, eudlined the data flow in agent
interactions within the thermal domain to illustrate how building control can be
framed in an occupaitentric manner (Figure.?). Accordingly, occupantentric
control framework requires data from both occupants and the enwaranutilizing
Internet of Things (IoT) sensor network is a plausible strategy to collect real time
data about indoor environmental conditions including temperature, air velocity,
relative humidity, etc. and occupant characteristics such as behavioesepoes

and sensations. Together with information retrieval about personal factors such as
age, gender, heart rate etc., collecting and leveraging such data in the building
management system would allow the development of personal comfort models that
would shape the base logic of personal agents. If continuous data flow with high
granularity is enabled, developed models could be dynamically updated to account
for the changes in occupant preferences in the longrhese models can be stored

on the centratlatabase and retrained regularly with the dedicated machine learning

algorithms.

Similarly, HVAC agent could be formed based on the generated data and iterative
outcomes of parameter combinations. As demonstrated later in Chapter 4, thermal
dynamics of aspace can be assessed using CFD simulations, by setting
environmental conditions, contextual factors and HVAC system components as
boundary conditions. Once all representative variations are modeled and simulated,
thermal distribution patterns data coulel &tored in the central database. The base
logic of HVAC agent could then be fed with thermal distribution input to make
optimum control decisions based on instantaneous requirements of the space
prescribed by redime data. It is also possible to suhsgtt thermal distribution
patterns data generated using CFD simulations with a comprehensive sensor
infrastructure in place. In such a scenario, the granularity and placement of sensors
should be properly arranged to account for spatial and temporal masiadiithough

a senscbased system development has the potential to be more accurate and robust
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than a simulatiofbased approach, installation and maintenance of the infrastructure
may be quite costly and complex to deal with. Regardless of the appnuacine
learning algorithms could be employed for réale processing and continuous
learning based on the type and the quality of the data.
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Figure2.5. Dataflow andcontrol framework forthermaldomain

Conventional design approaches aim to achieve relatively unifibrenmal
conditionsat an average setpoint temperattimoughout a spacelhis approach

naturally implies that the thermal environment will likely be suboptimal for many of
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thebuilding occupantsindividuals who are thermally uncomfortable would interact
with building controlsto adapt their environments to retrieve their comfortable
states. However, this malsruptother occupani&nd resultantly, lead to an iterative
control problemin shared space conditioningonsidering these, we hypothesized
that collective comfort in mukbccupancy environments could be provided
explicitly influencing and leveraging the development of -norform thermal
conditions, together withaccountingfor the differences in personal comfort
preferences of individual§.he nonuniformity of both personal comfort levels and
climatic conditions indoors can be interpreted as an optimization proéheloould

be solved through setting up an intelligent sgsscheme Accordingly, oce the
control structure shown in Figure 2.5 is weditablished and retime dataflow from
both the indoor environment and the occupants are ensured, a simplified workflow
(Figure 2.6) could be used to assess the potentialeegbroposed framework for

improving collective comfort in shared indoor spaces.
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The demonstrated workflow model in Figure 2.6 proposeshihi#ding occupants

can be optimally assigned micro-locations (i.e., workstatiorgt the start oeach

day, based on their personal comfort profiles stored in the central building system.
Accordingly, oncean occupant arrives to the room, BMS suggestoptimum

|l ocation by processing multiple variabl es I
patterns for the day and mietlkermal conditionslf the occupant accepts the seat
assignment, conditioning system can use-galeulated optimum operational
setings. If the occupant decides not to comply with the suggestion, then the system
can recalculatthe optimum settings; this time by including the position and personal
comfort profile of that occupant within the inputs. At this decisitaiking stage, the
Gptimumoperatiod ¢ aefinedby settingthe system prioritieabout energy use

and occupant comfor&ince continuous relocation of occupastaeither practical

nor logical in realife conditions, suggested flow assumes that occupants would not
be relocated after they occupy a workstation for the de/occupants have the
initiative for complying with the system suggestions, Bb&®adjust its operation

to the optimum settings based on the given conditions and jnm@iter than
enforcing the idal scenario maximizing collective comfort or energy efficienty.

is worth mentioning that, the overall performance of the strategy would potentially
improve over time, as the database on comfort preferences of the individuals expands
and occupancy paties are recognized by the systdror the initial employment,

personal comfort models can be-r&ned by conducting comfort surveys.

2.3.3 Case Selection

In order to assess the viability of the proposed structure for thermal doncaise a
studywasdescribed for carrying oatproof-of-concepianalysis An office spacen

the College of Engineering of Penn State Univergis selected, which houses
workstations foisix graduate studentss illustrated in Figure 2.7The room is on
the second flooof a threestory building located at University Park Campus in State

College, the United States, the climatic zone of which can be described as cool
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humid.lIt is surrounded by indoor spaces on three sides and it has five large windows

onits wall facing autdoors.

The office spaceis approximately~53 nt. It has a conventional HVAC settling,
where the fresh air is supplied through an inlet on the ceiling and return air is
exhausted through an outlet on the west wiflle spaceuse is not regulaand
occupamgy pattern throughout theeekdag changes each academic term depending
on st ude npgrograms Bependirig yon the given space characteristics, a
comprehensive analysis requires accounting for the personal preferences of six
different individuals and>@amining the thermal distributictynamicsundervarying

occupancy and conditionirggenarios.

Figure2.7. Threedimensional model of the selected office space
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Accordingly, Chapter 3, Chapter 4 and Chapter 5 were organized poeSEnting
dedicated personal comfort profiles, (2) composing the thermal distribution patterns
dataset and (3) assessing the potentials for improving collective comfort through a
datadriven analysis, respectivelfurther details on the selected case are given in

Chapter 4, where the geometric modeling process for simulations are provided.

2.4 Discussion

Technology has been continuously transforming the built environments, with
changing magitudes throughout the last century. Lately, this transformation has
been accelerated and reached a considerable pace, with the developments in artificial
intelligence, the Internet of Things concept, sensing, actuation, and information
systems. In the bltienvironment, building automation can be claimed as one of the
primary concepts in terms of technology integration, which has been introduced to
provide efficient management by centralizing building control and minimizing
human intervention. However, emrches have indicated a disharmony between the
operating principles of prevalent buil di ng
instinctive desires, which have slowed down the employment of automation in
buildings. In order to demonstrate a refined solutiomaiie, this research outlined

a composition for the collaborative building control system and conceptualized the

borderlines of a mixethitiative framework.

According to the conceptual framework, the control of building sysitem®posed

to be managed through a hurrautomation collaboration, where occupant needs
and preferences are prioritized. The most efficient and effective control action is
invoked by the automation through analysis of occupant requests and feedbacks, as
well as the collected environmental and humalated data. As it is an initial
elaboration for speculating the need for a drastic shift in system operation, the study
might help researchers comprehend the integral components of such a mixed
initiative contol in buildings and grasp the prospective research directions.

Considering the comprehensiveness of the subject, the detailed configuration of
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presented componentan be achieved through compartmentalized analysis of the
domains in buildings. To this endhermal domain was identified for further
investigation in the following sections of this reseaiidte collaboration procedure
was simplified for enabling a computationalpplicable analysisin a multr
occupancy indoor environment, which is share@@gupants with possibly varying
personal traitslt is anticipated thaassessing the technological viability thfe
proposed collaborative contralpproach can be predicated on the demonstrated
achievements in the specified domains, the results of wbidd &elp tocompound

the overall structure of thategrated framework
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CHAPTER 3

PERSONAL COMFORT MODELING

This chapter delves into the concept of thermal comfort in buildingsightights

the transition towards personalized models by reviewing the widely accepted
approaches the literaturelt presentsig personal thermal comfort profileg/hich

were usedto represent six different individual occupants. These comfort profiles
weredesiguatedto be used in collective comfort probability analysis in Chapter 5,
to account for the individual differences in comfort needs and preferences of
occupants.The presented nified probabilistic thermal comfort proéis were
developed byprocessing available realorld datasets withBayesian network

modeling approach

In this sectionfirstly, the basics of the PMV and adaptive modeése explained

and the emergence of the personal comfort modeling concegiresentedThen,

the emplogd dataset was introduced and the probabilistic modeling process was
illustrated. Lastly, generatecdpersonal comfort profiles were demonstrated with a
comparison on their characteristics. The chapter was concluded with a discussion on
the importance of psonalized models for improving occupant comfort in the built
environment and potentials revealed by this new approach in theTeddauthor

would like toacknowledge thate methodlogy used in this chapter was built upon
thestudyof Jung & Jazizade(R019a)

3.1 Literature Review

3.1.1 Thermal Comfort in Buildings

Thermal comfort is defined xSHRAE (2017)as "that condition of mind which
expresses satisfaction with the thermal environfméat individual who wishes to
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feel neither warmer nor coolerthen asked about their thermal state caddemed

as thermally comfortableContrary to its simple definitig providing thermal
comfortin buildingsis not a trivial taskas it depends on many environmental and
personal factorsSince what is accounted as comfortable changes from one place,
time, and person to anoth@happells & Shove, 2005¢leveloping knowledge on
thermal comfort in buildings has been a critical research subjectre/geargDe
Dearet al, 2013)

The overarching aims of research efforts in thermal comfort field list@@leghani

et al. (2013)in their review include improving occupant séiction, productivity

and work performance in indoor environments, achieving energy savings, reducing
the negative impacts of buildings on the environment, and improving standards.
Wang et al. (20199 de monstr at ed how ther mal comfort
productivity by influencing their mental workloddpczynskaet al.(2018)explored

the link between thermal comfort and sedported productivity and indicateal
direct correlationLikewise, a field survey in an office building caraled byTanabe

et al.(2015)confirmed that improvements in work performance is closely related to
individual thermal satisfactionOn the other hand, maintaining comfortable
conditions for building occupants regreat implications for energy consumption in
buildings due to the proliferation of HYAC systemsamost countriegYanget al,

2014) Although there have éen many efforts to develop advandetklligent
building control systems that improve energy efficiency while maintaining thermally
comfortable conditionsa completely satisfactory framework is yet to be achieved
(Merabetet al, 2021)

In modern buildings, the prevailing approach towards ensuring thermal comfort has
been the development and optimization of proper mechanical systems.héd/ith t
purpose of setting system requirements and control parameters for providing
collectively acceptable conditions, the HVAC industry has defined comfort in terms
of physical variables, i.e., temperature, airspeed, and hur(idgl & Roaf, 2017)
Likewise, researchers have concentrated on developing empirical nbdelsk

such plysical variables with the comfort states biiilding users to describe the
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boundaries of comfort for average use&kmong other thermal indices, two major
approaches, the PMV and adaptive models, have been dominant in the current
practice and effective imternational standard# recent years, however, comfort
assessment paradigm has shifted towards being more granular and individualistic,
and resultantly, a new approach called personal comfort modeling has become a

point of interest for building resedrers (Figure 3.1).

Conventional, aggregate models

" %
Predicted Mean Vote (PMV)
" J

Thermal Comfort

Adaptive Comfort Models

in Buildings

Figure3.1. Prevalent thermal comfort approaches in buildings

3.1.2 The Predicted Mean Vote(PMV) and Adaptive Models

The PMV, which was established through a series of experiments in climate
chambers byangen(1970) is the most widely accepted model, and it served as the
basis ofASHRAE 55 (2017)andISO 7730(2005) standards. The PMV explains
human thermal sensation as an outcome of the heat transfer between the human body
and the ambient environment and proposes a quantitative assessmoamidioying
environmental factors (air temperature, airspeed, mean radiant temperature,
humidity) and personal factors (metabolic rate, clothing insulation). Based on a
steadystate physiological model, it simply predicts the mean thermal sensation votes
of a large group of building users for any given environmental and personal factors,

on a scale ranging fror8 to +3, corresponding to the sensations of cold, cool,
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slightly cool, neutral, slightly warm, warm and h&an Hoof, 2008) Adaptive
models, on the othdrand, incorporate the assumption that building users would
consciously react in ways to adapt their environments or themselves to changing
conditions to retrieve their comfortable states. Developed through inferring a linear
relationship between comfortab indoor temperature and prevalent outdoor
temperature by analyzing field study data from natunadigtilated buildings in
different climate zones, adaptive modeldeyDear & Bragef1998)was included in
ASHRAE 55 (2017)standard and adaptive model icol andHumphreyg2002)

was placed IrEN 15251(2007)standard. Although the adaptive approddiers

from the PMV in its underlying philosophy, both use simple linear scales to assess
thermal comfor(Nicol & Roaf, 2017)

Although the PMV and adaptive models were adopted successfully in the
aforementioned international standards, both models have some inherent limitations.
Kim et al.(2018)listed the main drawbacks of these approaches as the burdensome
acquirement of input variables and simplified assumptions, their static nature that
lacks capabilities of calibration and relearning from new field data at particular
settings, and their indhy to be modified with new input factors (such as sex, age,
body mass index, etc.) beyond models-ge&ned variables. Above all, both are
aggregate models whosemfortpredictiors are applicable to a group of people or

a large population. Aey fail to predict individuals' thermal comfort ishared
environments, where occupants with varying comfort profiles share the same
environmen{Van Hoof, 2008) A recent study showed that a simple linear model is
about 40% more accurate than the PMV at predictingidaial comfort(Guenther

& Sawodny, 2019)Similarly, the prediction accuracy of the adaptive model for
thermal preferences was reported as 50%, which is almost the same as random
guessindKim, Zhou,et al, 2018) Moreover Andréet al.(2020)noted that neither

of these two approaches is suitable for evaluating the performance of personal

comfort systems since they are designed for stable, uniform environments.
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Figure3.2. Aggregated modelgersus personal comfort models

In response to the deficiencies of the conventional approaches in thermal comfort
management in buildings, a new paradigm named personal comfortimgalaizs

been propose(Kim, Schiava, et al, 2018) Benefiting from he developments in
thedatadriven technologies, personal comfort models eliminate the onglified
assumptions in the PMV and adaptive models and suggest promising features for
highly granular, individualistic, andontextrelevant strategies in building control.
Aggregated group models differs from personal models in the main comfort
assessment approach (Figure 3.2), Aredet al. (2020) emphasized #it shifting

from the formetto the lattercan help the practice otcupanicentriccontrol, despite

the reency of the latter

3.1.3 Personal Comfort Models

The advancements in the Internet of Things (IoT) concept have enabled easy and
low-cost collection and generation of personal data, which formed a foundation for

more contexbased, tailoimade approaches. Perabsomfort modeling is a data
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driven strategy that predicts an individual's thermal comfort based on direct feedback
(e.g., thermal sensation, preference, pleasure) and specific data (e.g., personal,
contextual) from a single persdKim, Schiavon,et al, 2018) Using the data
collected in daily life environments, it utilizes machine learning algorithms to learn
individuals' comfort responses, reveals variations between comfort needs of different
occupants, and laws to achieve higher satisfaction rates and energy efficiency
(André et al, 2020) Contrary to the conventional approaches, personal comfort
models are flexible, enabling the application of different modeling methods and
having the capacity to adapt new input variables and additional data. According to
the review byMartinset al.(2022) the most frequently used input variables in these
models itlude environmental factors such as indoor temperature, airspeed, relative
humidity, outdoor temperature, and personal features such as skin temperature, heart
rate, activity level, clothing level, and metabolic rate. It has also been shown that
thermal confort prediction performance escalates when environmental and personal
factors are combined as inputs in the model develop(Aeyal & BecerikGerber,

2019; Junget al, 2019)

Developing personal comfort models with high predictive perémce has been a
prominent objective for many researchers in the last two decades. The main
prediction logic of developed models is predicated on correlating environmental and
personal sensor data with the occupant feedbacks collected through variaussnedi
(Daumet al, 2011; Ghahramamit al, 2015; Kim, Zhouet al, 2018; W. Liuet al,

2007) Kim, Schiavon.et al. (2018) explained the process of developing personal
comfort models in their pivotal work as data collection, data preparation, model
selection, model evaluation, and continuous learning, respectively, as shown i
Figure 3.3. Accordingly, once the model is established, it could be integrated into
building control loops with the help of connected sensors, controllers, a local
network, and a central server. However, bKim, Schiavon,et al. (2018) and
Martins et al. (2022) highlighted that there is still no consensus on a unified and

systematic framework for personal comfort modeling in the field.
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Figure3.3. Development opersonalkcomfort models
(adapted fronkKim, Schiavonet al(2018)

In recent years, many researchers have developed personal comfietling

strategies using various methodhao et al. (2014) utilized a physical human
machine interface to mod éakizadeletalu204a)t sdé t h.
empl oyed a participatory sensing applica
comfort preferenceKim etal(2018lu sed occupantsd heating al
as comfort feedback to establish personalized models with high acdeeaggt al.

(2023) leveraged wearable sensors and smartphone applications to collect
individualized comfort measurements from both occupants and their -micro
environments. Regardless of the approach, the common practice at this field is to
fuse occupantsdé comfort feedback and i ndc

learning algorithms to estaltigpersonalized comfort models.

One of the early studies for personal comfort modeling was publishki et al.

(2007) They trained a neural network model with occupant responses at varying air
temperature, humidity and air velocity valuespgor edi ct i ndi vidual
sensations under different thermal conditions and demonstrated a high prediction
performanceFrom there on, various models were developed employing different
machine learning algorithms. Some bétcommonly employed machineakning
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algorithms in personal comfort models are random fq@saudhuriet al, 2018)
support vector machin@iang & Yao, 2016)fuzzy classificatior(Jazizadetlet al,
2014a) neural networkqW. Liu et al, 2007) Gaussian proces&uenther &
Sawodny, 2019Bayesian networiGhahramanet al, 2015)and logistic rgression
(Daumet al, 2011) In a considerable number of studies, multiple machine learning
algorithms were comparatively tested to achieve tegrediction performance and
avoid algorithmbiased deviation§Aryal & Becaik-Gerber, 2019; Kim, Zhowet

al., 2018; S. Liuet al, 2019) Among others, random forest algorithm has been
demonstrated to have a higher preference (fdt@tins et al, 2022) and better
accuracy(Kim, Zhou,et al, 2018; S. Liwet al, 2019)

3.2 Material and Method

In order to capture the diversity in thermal preferences of six occupants thighin
selected case (described in section 2.8i8}ifferent personalomfortprofiles were
developedy utilizing available dataseta the literature A probabilistic modeling
approach was adopted aRdyesian network was employad the machine learrgn
algorithmto process the datdt is worth mentioning thasincethe main aim of
generating personal comfort profiles in this section is to account for the differences
in individual s o some stdpo of teveping fpersoralncondast ,
models such asmodel evaluation and continuous learningrocesswere not

considered within the research scope.

3.2.1 Dataset

In order to accurately evaluate the potential of occupants' having different thermal
comfort preferences in multiccupancy scenarios, consitgy actual human
subjects and using realistic data is of utmost importancaleal conditions, the
proposed framework in this research enhancedirealmonitoring with continuous

data collection for generating personal comfort models and flexibildgynauatation
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by integrating numerical simulations for occupaentric building control.
However, since the outlined case methodology was designated to reveal the possible
strategies towards these goals with an offline procedure, using an existing dataset fo
developing personal comfort models was deemed as a plausible djotithiis end,

we used several probabilistic personal thermal comfort profiles that represent the
individual differences in thermabmfort perceptions. These profiles wgenerated

using a probabilistic approach and data presented in prestadies. The approach
used to generate the profiles is as follospersonal comfort feedback dataset
compiled through field measurements carried out for several montauet al.

(2011) has beenutilized. They adopted a multinomial logistic regression model to
separate three thermal perception vote types: uncomfortably cool, comfortable, and
uncomfortably warm. Leveraging the data obtained from comfort profiles reported
by Daumet al. (2011) together with actual thermal votes dataset extracted from
previous studiegJazizadehet al, 2014a; Pazhoohesh & Zhang, 2Q18hique
personal comfort profiehave beermevelopedo represent different occupanis

this processair temperaturand thermal sensations were takempast variabls for

calculating the probability distributioof comfort.

3.2.2 Probabilistic Modeling

As an individual could have both comfort and discomfort votes under the same
thermal conditions in different occasions, a stochastic modeling approach were
adopted to reflect the uncertainty of occupant sensationsayedtan network
modeling process proposed Bhahramanet al. (2015)was employed to create
unified probabilistic thermal comfort profiles. This method leverages the Bayes rules
and combines occupantso6 votes r etgberted
and uncomfortably warm across different ranges of temperatures to calculate overall

comfort probability for a given temperatuféigure3.4).
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Uncomfortably cool

Comfortable Overall Comfort

Figure3.4. Graphical representation of tBayesian network

In order to form the overall thermal comfort profiles, three probability distributions
were created, representing reported comfort states of individuals within the defined
spectrum (comfortable, uncomfortably cool and uncomfortably warm3ing
Equation(1), Equation(2) and Equatior(3). Normal distribution was used for the
probability distribution of comfortable votes to account for the variance in
probability distributions of comforgndtwo halfnormaldistributions were used for

the pobability distributiors of uncomfortably cool and uncomfortably warm votes
overlaping with comfortable votesThe mean value for hatiormal distribution of
uncomfortable cool votes denotes to minimum temperature that an occupant voted

as comfortable rin(t,)), while the mean value for hafformal distribution of

uncomfortablevarmvotes denotes tmaximumtemperature that an occupant voted

as comfortable fhax¢, )). Accordingly:

1 Probability distribution otomfortable vote§P(c|t)):

3 _ 1 a (t.- my
P(c/t)= f(t.: = ~c &7
(c/t)y= f(t:s,) s 2 enge 257 1)

, Wheret is anyindoor temperature valubat wasvoted ascomfortable,n

and s representthe mearand standard deviatiaf t valuesrespectively
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1 Probability distribution of uncomfortably cool vot@3(ucit)):

P(uc/ = f(t,:5,) ienge (t,e - mingt,))’

suc\/_p C Zsjc

G min() (2)

- O: Ot

1

uc

1 e
Sue z\/_a, (tuc -maX(tC))Z

, Wheret,_ is anyindoor temperature value that were votedasomfortably
cool within the comfortable temperature range, representsstandard

deviation oft , with respect tamin(t,), andn,_denotes to the number of

1 Probability distribution of uncomfortably warm vot@yuwjt)):

P(uc/ = f({,,:S.) = V2 enge (t, - ming.)y

Suw\/_p (o Zsjw

6 G mint)

1 T
Sw = \/_a (tuw 'maX(tC))z

1

uw

, Wheret,, is any indoor temperature value that were voted as uncomfortably
warm within the comfortable temperature range, represents standard

deviation oft,, with respect tamax¢, ), andn_ denotes to the number gf,.

Using the probability distributions for three thermal vote types and conditional
probability rules, a joint probability distribution compiling cfort profile for each

occupant were generated using Equaf®n

P(clt)

Ploel ) = ey = Pro[y +P(aw 9

(4)
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In Equation(4), P(odt) denotes to the probability of the overall comfort for a given
temperature P(uclt) is the probability distribution of uncomfortably cool votes,
P(c|t)refers to the probability distribution of comfortable votes RBaovt) indicates

the probability distribution of uncomfortably warm votes. Having added a
normalization step, each comfgrofile employs a Gaussian distribution defined by

the average and the standard deviation of corresponding temperatures for the votes.

(a) Thermal votes (b) Probability distribution of
Uncomfortably cold votes within the 1) Uncomfortably cool, 2) Comfortable,
range of comfortable air temperature 3) Uncomforfably warm
——— BEEEEE——— L ey
+1 100 |
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©° | temperature range =
5 & anemaes & 3 \
So i ———— |:> 550 - RS 69
g | 8 |
= @
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Figure3.5. Graphical representation of the comfort profiling preces
(Jung & Jazizadel201%)
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The steps of creating thermal comfort profiles were establishédray& Jazizadeh

(2019a) which are compiling the #mmal votes dataset, creating probability
distributions for the defined comfort spectrum and Bayesian network modeling, as
shown in Figure 3.5. Each personalized profile created using this method
demonstrates how an occup aitg tharges twithe r ma |

respect to the changes in room temperature.

3.3 Personal Comfort Profiles

As illustrated in Figure3.6, six comfort profiles with different thermal behaviors

were generated to assign a unique profile for each occupant withstadpe of
selectedcase.Each col ored curve represents an
probabilities across the given air temperature ra@geupants can be assumed to

be most comfortable atthe temperaturevhere the curve reachits top point.
Correspondinky, the temperature that each occupant is most comfortable at are
20.5C, 24.2C, 22.0C, 24.4C, 22.7C, and 23.%, respectively.

100

80

60

40

Comfort Probability (%)

20

| / |

20 22 24 26 28
Temperature (C)

—— Occupant-1 —— Occupant-3 —— QOccupant-5
Occupant-2 —— Occupant-4 —— Occupant-6

Figure3.6. Personal comfort profiles for sbccupants
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Although some ofhe occupants have similar comfort preferences like occupant #2
and occupant #4, or occupant #5 and occupant #6, their thermal comfort sensitivities
have appeared to be different. Occupant #2 had a better tolerance towards both lower
and higher temperatusen comparison to occupant #4, whereas occupant #6 had a
much better tolerance toward higher temperatures in contrast to occupant #5. This
study assumes that these personal comfort profiles, which are generated by the
models ideally developed over a ceartgperiod of time and have updateability
features with continuous learnirffim et al, 2018) could reflect thermal comfort

dynamics of occupants.

InterpretingASHRAE (20179 s r equi red comfortable occupanit
80%, comfort probability of 80% could be claimed as thmver boundary for

defining each occupant.®Basedomntn$ assumgaticn] e t her m:
thermal comfort sensitivies of occupants were illustrated in Figure 3.7.

Accordingly, temperature range that Opant#1, occupant #4 and occupant #5 are

comfortable at is narrower when compared to those of the other three occupants. It

is also notable that Occupant #3 has the highest tolerance level, while being more

sensitive to lower temperatures. Temperature gangme et i n g each occup
comfort probability with a rate of at least 80% are 20:022.2C, 22.5C - 25.8C,

21.1C-24.7C, 23.3C - 25.5C, 21.8C - 24.0C and 22.0C - 25.3C, respectively.

This difference bet ween robeleverpgadtdpsodidec o mf or t
comfortable conditions for all individuals in shared environments by balancing gain

and loss tradeffs between comfort probabilities. The importance of comfort

sensitivity for improving collective comfort in buildings was assktig (Jung &

Jazizadeh, 2019ajvho demonstrated its statistically crucial role for determining

temperature setpoints in muticcupancy indoor spaces.
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3.4 Discussion

As individual differences result in variations in the comfort needs of occupants,
shifting from centralized to personalized conditioning is a erisubject for
providing comfort and energy efficiency in indoor built environméWanget al,

2018) Personal comfort models have been a significant step forward in terms of
leveraging more individuaspecific data collection and utilization in comfort

management.

In practice, the thermal comfort profiles for each occupant would need to be
established ahead of time and dynamically fed into building control sys&taty,
variouspersonal comfort modellingpproaches have appeareing various tools
including physical humamachine interface (Zhaet al, 2014), smartphones
(Jazizadelet al, 2014), and wearables (Fergt al, 2023).With the advancing
technology, tools used for collecting feedback from the occupants may transform
into new forms.It is anticipate that thermal comfort profilesvill be stored in
personal devices in near future like a comfimgerprint readily availake to be fed

into the control system in any indoor space.

The time required for generating personal comfort profiles depend on the employed
tools, modeling types, and training methods. These include different sensing (e.g.,
participatory sensing using mddi devices, ambient conditions sensing, and
wearable sensing) and data analytics methods (e.g., probabilistic or supervised
machine learning techniques). The key issue is the quality and quantity of the
collected data. For exampléazizadelet al. (2014b)developed thermal comfort
profiles with a data collection process of two weeks using participatory and ambient
sensing. SimilarlyLiu et al. (2019)defined the data collection duration as 14 days
and stated that model performance is improved with rdata. Another study by
Fenget al.(2023) collected 300 data points in three to four weeks to generate thermal
comfort profiles. On the other hand, in their pivotal study, Daainal. (2011)
demonstrated that an initial default profile can be generatédandw data points,

and it can then be converged towards the real thermal comfort profile in time. They
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indicated that 90 data points would be sufficient for such a convergence. As pointed
out, these data points could be obtained through wearable separtigipatory
sensing, or even smart thermostats, such as Google\est.sufficient data points
(composed of comfort feedback and environmental conditions data) are collected,
they are processed with statistical or machine learning algorithms to @genera
personal comfort profiles. However, it is important to note that personal comfort
profile development is not a static process. These profiles are supposed to be updated
continuously with the incoming personal and environmental data, which will help

mairtain their predictive performance over time.

Previous research have demonstrated that integrating personal comfort models into
HVAC control loops for a comfordiriven operation both improves human comfort
and enhances efficient energy use by providing itimmihg at the needed level
(Jazizadelet al, 2014b; Liet al, 2017; Z. Yang & Beceri#Gerber, 2014)in single
occupancy spaces, personal comfoddels suggest huge benefils ensuring the
desired indoor climate with high sensitivitidlowever, although there are some
studies proposing strategies for muaticupancy comfort optimization in the
literature(S. Leeet al, 2019; Nagarathinamt al, 2021) optimization of occupant
comfort through utilizing personal comfort preferenceshared environments has
still room for further investigationConsidering these, in this chapter, six personal
comfort profiles representing comfort probabilities of six individuals across a range
of temperature valuesvere developed, using a Bayesian waek modeling
approach Although conventional HVAC systems generally do not offer high
granularity for individualspecific comfort assessmeint multi-occupancy spaces,
effective strategies and upgradasabling the integration of personalized comfort
datain building control have a huge potential to shift the current paradingnghtful
research efforts in this field wilencouragethe building industry tewards this
transition to seek new pathsfor optimizing and transforming conventional

mechanical systes in shared environments.
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CHAPTER 4

ANALYSIS OF THERMAL DISTRIBUTION PATTERNS

This chapter focuses on the heterogeneity of thermal conditions in shared indoor
spaces. Through studying the selected case study (presented in section 2.3.3) in
depth, spatial variations in thermal parameters were analyzed. In doing so, CFD
simulations wee adoptedo assestheinfluences of different parameters including
supply airflow rate, supply airflow direction and occupanggllowing an initial
analysis of the independent variables, a total number of 432 scenarios were defined
and simulated toonpile adatasetevealing thermal distribution characteristics in a

multi-occupancy environmeninder varying occupancy and HVAC settings.

The chapter stastwith introducing the importance afonuniformity of thermal
conditionsin multi-occupancy environents. Then, CFD simulation framework,
governing equations, grid independence study and initial paraassessmentere
presented. After defining the scenarios created with parameter combinations, the
thermal distribution patterns were visualized and &m@jure variationat occupant
locationswere illustrated. The importanceadéfined parametersas analyzed using
Random Forest algorithm, and the section was concluded with a brief discussion on

the results.

41 Literature Review

4.1.1 Spatial Heterogeneity in Shaed Spaces

Thermal comfort in multoccupancy spaces is a challenge as comfort optimization
is usually limited by the granularity and flexibility of the existing building systems.

In conventional HVAC control loops, when the thermostat is set to a specific
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temperature, conditioning adjustments are made based on the measurements from a
single sensor placed at a fefined point. Yet, as thermal conditions are not
homogenous in indoor spad@houet al, 2014) temperature gradients may lead to

a discrepancy between the temperature buildings occupants are subject to and the
temperature setting on the thermosi{@s et al, 2015) The dynamics of indoor
environmental conditions affect both human comfort and energyEapecially in

large shared environments, many parameters can affect -ahicrate around
different occupants, including proximity to windows, furniture layout, solar
radiation, supply air inlet placement, and heat flux aroused from electronic
appliancesThese factors lead to fluctuations in indoor environmental parameter
values in the samepace, making occupant location an essential aspect for
continuous comfort.Due to the influencing factors around their immediate
surroundings and resultant miecbmate, occupants may be subjected to different

thermal conditions within the very same indeavironment (Figure 4.1).

Solar Supply Air Inlet
Radiation

he Thermostat

(N

Figure4.1. Factors causing micrclimate variations in shared spaces
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Regardless, most of the curresitidies on occupawentric building controlare
predicated on the assurpt that temperature isuniformly distributedin the
consideredzones ignoring thedynamiclocal conditions of particular positions.
Although a single thermostat or a local sensor is attributed to be representative for
the entire room for assessing thedoor environmental parameterthermal
conditionsmay vary bylocation (Zhou et al, 2015) The spatial heterogeneity in
buildings requires a high number of distributed measuresrfentmaking comfort

implications based on occupant location.

In the absence of proper control strategigslividuals occupying the same room
may experiencdiversethermal sensations, such as cold or warmth, owingéven
thermaldistribution The most unfavorable outcome of this scenauld bethe
inability to provide satisfactory comfort for any occugantoupled with the
excessivenergyconsumption to redate the indoor environment. Hence, analogous
to addressing thenonuniformity in personal comfort, accounting for the
heterogeneity of indoor climatic conditioms building control holdsa promising
opportunity for enhancing occupant comfort atetreasig energy consumption.
Moreover flexible working hours and remote working y&been a common practice
for many firms since the beginning of the o@id-19 pandemic.As dynamic
occupancy patterns are expected to remain in efféatge offices even in thgpost
pandemic er@Vantesiet al, 2022) the operation of HVAC systems can be adjusted
according to the demartd avoid conditioning unoccupied locations while ensuring
comfort for the positions that acecupied.

Despite the potential benefits of using mithermal data to optimize building
control systems for enhanced efficiency, the current body of research on this topic
relatively limited. The reason may be the costly requirement of controlled
measurements with complex sensor infrastructures to understand the patterns and
distributions of thermal parameters in indoor environments. As the high
computational power gets maaecessible with advanced technology, it has becom
more viable to utilize computational fluid dynamics (CFD) simulations to obtain the

required thermal variables in an economical and efficient manner.
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4.1.2 Computational Fluid Dynamics Simulations

Research effits towards assessing thermal dynamics in indoor spaces are mainly
conducted by osite measurements and computer simulatibnsecent years, e

to the complex physical requirements and timensive nature of field studieSFD
simulationhas beera very useful tool forunderstanding and visualizirtge air
distribution patterns of thermal parametevéhen compared with field studies,
which relies on a limited number of specific point measuremenexnablesto
captue indoor thermal parameterwith a much higher granularityAlthough its
introduction in HVAC industry dates back to the 1970s, it has become widely
popular in the last two decad@sielsen, 2015)

Through solving a set of partial differential equations for conservation of mass,
momentumand energyvith suitable turbulence modelGFD simulationallows to
analyze and visualize airflow dynamics and temperature distribution within a defined
environment. With the increasing availability and advancements inpugler
computing and processing tools, CFD hasdme a prominent way of dealing with
the complex flow problems within the built environment in the last decalielsen,
2015) Building researchers adopted this approach for assessing various subjects
including indoor environmental facto&evilgenand Kilic (2011) HVAC design
(Duan & Wang, 2019)personalized systenid. Liu et al, 2019) occupant comfort
(Hajdukiewiczet al, 2013; Sharet al, 2020)and energy us€&houet al, 2014)

The study by Buratti et al. (2017) demonstrated that spatial variations in thermal
comfort can beccuratelysimulatedusing CFDtools. Other researcheemmployed

CFD simulations to make thermal comfort préigdies in various indoor environment
typologies including lecture hallCheonget al, 2003) stadiums(Stamouet al,

2008) offices (Myhren & Holmberg, 2008; Semprimt al, 2019)and residential
spaceqZ. Chenet al, 2020) A recent study bylazizadelet al. (2020)tested the
applicability of adaptive HVAC operatmousing CFD simulations and demonstrated
promising insights for employing this method for occupaatitric building control

research.
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4.2 Material and Method

In this section, CFD simulations were employed to analyze thermal distribution
characteristics in a ahed office space&imulation procedure and setup components
including solver settings, governing equations, and boundary conditions were
explained in detailn order to confirm the reliability and validity of the simulations,
grid independence test asgtting validation study wergarried outAfter simulating

eight initial casesto understand thénfluence of the independent variablés32
different scenariog/ere defined using the combinations of different supplied airflow
rates, supplied airflow diréons and occupancy case3he variations of
independent variablesgere intentionally kept amanageabl&vel, consideringhe

cumulative increase in the number of combinations and computing time.

421 Simulation Framework

In this study, commercial software ANSYS FIu¢ANSYS Inc., 2021)s used for
performing CFD simulations. It is one of the most popular software packages for
assessing indoor air parameter distributions, with its -uggrdly function
allocationgY. Zouet al, 2018) The simulation process starts with developing three
dimensional geometry and mesh generation, which are then followsthbiation

setup, grid independence study, mesh refinement, and running the simulations
(Figure4.2). The finite volume method embedded in the software is used to solve
the governing equations by decomposing the fluid domain into small control
volumes. Thepartial differential equations are discretized into algebraic equations at
each point of the generated mesh grid, and these algebraic equations are solved
through iterations to obtain thermal distribution and airflow patterns within the
defined boundariegShanet al, 2020) In this study, a steadstate simulation setup

was employed, which provides a snapshot of the conditigthin the defined space

at a given time under selected boundary conditions.
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An office spacén the College of Engineering of Penn State Univeisigelecteds

the simulation cas@-igure4.3). Shared by six occupants, space dimensions are 8.8m
in length, 6m in width, and 4m inelght. The room's only side subjected to the
exterior conditions is the south wall, having five large windows. There is one supply

air inlet and a return outlet in the room, both having dimensions of 0.5m x 0.5m.

4.2.2 Governing Equations andBoundary Conditions

Based on the realorld parameters of the selected space, a itlireensional
geometric model is developed using the SpaceClaim platforANBYS Fluent.
Walls, windows, tables, computers, HVAC components, and occupants are
abstracted in the model to reucomplexity and avoid irrelevant details in meshing
(Figure4.4). Occupant surface area is modeled as 2.8 @presenting an average
human bod{ASHRAE, 2017)

Figure4.4. Simulated geometry and generated meshNISY S Fluent
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The governing equations used in simulations, which are conservation of5pass (
conservation of momentuntd, 6b, 6¢c), and conservation of energy), were
explained irdetail byVersteegandMalalasekes (2007) Referring tduan & Wang

(2019) equations can be written as:

Continuity equation (conservation of mass):
Wi plev) o (5)
v+ ofev)

, Wherer is the density,\7 is the velocity, and® resembles divergence.

NavierStokes equations (conservation of momentum):

. = t
l"l(ru)+ ) (@uv) :E_ l-lfxx_!_ |J' yx+ u{x + rfx (6&)
K X4 YU z

M+ D(@V\7) :E_ Htxy_,_ “§y+ W+ #
U XM YH Z U

y (6b)

. = t
u(fW)+ I5) (@V\)\/) =E_ Ivll‘xz_!_ ”’ YZ+ u[zz + /-fz (6C)
B oy oz

, whereu, v, wis the velocity inx, y, zdirections, P is the pressure force per unit

area,f, stands for a stress jrdirection exerted on a plane perpendicular toithe

L]
axis; r f, denotes the body force on the fluid element acting ini-tieection,

respectively.
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Conservation of energy equation:
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kX M 1

2
, Where (e + V?) is the total energyk is the thermal conductivityT is the local
temperaturej is the rate of volumetric heat addition per unit mass.

The pressurdased segregated solver is used for the incompressible flow equations,
and the Boussinesq approximation is employed to model natural convection. The
realizablek-emodel is used for turbulence modeling under full buoyancy effects,
and solar radiation is solved using a surfEsurface (S2S) model with solar ray

tracing.

The semiimplicit method for pressurlinked equation (SIMPLE) is applied as the
pressurevelocity coupling algorithm. Least squares cell based (LSCB) is used for
discretizing gradients, artde pressure staggering option (PRESTi®Yelected for
pressure Seconebrder upwind methods are utilized for the discretization of
momentum, turbulent kinetic energy, turbulent dissipation rate, and energy. The
selection of these methods is predicated on the previous validatidaryet al.
(2017)andJazizadelet al.(2020)

Boundary conditions and material properties for the baseline scenario are defined, as
shown in Table3.1. Accordingly, air with a flow rate 00.1625m%s and a
temperature ot3degrees Celsius is supplied to the space from the inlet, uniformly

in all directions with an angle of 2&greedrom the ceiling. The surface of walls,

slabs and tables are set as adiabatic, presumingjipaonditios for fluid-surface
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interactions. The heat sources in the space are determined as occupants with a heat
flux of 60 W/n? per individual, computers with a generated head®W/n? per

device and the windows exposed to the exterior temperature and radedtects.

The windows are designated with a heat transfer coefficient of 5.6 &aa solar
radiation transmittance feature of 80%he dobal position of the selected office

space is defined ithe solar calculator othe S2S model to have accurate aol
radiation effects applied on the windoie exterior temperature is set a8
considering a hot summer day in the case localiba.date and time were arranged

as June 2, 13:00.As indicated in Tabld.1, density, specific heand conductivity

parameters are defined for a lamsulation window.

Table4.1. Boundary conditions used in the baseline simulation

Boundary Properties Conditions
Supply Inlet n/a airflow rate=0.1625 ris

air temperature = 18
Return Outlet n/a pressure outlet
Walls n/a adiabatic, neslip condition
Windows density = 2700 kg/fh heat transfer coeff5.6W/n?K

specific heat = 840 J/kg.K  exteriortemperature: 28
conductivity = 0.14 W/m.K transmittance: 80%

Occupants density = 998 kg/m heat flux = 60 W/rA
specific heat = 4182 J/kg.K
conductivity = 50 W/m.K

Computers density = 115 kg/m heat flux = 60 W/rA
specific heat = 1810 J/kg.K
conductivity = 0.181 W/m.K
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4.2.3 Grid Independence Studyand CFD Validation

As the quality of the generated mesh is quite critical for the accuracy of simulation
results and the computational cost, determining a reasonable grid size is brucial.
order toensure the robustness of the solutmdetermine the suitable mesh to be
used in the simulations, a grid independence study is performed. Four different
meshes are generated considering the grid refinement ratio, starting from coarse
quality towards the fine.

(o a mesh,,

x_
C mes'&Jarse

oo il

(8)

Table4.2. Grid parameters for different mesh sizes

Mesh1 Mesh2 Mesh3 Mesh4 la3 I3 fo1

174 136 411336 964995 2150072 1.31 1.33 1.33

The grid refinement ratio(r) for threedimensional meshes is calculated for two
consecutive meshes (i.e., fine and medium, or medium and coarse), as defined in
Equation(8). In order to assess the discretization error in isolation, the refinement
ratio is requiredo be greater than 1(Blajdukiewiczet al, 2013) Accordingly, bur
successively refined meshes are creaisohg unstructured elementswith the
maximum element sizes of 0.17 m, 0.12 m, 0.08 m, and 0.06 m, respectively. The

number of elements in each mesh and grid refinement ratios is shown irt.Rable

A qualitative gridindependence assessméntconductedoy comparing vertical
tempeature profiles along the room height at two random locations. As
demonstrated in Figure5 and Figure 4,@rofiles simulated with mesh, meshk3,

and mesh! are very close, implying a very small discretization error. Considering
the tradeoff between thenumber of elements and high computational cost with
calculation time, mes@ (411 k elements) is adopted for simulations. The selected
mesh size is further refined in the vicinity of the supply inlet, return outlet, and

occupants.
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The convergence of the solution is checked through monitoring the residual root
mean square error values for mass, momentum, and energy equations, together with
relevant variables including average temperature, average velocity, and mass flow
rate at inlet ad outlet surfaces. The criterion for convergence is set@gdreenergy

and 1e3 for x-velocity, yvelocity, zvelocity, k, and epsilon. The solutions are
assumed to satisfactorily converge once the numerical results of the monitored
variables betweerthe consecutive iterations become negligibly small. After
performing numerous initial simulations, it is acknowledged that the calculations in
the defined case can be terminated after 2@@&tions, where the residuals reach

converged values and the mimmed variables have a steady solution.

In order to validate the effectiveness of CFD modeling approach adopted in this
study, the experiments conducted in a climate chambérobynans (1998was
replicated by modeling and simulating the described office shaceans (1998)
comprehensively documented the experiment characteristics and reported
temperature and velocity measurements at certain locations within the test bed, for
which researgers employed his work for verifying their CFD modglazizadelet

al.,, 2020; Stamou & Katsiris, 2006As shown in the developed 3D model for
replicating the experiment in Figude?, the space has an inlet under the desk table
that supplies air with eate of 0.047 rfis at 19.8C and a return outlet on the upper
corner just below the ceiling. As the heat sources, there are one occupant (59.8 W),
two PC simulators (61.5W each), three ceiling lights (18.1W each) and a light source
(10.9W). The temperates of the walls, floor, and ceiling were set constant values
between 22.Z - 23.2C.

Select experimental data recorded layomans (1998) was compared with the
predictions made with our CFD simulations. CFD calculations were compared to the
temperaturealues measured using T thermocouples (with an accura€yDE) at

x = 1.5 m at three-lbcations, and to the velocity values measured using a hot sphere
anemometer (with an accuracy#.0.25 m/s) at x = 2.40 at thredarations. As

demonstrated inigure 4.8, a very satisfactory agreement between the experiment
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measurements and CFD calculations were achieved, which validates the modeling

approach adopted in this study to simulate HVAC system of an office space.

Ceiling lights =

y, /

Exhaust

Occupant

Figure4.7. CFD model geometry created for simulating the experimeriteahans
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Figure4.8. Vertical profiles comparing the measuremenflafomans, 1998and
CFD calculations for temperature at x=1.50 m and velocity at x = 2.40 m
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4.2.4 Initial Analysisfor Independent Variables

Prior to proceeding to define scenarios, initial CFD simulations weferpeed to
gain an overall perspective on how different independent variables affect the
distribution of thermal parameters in shared environments. Airflow rate, airflow

direction, and occupancy states were evaluated with comparative analysis.

Air Flow Direction:Uniform, 4 Directions Air Flow Direction:Uniform, 4 Directions
Supply Air Flow Rate = 0.1625 m’/s Supply Air Flow Rate = 0.125 m*/s
Supplied Air Velocity = 0.65 m/s Supplied Air Velocity = 0.5 m/s
Supply Air Temperature = 13 C Supply Air Temperature = 13 C
Occupant Heat Flux = 60W/m? * 6 Occupants Occupant Heat Flux = 60W/m* * 6 Occupants
Solar Ray Tracing on, Exterior Radiation Temperature= 28 C Solar Ray Tracing on, Exterior Radiation Temperature= 28 C
Tempergture Ansys Ansys
it TR /o]
Lt
3000
29.00
2800
27.00
26.00
25.00
24.00
2300
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21.00
§ 20.00
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Figure4.9. CFD simulations for supplied airflow rate variations

First, the impact of the supplied airflow rate was assessed by running two simulations
cases created based on the baseline scenario. Aidiogction, supply air
temperature, and occupancy were kept constant in both cases. In the first case,
suppliedair velocity was defined as 0.65 m/s, which creates a flow rate of
0.1625ni/s. In the second case, suppiad velocity was decreased to 0.5 m/s
leading to an airflow rate of 0.125%%. While the average temperature of the room
was 24.7C in the first case, it increased to Z€.81 the latter. Temperature gradients

and air circulation were impacted as well, implying the influence of flow rate i
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thermal distribution patterns in indoor spaces. Figu®alemonstrates the resultant

plan views anecklevel and air velocity streamlines.

Secondly, we checked whether the occupant presence is an influential factor for the
indoor environmental paramese Keeping all other settings, boundary conditions,

and variables as constants, we remodel the room as an unoccupied space. It was
observed that the average temperature in the unoccupied case is dropped by four
degrees Celsius compared to the baselingu(Ei4.10. These results were
interpreted to be correlated with the heat flux created by the occupants. In addition,
air circulation patterns were affected by the absence of human bodies. It was
recognized that keeping the system operation static coatt tte uncomfortable

conditions in case of occupancy variations.

Air Flow Direction:Uniform, 4 Directions Air Flow Direction:Uniform, 4 Directions
Supply Air Flow Rate = 0.1625 m°/s Supply Air Flow Rate = 0.1625 m”/s
Supplied Air Velocity = 0.65 m/s Supplied Air Velocity = 0.65 m/s
Supply Air Temperature = 13 C Supply Air Temperature = 13 C
Occupant Heat Flux = 60W/m? * 6 Occupants Occupant Heat Flux = 0 - No Occupants
Solar Ray Tracing on, Exterior Radiation Temperature= 28 C Solar Ray Tracing on, Exterior Radiation Temperature= 28 C
E’m}%?(’;im Ansys ég%%?égmm Ansys
Fsioo B3t
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Figure4.10. CFD simulations for occupancy variations
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AIR FLOW DIRECTION: NORTH

Supply Air Flow Rate = 0.1625 m®/s
Supplied Air Velocity = 0.65 m/s
Supply Air Temperature = 13 C
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Solar Ray Tracing on, Exterior Radiation Temperature= 28 C
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AIR FLOW DIRECTION: SOUTH

Supply Air Flow Rate = 0.1625 m*/s
Supplied Air Velocity = 0.65 m/s
Supply Air Temperature = 13 C

Occupant Heat Flux = 60W/m?*
Solar Ray Tracing on, Exterior Radiation Temperature= 28 C
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AIR FLOW DIRECTION: EAST

Supply Air Flow Rate = 0.1625 m°/s
Supplied Air Velocity = 0.65 m/s
Supply Air Temperature = 13 C

Occupant Heat Flux = 60W/m’
Solar Ray Tracing on, Exterior Radiation Temperature= 28 C
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AIR FLOW DIRECTION: WEST

Supply Air Flow Rate = 0.1625 m®/s
Supplied Air Velocity = 0.65 m/s
Supply Air Temperature = 13 C
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Solar Ray Tracing on, Exterior Radiation Temperature= 28 C
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Figure4.11. Comparative analysis of airflow direction variations
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Lastly, alterations of supplied airflow direction were evaluated. As mentioned
before, airflow is assumed to be uniformly distributed in all directions with an angle
of 30 degrees from the ceiling in the baseline scenario. In order to determine the
influence of airflow direction, four cases were creaf@dected airflow is adopted
towards only one direction in each caserth, south, east and west directions,
respectivly. Simulation results showed that airflow direction changes average
temperature and distribution gradients. As illustrated in Figure 4.11, the longer the
supplied cool air travel inside the space, the cooler the room becomes, depending on
the placement othe pressure outlet. As the return outlet was placed on the upper
part of the interior wall on the west side, directional airflow towards the east side
creates the coolest conditions, while the one towards the west side leads to

comparatively higher indodemperature.

Initial CFD simulations have proven that spatial distributions of indoor
environmental parameters are influenced by different independent variables,
including supplied airflow rate, airflow direction, and occupancy. Results also
verified theheterogeneity of thermal conditions in large shared spaces, endorsing the
aforementioned research motivation towards discovering optimization strategies for

more comfortable and efficient built environments.

425 Scenarios

In order to discover strategies faretoptimization of collective comfort inshared
environmentsand leverage occupanicentric HVAC control strategiesa total
number o432 scenarios were created using combinationiadgpendent variables,

as shown in Figuré.12 Firstly, for the occuparyvariable, we created 16 scenarios.
While one of the scenarios was for the fully occupied state with six occupants, the
rest were created with the assumption that only two occupants were present in the
space. This assumption was made considering theHattwo is the minimum

number creating the muiticcupancy state. The allocation probabilities of two
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occupants between 6 seats compose 15 scenarios, based on the combination theory
(Figure 4.13, Figure 4.14).

Occupancy Occupancy Occupancy Occupancy
scenario #1 scenario #2 scenario#3 | | 77 scenario #16

Supply airflow rate: Supply airflow rate: Supply airflow rate:
0.125 m”/s 0.1625 m’/s 0.2m’/s

Supply Supply Supply Supply Supply Supply Supply Supply

airflow airflow airflow airflow airflow airflow airflow airflow
direction:| [direction:| |direction:| |direction:| |direction:| |direction:| |direction:| |direction:
Uniform N S w NW NE SW SE

Figure4.12. Variable combinations for simulation scenarios

Secondly, three different supply airflow rates were determined, keeping the
simulated average room temperature within acceptable limits and satisfying the
standard ventilatiorequirementsThe airflow rates of 0.125 s, 0.1625 rfls, and

0.2 n¥/s, correspond to air change rates (ACH) of 2.31, 2.77, and 3.41, respectively,
for this space. As the amount of supplied cold air can be directly correlated with the
consumed energyt is possible to assess the energyirgaypossibilities with these
setting variationsThe previous researches on ventilation rates in office spaces
asserted that an airflow rate of 0.02¥sper individual reduces the prevalence of
sick-building-syndromesymptomgqSundellet al, 2011) Sincereducing the amount

of supplied air comes with the risk of decreased occupantbesly and low
productivity, the range of airflow rates were defined consideringe¢hairements to

ensurea healthy environmerfior amaximum ofsix occupants.
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Figure4.14. Occupancy scenarios
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Lastly, four cardinal directions: north, south, west, and east, four intermediate
directions that are northwest, northeast, southwest, and southeast, and uniform
distribution towards all directions were used as alternatives for the directional flow
of supplied air. Thecombination of these three variables' options led to a total
number of 432 scenarios. For each of 432 scenarios, CFD simulations will be
performed by making related modifications in the geometric model and applying
defined boundary conditions.

4.3 CFD Simulation Results

After compiling the results of the CFD simulations as a dataset, various analyses
were performed. To start with, a density diagram was plotted in order to visualize
how much variation there is across all of the simulation cases for each dccupan
location (Figure4.15). The distributions are quite wide for all six locations, which
demonstrates the sensitivity of temperatures at each location to the simulation
settings. This result suggests that there should be some good opportunities in
relocating occupants for optimization, provided that we have similar variation in

occupant thermal comfort profiles.

While there is a wide distribution for eagbsition occupant locations near windows
have clearly higher operative temperature valDessity of the temperature values

for nearwindows positions (lod,, loc-2, loc-3) ranges between 18Gto 28C and
culminates at ZZ. On the other hand, the interval for #bcloc5 and loe6 is
between 17.% to 27C and 20.KC has the highest densityhi§ difference between

two sets of occupant locations is in tune with the fact that positions near windows
are affected more from the solar radiation and they are subjected to higher mean

radiant temperatures.
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Figure4.15. Density plot for all six occupant positions
431 Visualization of Thermal Distribution Patterns

In order to evaluate the spatial variation of temperature in the selected space,
temperature contours at neck height (1.25m) in scenarios for maxoocupancy

and minimum multoccupancy baseline cases were visualized usihNg¥YS

F 1 u e n tpdosessproThe colored temperature legends were kept same (between
18Ci 32°C) in each simulation case and all plan views were arranged together for
an accurate and legible comparative analysis, as shown in Hidieand Figure

4.17.

Accordingly, higher supplied airflow rates create cooler conditions given that airflow
direction and the occupancy case are constant. However, the average room
temperature decreases by one to two degrees Celsius when the number of occupants
drops from six(Figure 4.16)to two (Figure 4.17) even with the same supplied
airflow characteristics. The obised difference could be explained with the fact that

occupants are important heat sources in indoor environments with the heat flux
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released from their bodies. This result reflects the importance of occupancy and
demonstrates how paefined static opetion of climatization systems may lead to
unintended thermal conditions in case of occupancy fluctuations in indoor spaces,
which in return could affect human comfort and satisfaction. In addition, regardless
of occupancy case, airflow rate or airflow ditien, temperature is nonuniform in all

of the cases. Temperature gradients do exist in this relatively-scaddi office space

with a conventional HVAC systemroving that people care subjected tdifferent

thermalconditionsin the very same envirorent depending on desk positions

As demonstrated in Figure 4.46d Figure 4.1,he supplied airflow direction has a
direct influence in thermal conditions and temperature distribution. The critical
parameters hemgere considered to bne placement afupply air inlet and the return
outlet. Asillustratedin Figure4.13 the outlet is located on the west wall whilst the
inlet is in the center of the room with a small drift to the west. As a natural
phenomenon, if the supplied airflow direction is tovgaial the opposite side of the
return outlet, fresh cold air circulates more in the conditioned space and make it
cooler. The changes in room temperatures in Figui® and Figure 4.17or
different airflow directions seem to be well in line with this. aingly, supplying

air towards the east direction created the coldest conditions while adjusting the
airflow direction to the west resulted in the highest room temperaturthe cases

with varyingairflow rates and occupancy. Keeping the airflowgatonstant (using
same amount of energy), modifying the direction of supplied air has the potential to
fluctuate the average room temperature up to two degrees Celsius. As expected,
temperature contours were also affected with the airflow direction @tesatue to

air circulation shifts.
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4.3.2 Temperature Variations at Occupant Locations

In Figure 4.18, Figure4.19 and Figure4.20, operative temperature variations in
minimum multioccupancy scenarios at airflow rate=0.13&m airflow
rate=0.1625rfis and airflow rate=0.2 #s are presented, respectively. The
temperature values at neck height (1.25 m) in fifteen maoey cases with two
occupants are illustrated in subplots, each of which is devoted to a certain airflow
direction setting. The figure shows ththermal conditionsre not uniform in the
studied space in most of the casamsidering théemperature dieérences between

two occupant positions and the average room temperaespite the fact that
average room temperatures do not show much fluctuation between different
occupancy cases with constant airflow direction within each subplot, the temperature
that each occupant is subjected to varies up to two degrees Celsius depending on
their positionsin the very same environmenilthough this variance may pose a
challenge for occupaittentric studies that assume homogenous thermal conditions
in indoors, italso holds a great potential for improving collective comfort in multi

occupancy scenarios given the differences I

In addition, the direct influence othe supply airflow directioron temperature
variations is also obseruke in these figures, which is associated i placement

of supply air inlet and the return outlet.

As a natural phenomenon, if the supply airflow direction is towards to the opposite
side of the return outlet, fresh cold air circulates more in thditoned space and
make it cooler. Accordinglythe cases in whictinefresh air is supplied towards the
east directiorhas thelowest temperature valueghile the caseswhere airflow
direction was set tothe westhasthe highest. To this end, it can bimed that
changing the supply airflow directipwhich do not require any additional energy at
neither the cooling coil nor the fan levetgyuld be seen as a promising energy

efficient strategyinstead of modifying the airflow rate to adjust teeperature
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Figure4.18. Operative temperature values in case of minimum rogktupancy for
different airflow direction and occupancy case scenafsa(rflow rate=0.125 riis)
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Figure4.19. Operative temperature values in case of minimum rogktupancy for

different airflow direction and occupancy case scenafwsa(rflow rate=0.1625 riis)
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Figure4.20. Operative temperature values in case of minimum rogltupancy for
different airflow direction and occupancy case scenafisa(rflow rate=0.2 r's)
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Comparing the temperature values in three figures reveals that higher supply airflow
rates createamler conditions as expected, given that airflow direction and occupancy
positions are fixed. Yet, it also presents that supplying airflow at a higher level is not
the only way for decreasing the room temperature, if the supply airflow direction is
adjustdle. Allowing a modest alteration possibility at diffuser level is shown have a
promising potential in terms of ensuring occupant comfort without using more
energy in multioccupancy scenarios.
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Figure4.21. Operative temperature values in case of maximum faattupancy for six
occupant locations
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Similar to the minimum muhkoccupancy scenarios, thermal conditions are not
homogenous in maximum mulbiccupancyscenario Although temperature values

are higher in maximum occupancy, the variances between the -thésroal
conditions that occupants are subjected to are almost the same with the minimum
multi-occupancy cases. For example, average room temperaturéflatv a
rate=0.1625 fis and airflow direction=Uniform at minimum mutiiccupancy is

21.5 degrees Celsius, whereas the same setting at maximum occupancy results in an
average room temperature of 23.2 degrees Celsius. In both occupancy cases,
however, the tmperature difference between occupant locations goes up to two
degrees Celsius. This similarity suggests that the indoor thermal conditions are non
uniform regardless of the number of occupants present in the space, while the
temperature values on averagaturally rises with the increasing number of
occupants due to the heat release from their bodfes.shown in Figured.21,
operative temperature values between six occupant locations varies up to two and a
half degrees Celsius in different cases withstant supply airflow settings. As
expected, supplying airflow at a higher level, which means using more energy,
generally created cooler conditions when the airflow direction is fixed. However, the
results also demonstrate that creating cooler conditioas dot always require an
increase in supply airflow rate. For example, average room temperature at airflow
rate=0.2 M¥s and airflow direction=Uniform, could also be achieved by setting
airflow rate=0.1625 its and airflow direction=East. It is importaiat note that,
regardless of the room averages, operative temperature at each occupant location
varies depending on the defined supply airflow settings and adjustments at the
diffuser level have the potential of altering the temperature that each occsipant i
subjected to. Accordingly, once the personal preferences are accounted for in
building control, it could be possible to determine optimum settings in -multi
occupancy scenarios to improve collective comfort. Depending on the relative
thermal comfort charderistics of the occupants, wasting valuable energy could be

prevented without sacrificing human woking.
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4.3.3 Analysis of Variable Importance

With the purpose of investigating the significance of defined parameters on CFD
simulation results, we developesfatistical models using Random Forest (RF)
method, which is a machine learning algorithm. To account for the impact of
occupant locations, separate models for each of the six locations were generated,
together with the main model that employs data frontoahtions. These models
could be considered as a proxy for assessing predictive building control potentials.

Given
S: Original Training sample dataset of size n
p: Number of input predictors
X: Test observation
Inmitially Determine
M: Number of Trees to be generated
v: Number of predictors to be selected as split candidates for each tree (usually v = Vp)
form € 1 to M do
Draw a random sample S* of size n with replacement from S (Bootstrap)
Grow a tree Ty, using S* through the following loop:
while minimum node size nodey;, 1s not reached do
For the leave node of the tree
Randomly select v predictors out of the p predictors
Select the best pair of split candidates among the v predictors
Split the node into two daughter nodes
end while
print Constructed tree Ty, (X)

end for
s 2 : : s 1
print Prediction for a given new input X as per majority vote € = Yo Tm(X)

{Note: nodey;, is the minimum number of observations at each leaf node}

Figure4.22. Pseudaode for Random Forealgorithm
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RF algorithm(Breiman, 2001)s a method that is used for both classification and
regression tasks. It uses Bootstrap and Aggregation technique, which is commonly
known as bagging. Bootstrap is a resampling method, which involves repeatedly
drawing samples from a training dataset aefitting a model on each sample.
Bagging refers to drawing a number of bootstrap datasets, fitting each to a decision
tree and averaging prediction of all trees. The algorithm basically generates multiple
decision trees trained over the same data ardrdate the final output by averaging

the results of each model. RF introduces two types of randomness: (1) to data so that
each tree is fit to a somewhat different dataset and (2) to predictors when making a
split at any point in a given tree. The formeduces variance and controls cver
fitting, whereas the latter makes it robust and reliable against correlated predictors.
The algorithm also enables to analyze the relative importance of the model inputs for
the model predictions. RF procedure was implaéeemising Python software, the

pseudo code of which is illustratedkigure 4.2.

Table4.3. Results of RFnodels foreachlocation

Random Forest Model for Each Location

Loc-1 Loc-2 Loc-3 Loc-4 Loc-5 Loc-6

Mean Squared Error 0.07 006 005 0.06 0.12 0.17

feature_importance: Airflow Rate 0.62 0.69 0.72 0.66 0.65 0.56

feature_importance: Airflow

! ) 0.28 0.21 0.19 020 0.24 0.30
Direction

feature_importance: Occupancy

0.10 0.10 0.09 014 011 o0.14
Case
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Loc-1, Mean Squared Error: 0.068

Loc-2, Mean Squared Error: 0.055
27
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Figure4.23. Predictive performance of Random Forest models, developed for each

occupant location
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We developed a dedicated muiftput-singleoutput prediction model using RF
regressor for each occupant location in the defined space. In order to derive the
temperature values as the predicted output, we used the independent variables that
we 6 ve adbDpsimaldtions as model inputs, which are airflow rate, airflow
direction and occupancy case. chrt encoding was applied for occupancy case and

all variables were treated as continuous. The Relative statistical importance of these
features are giveim Table4.3. Accordingly, while all three inputs were found to be

influential on predictions, airflow rate is clearly the dominant feature for all models.
1.0
MSE="a (¥ Y'Y ©)
i=1

To determine the amount of error in the generated models,sgaared error (MSE)

values were also calculated. The MSE is simply an estimator measuring the average
squared difference between the model predictions and the actual values, and can be
formulated as in Equatiof®). It refers to the empirical risk, andttex accuracy is
assessed by the closeness of MSE values to zero. Based on the results, MSE values
demonstrates an acceptable accuracy for the models. However, to better interpret the
accuracies, we created plots to visualize how the predictions of oelsyamnpare

to the test values of perfect prediction models. As illustrated in F§@dBe each

model has a good performance overall, indicating a promising potential for
predictive building control.

After evaluating the models for each occupant locatimalso developed a main

RF model with available data from all six locations. The difference of the main
model is the additional variable that is added to account for locations. Similar to the
locationspecific models, airflow rate was also found to l@ettost influential factor,
followed by airflow direction, location and occupancy case (Tdble Although

the MSE value for the main model is somewhat higher than the previous ones, the
fit could still be considered as good considering the model predsctiersus test

data plot illustrated in Figuré.24.
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Table4.4. Results othe main RF model

Random Forest Model for all locations

with additional oL

Mean Squared Error 0.086
feature_importance: Airflow Rate 0.57
feature_importance: Airflow

A 0.2
Direction
feature_importance: Occupancy

0.1

Case
feature_importance: Location 0.13

Loc-All, Mean Squared Error: 0.086

26

24

y_pred

22

20

20 22 24 26
y_test

Figure4.24. Predictive performance &tandom Forest model, developed with data from
all locations
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4.4 Discussion

In the current practice, thermal zones are usually controlled using data from a single
sensor, the reading of which is attributed to be representative of the entire zone for
assessingnidoor environmental parameters. Howevitie results of this study
demonstrated that temperature is not uniform throughout the indoor environment and
occupants may be subjected to different thermal conditions within the same space.
The variance in thermatonditionswere shown to beénfluenced by thestudied
independent variablewhichare the supplied airflow rate, supplied airflow direction
and occupancyAs expected, increasing the supplied airflow ratd tke cooler
conditions and the number of occufmwas directly proportional to the room
temperature. Interestingly, it was demonstrated that changing the supplied airflow
direction could be adopted as an alternative strategy to adjust the indoor temperature.
In contrast to the supplied airflow rateeaitition, adjustments in the supplied airflow
direction would not requireconsuming additional energynaking it an efficient
strategy to providelesired indooconditions.Moreover, placemeastof supply air

inlet and return outlevere alsofound to becrucial, given their impact on the air

circulation characteristias the conditioned zones

According to analysis conducted wigandom Forest modeling can be claimed
thatonce thermal distribution data under defirsedtingsare compiledo a certain
degree machine learning algorithmsould be leveraged tpredict the relevant
results for the settings that were not simulaiéds kind of astrategycould lessen

the need for simulating each and every possible variation in the bounddriats,
allowing for a more robust and efficient control mechanidviureover, the
developed models have the potential to be continuously updated with new field data.
This adaptability could be used to better account for the dynamics of airflow with
changng conditions in indoor environment# the literature, sch approaches are
studied under the term é6predictive buil di
benefits in terms of comfort improvements and energy savings in buildiigs g o R a
et al, 2020)
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Considering the results of thishapter it can be claimed that if the spatial
heterogeneity was accounted for byving sensors at each desk location, or
employing a type of thermal scanning senbailding controlsystemcould seek to
maintain a particular thermal asymmetry based on the personal comfort profiles to
provide collectively acceptable thermal conditionsshared indoor space&part

from providing desired conditions at where it is actually requeedsuming energy
unnecessarily for conditioning vacant spaces could also be prevented with such

strategies.
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CHAPTER 5

OPTIMIZATION OF COLLE CTIVE COMFORT IN SHARED SPACES

In this chapterthrough leveragindhe personal comfort profiles arde thermal
distribution patterns dataset thaere created in Chapter 3 and Chaptea 4lata
driven optimization analysis were conducted to reveal collettigamal comfort
improvementpotentials Three control strategies with an incremental complexity
were introduced to assess comfort and energy efficiency implicatiaa§ustability

at different degreesTemporal impactsvere analyzed through performir@@FD
simulations foradditional 108 cases Collective comfort probabilities for both
minimum multtoccupancy and maximum occupancy conditions under varying
settings were comparativelygsentedThis chapter may help researchers to fathom
the potentials that lies in accounting for the nonuniformity of thermal conditions and
personal preferences. It also underlines the importance of a communication ground
between the building control anlget occupants, byeportingthe difference made by
intelligent allocation of individuals to the workstatiansa multroccupancy indoor

environment

In this chapter firstly, previous studies focusing on developing strategies for
collective comfort improveent and energy efficiency were reviewed, dhd
positionof this research in comparison to the existing approaches was demonstrated.
After outlining thermal comfort assessmeagenda overall framework of the
optimization analysis wadescribed Then, catrol strategies were introduced and
related collective comfort probability analysis results were discus3aitective
comfort probability changes in one of the cases was visualized to further elaborate
the results.Subsequently, details and resultstio¢ follow-up study, which was
conducted to evaluate the implications of temporal variations on collective comfort
probabilities, werdllustrated. The chapter was concluded with a discussion on

possible practical reflections of the research outcomes.
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51 Literature Review

5.1.1 Comfort Improvement Strategies

In the pursuit of generating collectively comfortable indoor conditions, several
operatimal strategies werproposed in the literaturdungand Jazizadeh(2020)
listed the four main strategies which are themajority rule, error minimization,

collective learning anthermal comforsensitivity base@ptimization

The majority rule strategy was proposedibyrakamiet al.(2007) who referred it

as Ol ogdtndg orm bloiabnalthoscuparty office space with 50
occupants, they adopted an interactive system to collect thermal comfort feedback
from the occupants, artktermine the setpoint temperatune a way to respond to

the requests of the majoritAlthough demonstrating a promising enespving
potential of 20%, thér strategy did not provide any improvement terms of
collectivethermalcomfort. The error minimization strategy, on the other hand, was
used byJazizadelet al. (2014b) who identifiedthe temperature preferences of
occupants by adopting a participatory sensing approach through a user interface.
Their strategy was to minimize the gap between desired temperature values and the
setpoints and they reported 39% reduction in daily average airflow, which
corresponds to aoasiderable energy saving. Despimonstrating improvements

in terms of both energy efficiency and occupant comfort, the proposed strategy was
employed to identify separate setpoints for sirggleupancy office spaces and did

not cover the dynamics existshared spaceSimilarly, althoughcollective learning
strategy proposed tricksonandCerpa(2012)utilized collective thermal feedback

for updating the PMV model and achievedtpointimprovements, it assumed
homogeneus conditionsn the considered spaces and did not accounmdavidual

differences

In their overarching studyJungand Jazizadeh(2020) proposed thermal comfort

sensitivity based optimization and comparatively analyzed their approach with the
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majority rule and the error minimization strategieisey integrated personal comfort
profiles into the control loop of HVAC systems and evaluated the energy
implications of he control strategies. Accordingly, the majority rule strategy was
demonstrated to achieve thest performance in terms of energy savings, followed
by thermal comfort sensitivity based optimization. The error minimization strategy
was shown to have the diiest energy demand, due to the relatively higher
conditioning loads brought by selecting the setpoint in between all the preferred

temperatures.

Nonetheless, all of the abovementioned strategere designated to optimize the
setpoint temperatures, anbley left the heterogeneity of indoor environmental
parameters beyond their scopidswever, in recent years, assessing the differences
in micro-climates within shared indoor spaces and variances in personal comfort

preferences have attracted mateention from building researchers.

5.1.2 Strategies Accounting for Nonuniformity

Researchers introduced various solutions to minimize the potential negative impacts
of uneven thermal distribution and optimize occupant comfort in indoor
environments. Zhou et al. (2014) proposed a demasdtiven control strategy to
substitute the conventional HVAC control logic, building upon the developments in
wireless sensors and occupant localization f{@lopaket al, 2018) The authors
observed progress in energy savings through setting the temperature control based
on the breathing level and avoiding to condition the unpied zonesShanet al.

(2020) indicated the improvements achieved by increasing rinenber of
thermostats and separating setpoints in subzones to recognize thermal
nonuniformity. Another approach adopted by the researchers is to provide-micro
locationbased solutions, suchds r ecti ng the airflow towar
Jazizadelet al.(2020)investigated the implications of operating modalities, airflow
direction, and individualevel feedback in HVAC systeoperation. They explained

that integrating directed airflow and mielacation feedbackased control at the
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diffuser level results in a 25% reduction in energy demand and improvements in
thermal comfortLikewise,Hu et al.(2020)presented an intelligent air conditioning
system configuration, employing multiple air vents to flexibly create desired-micro
thermal conditions at target indoor positio@ the other hand, localized personal
comfort systems have offered improvementemergy use and overall satisfaction

by providing manageable mictbermal settinggShahzacet al, 2018) Melikov
(2016) argued that a paradigm shift from conventional systems designed for total
volume climatization towards individually controlled distributed conditioning is a
necessity for saving energy and improving comfddwever, the combined impact

of employing personal comfort devices for individuals on the overall indoor climate
is unforeseeable antkquires exhaustiveresearch. In addition, the wideale
applicabilityand acceptability of personal comfort systems are questionable in terms

of maintainability and costfficiency.

Research efforts also sought to explore the applicability of utilizing personal
preferences in the presence of multiple thermal zone contrpk.l@o Yang &
BecerikGerber (2014presented the potential improvements of assgoccupants

with similar schedulesto the rooms that are in the same mechanical zone.
Nagarathinamet al, (2021) assessed the same problem in an gpan office

without any partition walls, and they proposed clustering occupants into groups
based on their thermal preferences and assigning them to the presumptive cells, each
of which has a separate actuator and dynamic setpoint selection feature. Although
demongrating promising insights for optimized control in very large spaces with
over hundred occupants, their approach lacks high sensitivity for personalized
comfort and micreclimatic conditions, as temperature setpoints for defined cells are
determined throgh averaging the profiles of a group of occupaBtsLeeet al.
(2019)developed a method for personalized HVAC control in a sharedmpan

of fice space by | ear nncesandaperating@ eonditienilg c o mf or t
system with multiple control loops. However, their study employs a radas#d

floor cooling system and amixing and flow dynamics are not assessed.
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Table5.1. Comparisorof previous studies in the literature

Research System Thermal Thermal Occupant
Study method controll  Variables comfort heterogeneity location
ed assessment consideration assignment
Zhouet al. Simulation, Room S_upply
(2014) Experiment level air airflow rate  No Yes No
P diffusers Occupancy
Yang & Zone Yes- at
Becerik Simulation  level air Occupancy No No room level
Gerber (2014) diffusers
. Zone Supply Personal
gh;h(?(ﬂi?' Experiment level air airflow rate  comfort No No
' diffusers Occupancy models
. Zone Supply Personal
\;?z(lzzgtljz)fet Experiment level air airflow rate  comfort No No
' diffusers Occupancy models
Room Personal
Leeet al. Experiment level Occupancy comfort Yes No
(2019) radiant
cooling models
Jung & Room Setpoint Personal
Jazizadeh Simulation  level air temperature comfort No No
iffuser  resolution models
(2019) diff lut del
Shanet al . . Room . Setpoint
) Simulation  level air PMV Model Yes No
(2019) diffusers temperature
Supply
airflow rate
Jazizadefet Room  ZfEY Predefines
Simulation  level air L setpoint No No
al. (2020) diffuser direction values
Control
actuation
logic
. Room Personal Yes- at
stag%a(rs(t)??? M Simulation  level air Occupancy comfort Yes subzone
' diffusers models level
Supply
Room gtﬂo‘;v rate Personal Yes- at
This study Simulation  level air  >HPPY comfort Yes workstation
. airflow
diffuser L models level
direction
Occupancy
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Although there are studies querying the optimization potentials in-padtipancy
spaces based on individual preferené&sahramanet al, 2014; Jung & Jazizadeh,
2019a) the potentials of coupled utilization of pemabcomfort models and thermal
distribution patterns in building control to maximize collective occupant satisfaction
and enhance energy efficiency have not been systematically examaide5.1
compares the previous studies focusing on improving humarfoct while being
cognizant of consumed energy in office buildings. As a direct correlation between
individuals' positions and their satisfaction levels hisadybeen demonstrated
(Abdelrahmaret al, 2022) this study aims to further reveal possibieategies and
potentials for collective comfort optimization in shared environments. Once the
personal differences between occupants are accounted for with personal comfort
models, they can be addressgdndividual levelwith control alterations imoom-

level HVAC operation or allocating occupants to the adeqgloattions

5.2 Material and Method

This research adopted a simulatizessed quantitative approach for evaluating the
potentials aroused from uneven temperature distribution remmiiniformity in
individuals' thermal comfort preferences. Theethodology in this section is
complementary to the ones in Chapter 3 and Chapter 4. In thiproosissing phase,

a datadriven optimization analysis was conducted by leveraging the personal
comfort profiles and thermal distribution patterns datasets created in Chapter 3 and
Chapter 4to generate occupanentric strategy deductions and uncover collective

comfort improvement potentials.

521 Thermal Comfort Assessment

Although thermal comfort is fiuenced by many factorsoperative room
temperature isonsidereds an acceptable proxy foemfort implicationsGiven the

airflow direction andairflow rate manipulations in the simulated scenarios, air
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velocity values were also checked to confirm thiatspeed around occupants are
within the comforablelimits (< 0.20m/s)efined byASHRAE (2017) as shown in
Figure5.1
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Figure5.1. Air velocity values in all simulations

Operative temperaturewhich is defined asfithe uniform temperature of an
imaginary blackenclosure where an occupant would exchange the same amount of
heat by radiation and convection as in the actual-naiform environmerdt , i s
calculated by combining ambient air temperature ar@hn radiant temperature
(Djongyanget al, 2010). For cases where there is no exposure to air velocities

greater than 0.20m/s, the calculation oftentimes approximated as:

. a T 10
> (10)

, Wheret, , t, andt represenbperative temperaturegmbient air temperature and

mean radiant temperature, respectively.

101



In this study, ambient air temperature values were obtained by CFD simulations and

mean radiantemperatures were calculated using a 3D mean radiant temperature
(MRT) tool, developedoy Center for Built the Environment (CBEHoyt, 2016)

The ambient temperatures at occupant locations were defined by averaging ten

representative points at neck height (1.25 m) near each occupant, considering a

similar approach used iUazizadelet al. (2020) Related boundary conditions and

surface temperatures extracted from CFD simulation results for each case were used

as Iinputs for

MRT <cal cul ati onMRTlisanrng CBEO®Ss

important physical parameter that may vary spatially depending on the indoor

environmental factors, just like ambient air temperaturerder to account for their

j oint

mp act

on

0 C apergiie ten@ei@ture daleutatiomste ¢ o mf or t

made through averaging these valaégiiven occupant locationssing Equation

(10).

MRT: 23.6
Occupant (x, y): (1.1, 6.0)

} setGlobalSurfac.. |

update

Close Controls

5.2.2

Figure5.2. MRT tool developed by CBEHoyt, 2016)

Energy Saving Assessment

Energy performancehanges brought by altering supply airflow rates were estimated

by assunmg a sinde-zone system with reference system parameters from ASHRAE
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90.1-2022 Appendix L: Mechanical System Performance Rating M&th8HRAE,

2022) Accordingly, followingconditionswereadopted

A From 6Tot al System Performance Ratio
HVACi Medi um Of f i c eASHRAE[2022)6 t abl e i n
- System type: Packaged VAVHydronic reheat
- Fan control: VSDno static pressure reset
- Main fan power: (>MERV13 filter) 1.285 W/cfm
- Cooling source: DX, multistage, C@bling= 3.40
- 30% minimum flow fraction
A From Fan and Pump Power Curve Coefficients tabfSHRAE (2022) the
fan power curve coefficients for tid¢SD, no static pressure re8ateas in
Equation (11).

ElecPowFrac= (11)
0.0013+ 0.147*FlowFrac ) +0.9506 *FlowFrac?) -0.0998*lowFrac®

, WhereElecPowFra is the fraction of power at full flow anélowFrac is

the fraction of design flow.

A The Summer Design Conditions for University Park (72512$ere the
selected office spacelscated are:
- 0.4%:31.4CDB
- 1.0%:29.9C DB
- 2.0%:28.0C DB
- Climate Zone 5A (CoeHumid), but near the border of 6A (Celd
Humid)

As illustrated earlier in table 4.CFD results were generated using an ambient dry
bulb temperature of 28, occupant het gain of 60 W/rfy computer heat gain of 60

W/m?, window heat transfer coefficient of 5.6 Wi and solar transmittance of
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80%. The simulated airflow rates of 0.125/sn0.1625 r#is, and 0.2 riis all kept

the average room temperature within the accépthlermal comfort limits.

5.2.2.1 Maximum Fan Energy Change

The maximum change in fan energy across flow rategee estimated bgssunng

that the largest flow used in our simulation (0.%Zsnis the design air flow rate (i.e.,

the fan is operating at max powarour highest flow rate). Thisas not completely
inconceivable, since the 2.0% cooling design condition is equivalent to the ambient

temperature used for our studies. Tgasea design fan power of:

1.285 W/cfm * 2118.88 cfmxs/in * 0.2°m #s545 W (12

With 0.2m%s as the design flow, the three flow£0.125 ni/s, 0.1625 s, and 0.2
give flow fractions of 0.625, 0.8125, and 1.0, respectively. HleePowFracwere
then 0.44, 0.69, and 1.0, respectively, based on the fan curve in E¢lAtibnus,
if 0.1625 n¥/s casawere takeras the reference point, increasing to 0Zsmwould
result in 44% more fan energy and decreasing to 0.£25would result in 37% less

fan energy (assuming same runtime for the snapshot analyzed).

5.2.2.2 Low Fan Energy Change

In orde to create a lower estimate for the change in fan energgssumd that the
smallest flow used in our simulation (0.125/s) corresponds to the minimum 30%
required flow rate, and that the fan is operating at a minimum flow fraction of 30%.

The desigrflow rate in this case would be 0.417/s) with a design fan power of,

1.285 W/cfm * 2118.88 cfr® sfin * 0.417°m #1135 W (13)

(i.e., about twice as large). This represents the case where the fan is operating in its
lowest part of the performance curve. The corresponding flow fractions would be
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0.3, 0.39, and 0.48, with power fractions of, 0.13, 0.20, and 0.28, respectively, Again
taking 0.1625 riis as the referenceesults in the low flow ratevould save 35% fan
energy and the higher flow rateuld lead to42% more fan energyse

We forgo analyzing a mulzone case, as the results would be highly dependent on
the size of th@ther zones relative to the zone of interest, the relative load diversity,
and assumptions about multizonel@ndler controls.

5.2.2.3 Cooling Coil Energy Savings

When airflow is reduced, the cooling coil energy would also be reduced. To estimate
the change inreergy, we assundethat the coil entering and leaving air conditions

are the same so that the change in enthalpy of the air stream is the same for the three
flow rate cases. With this assumption, the change in total cooling coiklo@ectly

related tathe change in mass flow rate (Equat{@#d)). Thus, reducing the flow to

the lower flow rate would result in 23% energy savings, while increasing to the
higher flow rate would require 23% more energy.

Qtotal = m * Cp I' (14)

(0 denotes to total loady, refers to mass flow rate andE is enthalpy

In these calculationshé assumption of constant enthalpgs an approximation. It

is conceivable that the dry bulb temperature leaving the coil would be the same in all
cases, if the coil were capacity controlled based on a supply air temperature setpoint.
However, the humidity leaving the coil depends on the itiond of the air entering

the coil and the latent performance of the coil at part load operating conditions. At
the low flow rate, the average zone temperature would be higher and the temperature
entering the coil would also be higher. Similarly, under tiigh flow scenario, the

air would return to the air handler in a cooler state. Detailed modeling and analysis

of coll latent performance and zone/AHU moisture balance is out of the scope of this
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work, as the intent is to generate approximate figuregefative changes in energy
use. The calculations presentad dapture the dominant variable that impacts coil

energy use (i.e., the supply air flow rate.)

In summary,t was calculated thabWwering the flow rate would save around 35%

fan energy and 23%ooling coil energy. Raising the supply air flow rate would
require around 44% more fan energy and 23% more cooling coil enérgyvorth
mentioning that the calculations are made based on the aforementioned assumptions
and the actual energy savingsfan and cooling coils need to be comprehensively

analyzed for each individual flow rate supplied to the zone.

5.2.3 Compiled Datasets and Data Flow

As illustrated in Figuré.3, the overall framework of the methodology consists of
three parts. Firspersonalized thermal comfort profilBCP)were developed using

a probabilistic modeling approach for six occupants, each of which was assigned to
a fixed workstation in the baseline scenario regardless of room populagen (
Figure 4.13.

Secondly, pasible combinations of the selected parameters were simulated using
CFD and micrethermal conditions at occupant locations were extracted for all cases.
A prior grid independence test and verification study were also performed to
demonstrate the reliabilityf the modeling approach. Lastly datadriven analysis

was carried out to compute collective comfort probabilities under different
conditioning(i.e., HVAC control)and occupancy settingghe first and the second
parts were presented in Chapter 3 andhpler 4, respectively. This chapter
demonstrates the last part of the defined methodology, in which the compiled
datasets were processed using a comparative analysis appRmsbnalized
comfort profiles were combined with mictbermal conditions datéor comfort
probability calculations and the compiled data was filterecbtarast thebaseline

andproposedcontrol strategies.
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1. Personal Comfort Modeling
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3. Collective Comfort Probability Analysis

K ly comfort profiles to simulation results 2. Map collective comfort in occupancy scenarios

3. Filter results based on the control strale\gg

~
P'=.%| P =.% P'=.% P'=_%| P'=.% =Avg(P)
n 12 L n 12 =
\ ) @
0
2 @
2 6 1 3 o
P =% P =.% P’ =% P =% :%‘ = Avg (P)
1 2 o 12 |
) &
P =.% p‘ =% =Avg (P) Control
. o . i Strategy-1
I e ~ f
5 5 s
6 : . Strategy-2 J
7 - . 5 ~ —_—
o ‘ 6 ) o (i,n |“,n B Control
Pu=-% |Py=.%) P =% Pg=-%) [Pu=-%| =Avg(P) Strategy-3

Pxv: Necklevel temperature (X: simulation case, Y: Occupant location #)
Pxy#: Comfort probability (Ajpersonatomfort profile #, X:simulation case, Y:occupant locatin

Figure5.3. Overall framework of theomfort optimization analysis

5.24 Control Strategiesfor Data Analysis

Given the simulation scenarios, the baseland three control strategies were

established. The baseline scenarios represent conventional operational settings in

office buildings, where every occupant has a fixed position and climatization is

performed with a static airflow rate and uniform aistdbution towards all

directions. A dedicated baseline scenario for each occupancy case was defined to
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account for occupant location alterations, compiling sixteen baseline scenarios in
total. In order to assess comfort and energy efficiency implicatibadjustability

in (1) airflow direction, (2) airflow direction and airflow rate and (3) airflow
direction, airflow rate and occupant locations, three control strategies were defined

with an incremental complexity (Figuged).

Airflow Rate Airflow Direction Occupant Locations
[ Baseline Scenario ] 0.1625 m’/s Uniform, static Fixed
[ Control Strategy-1 1 — 0.1625m’/s Adjustable — Fixed
[ Control Strategy-2 } Adjustable - Adjustable — Fixed
{ Control Strategy-3 ]— Adjustable Adjustable | — Relocated

Figure5.4. Characteristics of the baseline and control strategies

The number of strategies was determined considering the scope of the thermal
distribution dataset such that an accumulative complexity was estabhsttween

the strategies by enlarging the included extent of the simulation results at each
consecutive strategyWhile control strategyl and control strateg® were
established to analyze how modest adjustments on HVAC operation like changing
supply aiflow rate or direction influence collective comfort probability, control
strategy3 was predicated on the intelligent allocation possibility of occupants
between working desks. Recent studies on the interfaces enabling-huiteimg
communication creates ground for generating such strategies and understanding
the potentials of keeping the occupants in the loop for control effici®uwyet al,

2020; Marson & McAllister, 2021)

Collective comfort probabilities in each control strateggravcalculated by
averaging the comfort probabilities of occupants based on the assigned comfort
profiles. To this end, we calculated the collective comfort probabilities for sixteen
baseline scenarios considering the occupying individuals. We performed-a data
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driven andysis for assessing improvements achieved by the defined control
strategies, through reorganizing the thermal distribution dataset constructed with
CFD simulations based on given strategy characteristics.

53 Results

Determining a proper strategy to enhancectve comfort in multioccupancy
environments has been a key question for building resear(3tarset al, 2017)
Many approaches have been propdsedollective comfort improvements over the
years. Although proven to hadeserse implications based on the contextual factors
in different cases in the literatunmany of thestrategieshave certain drawbacks,
such asbeing designated to find an optah setpoint temperature, assuming the
uniformity of the thermal conditionsndoors or disregarthg the individual

differences between building occupants

To date, very few studies have assessed the implications of accounting for the
nonuniformity of bothpersonal preferences and indoor conditions for improving
collective comfort and energy efficiency. According to the outcomes of the study
presented in Chapter, & was demonstrateé that temperature is not uniformly
distributed in large mukoccupancy spzes, and thermal conditions that occupants
are subjected to varies based on the contextual factors in their immediate
surroundings.In order to leverage this conditian favor of collective thermal
comfort we concentrated on the temperature values afpatt locations rather than

the room averages, and analyzed the potentials of coupling temperature distribution
patterns and personal comfort profiles to improve occupant comfort while ensuring
energy efficiency. In doing so, we assigned a unique comfofitgofor each of the

six occupants and assessed collective comfort probabilities in different occupancy

scenarios considering the related operative temperatures at the occupied locations.

Table 5.1 presents the collective comfort probabilities at minimmutti-occupancy

scenarios with two occupants. Accordingly, collective comfort probability at the
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baselinewhere occupant positions are fixed and supply airflow rate is constant with
uniform distribution towards all directions, was calculated as 68% enags.
Introducing adjustability to the supply airflow direction at the diffuser level in
control strategyl increased the probability of achieving collective comfort to 79%,
while allowing alterations in both rate and direction of supplied airflow inrcbnt

strategy?2 resulted in 91% probability on average.

In accordance witASHRAE (2017) a building zone is considered to satisfy comfort
requirements if the comfortable occupants compile at least 80% of the room
population. Translating this to the appch adapted in this study, achieving
collective comfort with a probability of at least 80% could be claimed as the targeted
level. Although control strategy and control strateg® provided collective comfort
probability improvements, both failed to sfyi 80% comfort probability for all
occupancy scenarios. This implies that, in some cases, occupants would be
dissatisfied with the thermal conditions of the space regardless of the supply airflow
settings. However, control stratey which allows dynangi allocation of the
occupants between six positions together with supply airflow alterations, offered
substantial improvements in collective comfort probabilities and complied with the
minimum comfort requirements in all scenarios. With a probability &b 3
average, utilizing control strategg/was shown to provide almost seamless operation

for ensuring comfort in minimum muccupancy.

In Table 5.1, changes in supplied airflow rate were illustrated as changes in energy
use, due to their correlationdsd on theubic relationship between flow rate and

fan power. Accordinglygontrol strategyl does not have any implications on energy
use, in which the supplied airflow rate was fixed. Control stragegifered energy
savings in nine out of fifteen casewhile improving the collective comfort
probabilities. A superior energy performance was suggested by control stdategy
with which the collective comfort was shown to be improved while saving energy in
twelve out of fifteen cases. There is one excelicase for both control strategy

and control strateg®, where the supplied airflow rate was increased.
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Table5.2. Collective comfort probabilities for the baseline and three control

strategies (fominimum multroccupancy, in cases of two occupants)

Occ. o1 02 Baseline CS-1 CS2 Energy CS3 Energy
Case (%) (%) (%) Use (%) Use
1 Ocecl Occ2 67 83 83 95 Z
2 Occl Occ3 79 95 95 99 %
3 Ocel Occ4 33 48 52 z 90 Z
4 Ocel Oceb 57 82 82 99 Z
5 Occ-1 Occb 71 80 86 ¥ 97 Z
6 Occ2 Occ3 94 94 97 z 98 Z
7 Occ2 Occ4d 43 53 94 z 99 7
8 Occ2 Occs 89 92 08 z 99 Z
9 Occ2 Occh 90 90 99 z 99 7
10 Occ3 Occ4 49 58 85 z 98 Z
11 Oce3 Oce5 78 98 08 99 7
12  0Oce3 Occh 79 99 99 99
13  Occ4 Oceb 70 70 99 z 99 7
14 Occ4 Occh 40 53 93 z 99 Z
15 Ocec5 Occh 76 97 99 z 99
Average: 68 79 90 98
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Although the priority was given to achieve the highest collective comfort probability

in our calculations, the proposed strategies have offered considerable improvements
in terms of energy efficiencZonsidering the calculations in sect#6.2.1and the
illustrated changes in energy use (i.e., the supplied airflow rate) in Table 5.1, the best
performing strategy (control strate@y offered savings with a rate of 35% fan
energy and 23% cooling energy in 80% of simulated scenarios with two occupants.
This result confirmed that valuable energy could be wasted if HVAC systems are
operated in a static manner with full occupancy assumption. Once the number of
occupants decreases in an indoor environment, the load of conditioning system could
be reactively loweed by adjusting the relevant parameters. On the other hand, in the
maximum occupancy scenario, improving collective comfort probability led to an
increase in fan energy by 44% and cooling coil energy by 23%. However, it should
be noted that the proposedntrol strategies were designated to maximize the
collective comfort and the energy saving was not prioritized, which could have an

influence on this outcome.

To further elaborate the results, we visualized how temperature distributions and
comfort probablities changes under different control settings in one of the
occupancy scenarios with two occupants (occupancyXiase Table 5.1). In the
occupancy case illustrated in Figure 5.5, occu8aahd occupamd are at their
preassigned locations and aisigplied uniformly towards all directions with a rate
of 0.1625 n¥/s in the baseline case. To this end, occufdrad a comfort probability

of 98%, whereas thermal conditions that occwgaist subjected to were not within
the acceptable limits consideginthe personal comfort profiles, resulting in an
average comfort probability of 49%. Although allowing supply airflow direction
alterations in control strategly provided a slight improvement for occupdnivhile

not diminishing the comfort probability obccupamt3, it did not suggest a

satisfactory achievement on average.

On the other hand, enabling adjustability on both direction and rate of supplied cool
air in control strategy?. presented a dramatic collective comfort improvement for the

two occupants. In the given case, reducing supplied airflow rate from 0.3826m
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0.125n%/s increased the collective comfort probability by 27%. This result implies
that operating mukoccupancy spaces based on-idbupancy assumption settings
may creataincomfortable conditions for occupants and occupantric strategies

in HVAC control have a great potential for energy savings.

Although collective comfort probability that was calculated by averaging the
comfort probabilities of the occupantixreased to 85% in control strategythe
comfort probability of occupar decreased from 97% to 81%, which is not desired.
With control strategyB, in which occupants are optimally assigned to workstations,

a collective comfort probability of 98% was & i eved. Accordingly,
locations were reassigned based on their thermal comfort profiles, ocduigaat
location1 and occupar is to locatior4. Desired noruniform thermal conditions

were achieved by adjusting the supply airflow di@ttowards the south wall while
keeping the airflow rate at 0.125is It is assumed that occupant schedules were
known at the start of the date. It is also worth noting that occupants are subjected to
different operative temperature values in all casgk a variation ranging from
0.8°C to 1.7°C, illustrating how heterogenous thermal conditions can be in spaces of

such scale.
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Occupant-4 .

Neck-level Temp:20.9°C il
Comfort Prob: 0%

Baseline Case

+ Supply Airflow Direction: Uniform, all directions
+ Supply Airflow Rate: 0,1625m"/s

+ Occupant Positions: Fixed

Neck-level Temp: 22.5°C

Oocupani-S 6
Comfort Prob: 98%

Occupant-4 .

Neck-level Temp: 21.9 °C
Comfort Prob: 19%

Control Strategy-1

+ Supply Airflow Direction: Adjusted - West
+ Supply Airflow Rate: 0.1625m"/s

+ Occupant Positions: Fixed

Oocupar:t-a .

Neck-level Temp:22.7 °C
 Comfort Prob: 97%

Occupant-4 .
Neck-level Temp:23.7 °C i
Comfort Prob: 89%
Control Strategy-2 150
+ Supply Airflow Direction: Adjusted - West 19.0
+ Supply Airflow Rate: Adjusted - 0.125m"/s 20.0
+ Occupant Positions: Fixed . :
i : 21.0
Occupant-3 . 220
Neck-level Temp:24.6 °C 230
Comfort Prob: 81% 240
250
26.0
27.0
28.0
Occupant-3 . o
Neck-level Temp:22.7°C | | 500
Comfort Prob: 97% ’
- 31.0
320

Control Strategy-3

+ Supply Airflow Direction: Adjusted - South

+ Supply Airflow Rate: Adjusted - 0.125m"/s

+ Occupant Positions: Allocated based on comfort needs

OocupanEH .

Neck-level Temp:24.4 °C
| Comfort Prob: 99%

Figure5.5. Temperature distributions (at plane y = 1.25 m) and comfort pilatesbunder
the baseline and three control strategies settings (occupaney®ase
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The probability analysis for maximum occupancy produced parallel results to the
ones in minimum mukoccupancy, as illustrated in Figuses. As the initial supply
airflow rate was designated for six occupants, collective comfort probability in the
baseline at maximum occupancy was found as 82%, which is 14% higher in
comparison to the minimum mulbiccupancy scenariodhis result reflects the
importance of occupancy argemonstrates how puefined static operation of
climatization systems may lead to unintended thermal conditions in case of
occupancychangesn indoor spacesWhile control strategyl and control strategy

2 did not offer a considerable improvement at mmaxn occupancy, contretrategy

3 increased the collective comfort probability of 12%, leading to the level of 94%.

100 98%

94%

82%
55 79%

68%

60

Comfort Probability (%)

40

20

Baseline Control Strategy-1 Control Strategy-2 Control Strategy-3

Minimum multi-ocupancy (2 occupants) B Maximum occupancy (6 occupants)

Figure5.6. Collective comfort probabilities fahe control strategies
(For minimum multroccupancy (on average) and maximum occupancy)
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Overall, these results confirms that collective comfort is enhanced if a control
strategy where occupants are allocated to the positonsideringboth personal
comfort preferences and mietbermal conditions is employed in multiccupancy
spacesln addition to comfort improvement, redundant HVAC energy use or waste
due to conditioning vacant spaces can be avoided thraygdmically determining

operational shifts based on occupant datauildings.

5.4  Follow-up Study for Assessing Temporal Variatiors

As mentioned earlier, CFD simulations were conducted using a st&sdynode

the result of which provides a snapshot of the thermal conditions in the defined space
under given boundary conditioret a particular timeln order to confirm the
applicability of the proposed control straegunder temporabariations a follow

up study was designated@he primary intention here was assess whethdhe
collective comfort levels that were achievedhithe proposed strategies at a certain
time of the day (ToD) could be maintainddoughout the working hours imaday.

Within the defined borderlines of the proposed framewibik, expected thadbnce

the occupants are intelligently allocated to therkstations at the start of the day,

the adjustability of the supplied airflow rate and supplied airflow direstimuld be

sufficient to dynamically respond to occupa

541 Additional Simulation Scenarios

The aforementioned 432 simulationsne performed by setting the date and time as
June 2%, 13:00.For the followup study,keeping the date as constafigD was
introduced as a new variable dodr different times of day, which are 09:00, 11:00,
15:00 and 17:00, were added as ToD alteraat Considering the accumulative
increase in the number of combinations and resultant computingrichaling only

the maximum occupancy case wdsemed adequatélternatives for the supplied
airflow rates 0.125 ni/s, 0.1625 s, and 0.2 rffs) and the supplied airflow
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direction (uniformpnorth, south, west, and east, northwest, northeast, southwest and
southeadt were used as they were defined in ChapteCdrrespondingly the
combinations of three supplied airflow rates, nine supplied airflow directions and
four out of five ToD alternatives (scenarios for ToD:13:0@ravpreviously

simulated) composed 108 additional scenarios, as illustrated in Figure 5.7.

Full Occupancy

Supply airﬂo;/v rate: Supply airﬂovg rate: Supply airﬂg)w rate:
0.125m/s 0.1625 m /s 0.2m/s

airflow airflow airflow airflow airflow airflow airflow airflow airflow
direction:| |direction:| |direction:| |direction:| |direction:| |direction:| |direction:| |direction:| |direction:
Uniform N S w E NW NE SW SE

Supply || Supply || Supply SUPPY} [Supply Supply | | Supply | | Supply | | Supply

[ ToD: 09:00 ] [ ToD: 11:00 ] [ ToD: 13:00 ] [ ToD: 15:00 J [ ToD: 17:00 j

Figure5.7. Simulation scenarios for temporal variation analysis

5.4.2 Analysis of Temporallmpacts

The ontrol strateges defined in sectio®.2.4 were used to evaluate collective
comfort probabilitychangeswith regpect to temporabariations By averaging the
comfort probabilities of occupants based on the assigned comfort proéilesort
probabilitiesat ToD alternativesvere calculatedfor the baseline anthreecontrol
strateges For control strategi, which waspredicated on theelocation of
occupantsto the workstations based on their comfort profilése relevant
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calculations were not done through isolating each ToD alternative. Inskead,
intelligent allocationwas donehrough considering all five ToD cases to maximize
the performancef the control strategyseat assignment was determined to be done
at the start of the day, and the occupant locations were considebsdfiked
afterwardsThe seat allocation maximizirige collective comfort probabilitfor the

daywas computethy averaging theomfort probabiliies at all ToD alternatives.

100
96% 96%

79% 79% 80%

Comfort Probability (%)

09:00:00 11:00:00 13:00:00 15:00:00 17:00:00
Time of the Day

BN Baseline W ControlStrategy-1 W ControlStrategy-2 - ControlStrategy-3

Figure5.8. Temporalvariationsof collective comfort probabilitieatbaseline and three
control strategies

Collective comfort probabilities in the baseline and three control strategies are
illustrated in Figure 5.8\ccordingly, te calculated collective comfort probaldg

for the baselinein which the HVAC settings were fixed with static occupancy
assumpwn, range between 73% to 82%. This result demonstrates that the baseline
settingsfail to maintainthe minimum comfort range (8Q%s mentioned earlier
throughout the day, owing to the variations in exterior conditipres, solar
radiation) Despite slghtly increasing the probabilities granted by the baseline,
improvement implications of control strated@yand control strateg® did not show
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a notable fluctuation between different times of the thouwever,it was observed
thatthe employment otontrol strategy2, which implies adjustability in supplied
airflow rate and directionkeeys the collective comfort level above the minimum

requiredcomfort threshold regardless of ttime of the day

What stands out in Figure 5.8 is that, with control stratggseat assignment
procedureperformed by considering the changes brought by temporal variations
increases the comfort probabilities dramatically and collective comfort could be
maintained throughout the dayth a probability range between 90% to 96Pkis
strategy, naturally, requires the compliance of the occupants with the seat assignment
procedurelf occupants did not collaborate with the building control system and
choose to have their workstations fixed, then the maximum achievable collective
comfat would be provided with control strate@y with a probability between 80%

to 84%. In an unlikely case where occupants randomly change their seats based on
their likings, the building control system could take a reactive action and adjust
HVAC settings poviding the highest collective comfort probabiligyrovided that

the occupant comfors prioritizedin the system logic

In order to further investigate the collective comfort improvement brought by control
strategy3, temperature values at occupanialmmns were comparativepnalyzed

In this regardpperative temperaturehanges with respect to temporal variations

the baseline settingsnd control strateg® are depictedin Figure 5.9 and Figure
5.10, respectivelyn the baseline settinghe difference between temperature values
that occupants are subjectedflactuatesduring the dayand reaches up t@.7
degrees Celsiuat 11:00. This fluctuation is caused by thenperal impacts on
operative temperatures at each occupant location. Accordingly, in the baseline
settings, operative temperature values at six locatiormighout the dayange
between 23.7°C to 25.2°C, 23.2°C to 24.6°C, 22.2°C to 23.9°C, 22.8°C to 24.5°C
21.3°C to 3.2°C and 22°C to 24.2°C, respectively.The temporal variations were
observed to influence the thermal conditions at all occupant locations, with the
highest impact at locatief (1.9 degrees Celsiuahd the lowest impact at location

6 (1.0 degrees Celsius).eRders may refer to Figure 4.ft8 occupant locations
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Figure5.10. Temporalvariations ofoperativetemperature in Control Strate@y

Apart from the relocation of occupants based on their personal comfort profiles
(Figure 5.11), what control strate@ygrants is to reduce the temporal anfs and

minimize the operative temperature fluctuations to the extent possible at each
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occupant locatioCompared to the baseline settings, in control straBggperative
temperature ranges at defined locations drop significantly, stretching between
235°C t0 24.6°C, 23.0°C to 24.0°C, 22.3°C to 23.0°C, 22.5°C to 23.5°C, 21.3°C to
21.9°C and 21.9°C to 23.9°C, respectively. Wdaat be clearly seen in Figure 5.10

is the sharp temperature drop at-tat 11:00. Thislrop can be correlated with the
airflow dynamics influenced by the increased supplied airflow rate, which is implied
by the control action to flatten the rising temperature at 11:00.

+ Baseline Settings + Control Strategy-3
Cosewant#2 ]— Loc2 Cosewenttz J—H> Loc2
(oetpan#s ]— Loc3 (ocetpant#s )—H— Lo
Loc-4 Loc-4
——>» Locs —p» Loc5
Loc-6 Loc-6

Figure5.11. Relocation ofoccupantsn control strategy-3

543 Individualistic Comfort Evaluation

As mentioned earliercollective comfort probabilities erecalculated by averaging

the comfort probabilities of occupants based orrthesigned comfort profiles.
Althoughthe averaged probability value could allow aydible interpretation for
overall comfort assessment in shared indoor envirorsnéunither analysis at
individual level may reveal the personal implications of the proposed stratiégies.
may also provide insights for improving building contrélaving analyzed the
temporal impacts on operative temperature values at the defined locations, comfort
probabiliiesof each occupant at five ToD alternasweere computed. The changes

in personal thermal comfort levelstime baseline settings and control siys8 are
demonstrated in Figure 5.12 and Figure 5.13, respectively. It is worth noting that the
relocation of occupants (Figure 5.11) was taken into account while performing the
calculations for the control strate@yin Figure 5.13.
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Comfort Probability (%)

Comfort Probability (%)

99% 99%  99% 99% 99
8% g 97% 974 > 97%
92%
09:00:00 11:00:00 13:00:00 15:00:00 17:00:00
Time of the Day
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Figure5.12. O ¢ ¢ u p @mfortprobabilities inthe baselinesetting
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Figure5.13. O ¢ ¢ u p @mfortprobabilities incontrol strategy 3
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What is striking in Figure 5.12 is the continuous discomfort of occugdant
throughout the day in the baseline settings. Even at 13:00, when the collective
comfort probability was reported as 82% that was considered to be above the
minimum required comfort range, occupdnsuffers from the lack of thermal
comfort.Moreover, the comfort probabilities of occupdnand occuparb seem to

fall belowthe minimum required range 09:00 and 15:QQvhile other timesheir
comfort levels aresatisfactory These results show th&gmporal variations have
impacts on thermal comfort, and individuatcupantassessment in building
operationwould decrease the risk of leaving out some occupants while providing

comfortable conditions in shared environments.

Since neither control strateg-1 nor control strategy? demonstratea remarkable
improvement for the collective comfo(see Figure 5.8)analysis ofindividual
comfort assessment for these strategies were not predeigiee. 5.13 demonstrates
that control strateg® has some dramatimprovement implications for thermal
comfort at an individual levelWhen compared with the baseline settings, the
obvious improvement is achieved on the comfort probability of occuipamithout
sacrificing the r-bemg irhe ommptabtedavaspdathatis 6 we l
observable in control strate@yis that, the comfort level of occupehtalls slightly
below the minimum comfort range at 11:00 with a probability of 75%. This can be
related with theaforementionedunexpected drop of operatiiemperature at
location6 due to the airflow dynamics, as illustrated in Figure 5.10. Apart from that,
the individual comfort probabilities are quite satisfactory with a range between 84%

to 99% with a solid inclination towards the upper limit.

Towrap upjt can be argued that thermally comfortable conditions could be provided
regardless of the temporal variatiomgh the proposed building contrairategy if

the occupantsomply with therelocaton procedure at the start of the desgsed on

their personal comfort preferencdsis of utmost importance to take an additional
step and include individual comfort assessment while determining the collectively
comfortable conditionsn multi-occupancy indoor spacesrusting solely on the

collective canfort probability calculation may result in overlooking the discomfort
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of an individual in the studied space. Although not observed inwuentanalysis,
considering occupants with different comfort profiles than reported in this work

could have changedtie situation, and may have led to this problem.

55 Discussion

In the conventional practiceffices have occupanéssigned to certain workstations.

In such settingsHVAC system operations could be configured to prouide
comfortable conditions based on personal preferences of individualthe other
hand,in recent years, with the boosting impact of Cel&dpandemic, flexible
working and hotdesking have becom& popular spacesagestrategy for many
offices Instead of providing permanent offices, occupantslan@amicallyallocated

to the workstationsvith the purpose ofeducing operational costs, minimizing
energy use and promoting work efficien@andidoet al, 2019; Soockt al, 2020)

This growing trend have the potential to both necessitate and enable adopting new
operational strategies ibuildings for maintaining comfort requirements and
efficient use of resourcedn this researchit was demonstrated thatersonal

di fferences between individual s comfort n e
thermal conditions can be leveraged in stiaeavironments tcestablish novel
building control strategies to overcome the limitations of conventional approaches
and to meet the incurring operational neeghout additional energy usBoth for

the conventional office settings and the latpbpular operational strategiefiet
proposed framework demonstrates more flexible, ciefit and sustainable

operationaflow, without overlooking the personal needs of building inhabitans.

In the optimization analysis presented in this chaplitigagh he employed datasets
and analysis procedure were carried out with an offline procedure, the primary
intention was to establish the scientific base for an occtgaanitic building control
mechanism that would dynamically respond to the needs of all indigidvithin

shared indoor environments. Based on what this section provides, further
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