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Abstract

The Indoor Environment Quality (IEQ) of buildings becomes increasingly critical as
people spend more than 90% of their time inside buildings based on the National Human
Activity Pattern Survey (NHAPS) (Klepeis et al., 2001). The quality of the indoor
environment in a building has been shown to have a significant impact on users'
productivity and energy consumption. Further, if tenants are working in a comfortable
indoor environment, absenteeism rates and incidental expenses, such as medical expenses,
will be reduced. For instance, a comfortable workplace increases productivity by 10-15%
and reduces absenteeism by 2.5% (Leyten & Boerstra, 2003). According to the
Intergovernmental Panel on Climate Change (IPCC) recent climate report, UAE residents
are experiencing higher temperatures and harsher weather conditions (UAE MOCCAE,
2021). Research over the last years concluded that the longer people stay inside buildings,
the more likely they are to be exposed to unhealthy environments. Which means more
physical and psychological problems such as Sick Building Syndrome (SBS). The

overtime spent inside also means more demands for energy inside the buildings.

This thesis studied the relationship between Indoor Environmental Quality (IEQ) and
energy use in a UAE university building. To assess IEQ levels, one of the university
buildings was selected, and several IEQ parameters such as temperature, Relative
Humidity (RH), Indoor Air Quality (IAQ), and illuminance were monitored. An online
occupancy survey was distributed to users of the case study building to conduct a Post
Occupancy Evaluation (POE) study. Dynamic simulation methods were applied to
validate proposed changes based on monitoring and POE findings to improve comfort and

energy efficiency, especially lighting and temperature.

The main results of the survey can be summarized as follows: over 40% of students feel
neutral on most parameters and are satisfied with their overall IEQ. However, students feel
uncomfortable with the dry, stuffy air and the cold room temperature. When considering
lighting comfort, 49% of students complain of too much artificial lighting and 32%
complain of not enough daylight, and 51% are uncomfortable with glare and reflections.

Regarding the results for Sick Building Syndrome (SBS), some students showed

Vi



symptoms such as a runny nose, dry skin, headache, and fatigue. These symptoms are
related to low room temperature, relative humidity, airflow from the AC system, and poor

lighting.

As a result of the monitoring experiment, lighting and temperature were found to be the
most noticeable issues, which supports the results of the survey. The temperature in most
classrooms was below 24 °C. Although most classrooms have plenty of natural light from
morning to noon, daylight is not well utilized, resulting in the need for artificial lighting.
It has also been observed that in most classrooms with tables and smartboards that are
perpendicular to windows, factors such as glare and reflection arise. These factors reduce

reliance on daylight and increase the use of artificial light.

Simulation studies results show that the optimal solution to reduce energy consumption
and improve occupant comfort is to increase the room temperature based on standards,
change the classroom layout, increase daylight use and create artificial lighting zones.
These changes result in saving 39% of the cooling load, 92% of artificial lighting, and

51% of total energy consumption.

All the research findings are discussed in full detail in this thesis. The findings could be
implemented in other UAE university buildings to improve IEQ, user comfort, and energy

consumption.

Keywords: IEQ Analysis, POE Study, User Comfort, Dynamic Simulation, University
Buildings.

Vil



Title and Abstract (in Arabic)

Al adl Aal ) il e jlay) Al Alsa saa) & 48Ul gt g Aalal) Aiud) 53 5o (o ABDad) Jalas
Aaal) aladin o 3ol g
ailalf
Jal agiiy e %90 Ge ST LN 38 Cum 3 Jle IS5 Ao Sl Adalall Ayl 3058 i
e oS Ll L ) 8 Aol Rl sa e o iy g ) Lol Jaail ik gl el e 3l il
ataaad A po 40800 Dy (8 G slany (5 alindl QK13 @y e 3Nl A8l @l 5 Gaeadiiuall dali)
Al o all dendl (S 2y 3 QU Jaaes e Al cliail) Jie g jall caliail) 5 ol <Y ane agdas
A2.5 Ay il e JI 5 715-10 Ay

Sl LY} S lay (FUall iy dinall 4 5al) Ay Sl Al e aleall 5aY) Flll il
dacalal)l Gl gl gae e Elanl) cuald gl ST Al Cag oyl Jed 5 ) cla i (e sasial) Ay gl
3 3al) i lae A e 30a0s Gl agaa a3 Jlaial o)) ¢ Alaall Jals (alai¥) eld) sae el LS 4l )
Wl s JRI 8 o 5l oy (g3 LY Jaall s o pall o) e 3D S Apnadil] 5 Apanaall JSLER (10
@Lx,d\ Jala daal) Ogial (e 2 el

Gl Al mala e 8 A8 alasiiud g 4dalal) 2l 53 ga G A8l A 5l Y 028 sy

) yulae e el da 5 daalaldl Sl aal s &5 il 2l 53 s I gie apdll Basial) Ay )
e iRyl e Aliul o) s8 a0 Beliall s Jalall o) sell 53 sa g Ayl 4 ghayll 5 ) jal) da )y Jie Agdalal
Gl e @il ASaaliall slSaall 3k (Gadat a3y JadY) e Lo a4l jo 2l Y el (eddiie
Bolallda 50 g3eliaYl dald 5 cAillall 5ol g And I Cprantl ALY il o A1 jall ol e 2l da yiaal)

plara 4 dall O e 740 e ST e 1 U il e el dp ) @il pandli o Say
A 5 Calall o) sl ~La W) adey Ol ay olld aa g ALLAN A0S0l 25l 83 5 i () gaal ) a5 el
selay) (e N e OOl (e 749 S aelial) daly A Kall die 335U A jall 3 s As g
i Bl Lad LSVl g e ol (el e g 751 5 Oledll ¢ guta LS ade (e (43S0 732 5 e i)
L i 8 Canll g o daall 5 calall Cilia g i) B Jie Waal je§ CoBUall (iamy jedal ¢ oaza all eliad) 4 3Dl
Belal) Canuza s CanSill Al cpa o) sl (383 5 Al 3y ka5 28 jadl 5 ) s Aa 3 (lasily (al eVl oda
b aexi il g dda alall cOUSE ST a5 ) jall da o selal) O Cud Al el o jlatl dais
Jgeaill alana G (e a2 N (Ao e da 2 24 a JB Al ) J guaail) plana (5l jall da 2 S sl
e J aadiny Y el s g 0 Y1) el ) laall (e anhall 5 gaall o U e (g s Al )l
Slo s sind A Al jal) J pamill alana b adl Uyl Jaa gl 28y Zpelilaia¥) selay) ) daladl 1) sa5 Lae

Viii



¢ s o dlaie V) Jal sall oda J GulSaiW) 5 = sl Jia Jal so L c28) 5l ae Balaia 4,83 ) 1 5 ¥ 4l
=il ¢ gl aladiu) e 3 3s el

33l 5 (sl caddiine da) ) Gt s 8L @Dl Gl e Jadl () slSlacall el o il ek
Ghalie ¢Li) 5 Jleill ¢ saim aladind 30 ) ¢ oulyall Jaadll Jashadt juady ¢ pulaall o 2Ly 48 jall 5 ) ja a0
O 751 5 Aelilaa¥ selia) (10 792 5 20l Jas (0 739 i (A Dl aill o2a (5258 A lidaal 3oL
AdLall gl Meal

G AY) Sl b bl 285 (Say da g kY e 8 Qe Jaadilly Cund) il aas A8l
AdUl) «ﬂ).@."\u\_g ?JA:\.A.MAM ZA‘JJ aalaal) aad) 33 ¢ ug.maﬂ <l daala &

Bl caiioadll Aaly (JUEY! aan Lo s Al 53 oinall Aalal) Rl Julad shgesi ) Gyl aalia
sl e (iSualin

IX



Acknowledgements

My special thanks go to my advisor Dr. Young Ki Kim who introduce me to the
field of well-being inside the buildings and got me to start to search more and understand
this topic. I’'m thankful for his patience when listening to my research ideas and his

endless encouragement and support.

| would like to thank my committee for their guidance, support, and assistance

throughout my preparation of this thesis.

My thanks are extended to the Facility Management Department for providing me

with most of the building’s materials.

Finally, | express my appreciation to my family and friends who encouraged me

to continue my master’s degree.



Dedication

To my beloved parents and family

Xi



Table of Contents

LIPS UP PSPPSR [
Declaration of Original WOrK ...........cociiiiiiiiie e ii
Approval of the Master THESIS .....cviiiiiii e \Y
ADSTIACT ...ttt b e b nrs Vi
Title and ADStract (I ArabiC).......cviiiiiiiise e viii
ACKNOWIBAGEIMENTS. ...ttt e e snee e X
D =To [T [0 o H PP URSP Xi
TaDIE OF CONTENTS....eiuiiiie it sb e be e beenre et Xii
LISE OF TADIES ..o e XV
LIST OF FIQUIES ..ttt ettt e e e ee e e s naenree s XVi
LiSt OF ADDIEVIALIONS ....ovviiiieciie e Xviii
Chapter L: INtrOQUCTION .......ccuiiiiiecee sttt rae e e e neeenree s 1
1.1 OVEBIVIBW ...tttk b e bt bbbttt et e e bt et e be e b 1
1.2 Statement Of the ProbIem ... 3
1.3 RESEArCH QUESTIONS .....eoiiiie ittt e e are e e s be e e s nbae e e enree e 3
1.4 RESLAICH ODJECLIVES ....c.eie ettt e eneeeenes 4
1.5 SCO0P aNd LIMITALIONS......ccveeiiieieeiiee e sie e e e e nreeeneeeenes 4
1.6 SUMMANY OF CRAPIEIS......eiiie et e enes 5
Chapter 2: LITerature REVIBW .......cccuviiiieiie et stee sttt snae e e e nneeennee s 7
2.1 Climate Change and COVID-19 PandemicC ........ccccevuveiieenie e e 7
2.2 Indoor Environment Quality (IEQ) .....covieiiie i 9
2.2.1 International and National Level Of IEQ ........cccoovveviiiiieiieii e 9

2.3 IEQ-Related Terms and ASPECLS ........cccueieiiririieiisieie e 12
2.3.1 Sick Building Syndrome (SBS) and Building Related IlIness (BRI).............. 12
2.3.2 Indoor Air QUAlity (IAQ).....coueeiiiiee et 13
2.3.3 Thermal ENVIFONMENT........ccciiiiiiieiiesiesie e 16
2.3.4 ACOUSHIC COMTOI......oiiieiiiiie et ne s 20
2.3.5 Lighting ComTOrT .......oouiiiieice e s 22

2.4 IEQ-Related Terms and ASPECES ......cueiveiieiieiiesee et re e 25
2.5 IEQ Issues in Green Building Rating Systems (GBRSS)........cccccovvevveviivciiiecnenn, 28
2.5. 1 ESTIDAMA ..ottt sttt n e ne et sne e e 29

xii


file:///C:/Users/fjahan/Downloads/Salama%20AlGhaithi%20-%20COE%20Thesis.docx%23_Toc133921635

2.5 2 LEED ..o 29

2.5.3 WELL Standards..........cceiueiieiieiieiiesiiesiee et sseennes 30
2.5.4 ASHRAE ...ttt ettt 30
2.5.5 BREEAM .......ooittieieeee ettt sttt 30
2.6 Standards Based on the Previous GBRSS ........cccociiiiniin e 32
2.7 SUMMATY OF CREPLET ...ocvviiiii e 34
Chapter 3: MethodoIOgY ......c.cciieiieiieie e 35
3.1 Overview of Research Methodology ........cccceiieiieiiciic e 35
3.2 Overview of the Research and the Selected Methods...........ccocceviiiiiiiiiiciicnene, 35
3.2.1 Survey MethodolOogy .......ooceeeiieiie st 37
3.2.2 Monitoring Experiments Methodology ........ccccccveviviiieiiie e 38
3.2.3 Simulation Methodology ........cccveiieiiiici e 38
3.3 Data GatheriNg ....ccveiiiiiiiie et e e 39
3.3.1 SUINVEY STUAY ...cvviiiieiiie ettt sne e sreennes 39
3.3.2 Monitoring EXPeriments StUAY.........ccovveieeiienieieeiese e 42
3.3.3 SIMUIALION STUAY .....cviiiiieiiiieeie s 45
3.4 Case Study BUIIAING .......coeeieiiiieee s 49
3.5 Limitations OF STUAY .......ooeiiiiiiiiieeee s 56
Chapter 4: Results and DISCUSSION ........ccuiriiriiiiiieiieiesie ettt 57
4.1 OVEIVIEW OF the SUIVEY......cciiiiiiiiie e 57
4.1.1 Part 1 SUNVEY RESUILS ......ccuiiiiiiiiecieciee et 59
4.1.2 Part 2 SUIVEY RESUILS ......cuoiiiiiieieiceee et 60
4.1.3 Part 3 SUIVEY RESUILS........cooiee e 61
4.1.4 Part 4 SUIVEY RESUILS ........oooiee e 63
4.1.5Part 5 SUINVEY RESUILS........cooiee e 64
4.1.6 SUMMANY OF SUIVEY ....oeeiiie ettt e e 64
4.2 Overview of the Monitoring Data .........cccvevveiiieiiie i 65
4.2.1 Thermal Comfort Monitoring RESUILS .........ccevvveviieii e 67
4.2.2 IAQ Monitoring RESUILS .......veeiieeie e 71
4.2.3 Lighting Comfort Monitoring RESUILS ..........ccoiiiiiiiiiiece e 75
4.2.4 Summary of Monitoring EXPeriments.........ccccevvvviienieneeneene e 94
4.3 Overview of the SIMUulation RESUILS .........c.ooiiiiiiiiiii e 96
4.3.1 Internal Cooling Temperature Change .........cccocvevveveeieeie e 97



4.3.2 Desks Layout Change ........c.ooveiieiiiiiesiiecie et 98

4.3.3 Lighting Zoning Change........ccoucueiiiiieiieiienie e 99
4.3.4 Open Window Through Corridor, Desks Layout, and Lighting Zoning......101
4.3.5 All Scenarios ComDINEd .........ccoviiieiiiiiiee e s 102

4.4 Summary of Research Findings and DiSCUSSION..........ccccevvviieiieiiesie e sie e 104
Chapter 5: CONCIUSION .......ociiiiece e sreenres 106
5.1 MaiN FINAINGS ©.vveiiiiiecie e e e e staenneene s 106
5.2 Research Challenges and OppOrtUNItIES. .........cccveveevieiiieiiie e sie e 109
5.3 Research Gap and FULUre StUAY ........ccccouveiieeiie e 110
RETEIBNCES. ...t bbb ne s 111
N o] 0 1= 0 [ OSSR 124
APPENTIX A: CaSE STUAIES....c.vveeiee e ree e srae et e e e sneeennee e 124
Appendix B: Online Questionnaire Draft ..........ccccovvvviiiiiiiiiinnisicccsese s 138
Appendix C: Screenshots for the Input Data on DesignBuilder Software................. 141

Xiv



List of Tables

Table 1: Sick Building Syndrome Verses Building Related I1INess...........ccccocoveveiieinnns 13
Table 2: Health Effects Related to Indoor Air POllUtioN ..o 15
Table 3: Ilinesses Related to Different Levels of Temperature and Humidity ................ 19
Table 4: Issues Related to Indoor Environment Quality Parameters ...........ccccceeveiveinnene 25
Table 5: Used Methods in Previous STUAIES. ........coiviiieiieiiniieneeseesie e 28
Table 6: Comparison Between the FOUr GBRSS..........ccoiviiiiiiiiciiceeee e 31
Table 7: IEQ's Parameters Standards in the Mentioned GBRS............cccccooveiieiviieccneene, 33
Table 8: Details of the Monitoring Experiments for this Study ..........ccccceviiieiiiiieinnns 43
Table 9: The Detailed Scenarios for Simulation Part...........ccccccovveviiiiiiiiiie e 49
Table 10: Building’s Materials and Systems Details .........cccocoeviieiiiiniiiiieieec 51
Table 11: Part 1 of the QUESTIONNAITE .......ccueeiiie e 59
Table 12: Part 2 of the QUESHIONNAITE .........cueeiiiiieiiee e 60
Table 13: Part 3 of the QUESHIONNAITE .........cveeiiiieiiiec e 61
Table 14: Part 4 of the QUESTIONNAITE .......ccueeiiieiie e 63
Table 15: The Different IEQ Parameters Based on Standards..........c..cccceeevveeeiiieeeenneen. 66
Table 16: Temperature Readings Above/Below the Standards Summary ....................... 69
Table 17: Relative Humidity Readings Above/Below the Standards Summary.............. 71
Table 18: PM2s and PM1o Readings Above the Standards Summary...........cccceeevvennne 73
Table 19: TVOC Readings Above the Standards SUMMAry ..........cccoeevininienneenennn 75
Table 20: Summary of the Main Findings of Lighting Experiments ............ccccceevvevenne 77
Table 21: Readings from DesignBuiler Software for Increasing Internal
TEMPEIALUIE ...t 97
Table 22: The Changes for Desks Layout in Classroom 0034 ...........ccccceevvvevieeeneeciieennn 99
Table 23: The Changes for Lighting Zoning Change in Classroom 0034 ..................... 100
Table 24: The Changes for Open Window, Lighting Zoning, and Desks
Layout in Classroom 0034..........ccueiieeiee e 102
Table 25: The Combination of All Scenarios in Classroom 0034...........cccccevvevvenieenne. 103
Table 26: Simulation SCeNarios SUMMAIY .........ccceiieeiieiiie e se e see e seeens 108

XV


file:///C:/Users/fjahan/Downloads/Salama%20AlGhaithi%20-%20COE%20Thesis.docx%23_Toc133913521

List of Figures

Figure 1: UAE's Annual Temperature Changes, 1900-2020............cccceveeveiieninesiesiiesnens 8
Figure 2: Amount of Time Respondents Spend in Each Place ...........cccccooovvviiiviieiicinns 8
Figure 3: Deaths Related to Air Pollution Around the World...........ccccccvvvviiiiiiiennenn. 10
Figure 4: Indoor Air Pollutants, Sources, and Health Impact ...........ccccccevvevvevecinecnnee, 14
Figure 5: Carbon Dioxide Inhalation Effects on Healthy People..........cccccoovvviviiiennnnn. 16
Figure 6: Baseline Energy Consumption Distribution by End Use..........cccocvviveiveninenne. 17
Figure 7: Predicted Mean Vote Verses Predicted Percentage of Dissatisfied.................. 18
Figure 8: Comparison of the Relationship Between Air Temperatures (Top)
and Thermal Sensation Votes (Down) with Relative Performance
Developed in Three Studies in Office WOrKers ........c.cccocevv e 20
Figure 9: Examples of Health Effects Related to Noise EXPOSUre........ccccccevvvvvveiveninennn. 21
Figure 10: An Example of Customized CS Dosage Schedules..........ccccovevieiiieiineiinns 23
Figure 11: Research Procedure with Four Main Methods...........cccccovviieiie e 37
Figure 12: Questionnaire’ Main PartS .........cccccvoiiiiiiieiie e 40
Figure 13: Questionnaire Screenshots from QuestionPro Software............ccccceevvvivennnnne 41
Figure 14: Classroom 0021 (Ground FIOOK) ......cccooiiiiiiiie e 44
Figure 15: WELL Building Standards Recommendations for Lighting Factors.............. 45
Figure 16: 3D Model and Classroom 0034 Created in DesignBuilder Software.............. 47
Figure 17: Female Faculty of Engineering, Science, Food and Agriculture
[C6 Building], Female Side, UAEU, Al Ain, UAE...........ccoeiii i, 50
Figure 18: C6 Bding’s Ground and First Floors Plans with Images from Indoor............. 50
Figure 19: Summary of the Case Study Building Electricity Consumption,
2019-2021. Source: (Khadamat Facility Management) ...........ccccceeevvvineinnnne 55
Figure 20: Showing the Supply and Return Air Ducts in Three Classrooms................... 62
Figure 21: Summary of the Satisfaction Level of Each Parameter ...........c.cccocvvvvieiennnne 65
Figure 22: Selected Classrooms on the Ground and First Floors, C6 Building ............... 67
Figure 23: Hourly-Based Temperature Data ............ccccvveieiinieniciiniene e 68
Figure 24: Hourly-Based Relative Humidity Data..........ccccccveviveiiieeiii e 70
Figure 25: Hourly-Based Data For (a) PM2.5. (0) PM10 .......cccooiiiiieie e 72
Figure 26: Hourly-Based CO2 Data...........ceieiiiiiieniinieie et 74
Figure 27: Hourly-Based TVOC Data.........cccccuveieeiiie e see e eee e snee e 74
Figure 28: Selected Classrooms on the Ground and First FIOOrS..........cccceoeviiiiinninninne 76
Figure 29: Classroom 0034 Layout (Ground FlOOr)........cccocviieiininiiiciisenc e 78
Figure 30: Lighting Levels Measurements for Classroom 0034 (Ground Floor) ............ 79
Figure 31: Blinds and Artificial Lights Different Cases in Classroom 0034 ................... 80
Figure 32: Classroom 0021 Layout (Ground FIOON)........ccccooviviiiiiiieiiecee e 81
Figure 33: Lighting Levels Measurements for Classroom 0021 (Ground Floor) ............ 82
Figure 34: Blinds and Artificial Lights Different Cases in Classroom 0021 ................... 83
Figure 35: Classroom 1012 Layout (First FIOOr).......cccooviiiiiiiiiiiiiniie e 84

XVi



Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:

Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:

Figure 53:

Figure 54:

Lighting Levels Measurements for Classroom 1012 (First Floor) ................. 85
Blinds and Artificial Lights Different Cases in Classroom 1012 ................... 85
Classroom 1015 Layout (First FIOOr).......c.ccccvvviiieiiiiiecie e 86
Lighting Levels Measurements for Classroom 1015 (First Floor) ................. 87
Blinds and Atrtificial Lights Different Cases in Classroom 1015................... 88
Classroom 1036 Layout (First FIOOr).........cccceeviiieiiiiiieiie e 89
Lighting Levels Measurements for Classroom 1036 (First Floor) ................. 90
Blinds and Atrtificial Lights Different Cases in Classroom 1036 ................... 91
Classroom 1037 Layout (First FIOOr).......ccovviiiieiiininiin e 92
Lighting Levels Measurements for Classroom 1037 (First Floor) ................. 93
Blinds and Artificial Lights Different Cases in Classroom 1037 ................... 9
Cooling Load Graphs from DesignBuilder Software for Classroom

0034 ..ttt a b e e re e 98
Current and Suggested Desks Layout of Classroom 0034............ccccevvvvevnnnns 99
Current and Suggested Lighting Zoning of Classroom 0034 ....................... 100
Daylight Comes from the Courtyard Can be Used in Classroom 0034........ 101
Current and Suggested State of Classroom 0034...........cccceeviveeveeiiieecineenn, 101
Current State of Lux Distribution in classroom 0034 (Left) and

After Opening the Side Window Through the Corridor (Right) ................... 102
The Reduction in Cooling Load, Lighting, and Energy Use of All

TNE SCENAMOS ... eiviiiiieitie ettt et reeanee s 103
Summary of the Main Data from the Questionnaire..........cccccccvevvveveeecnnenne 107

XVil



ADHD
ASHRAE

BIM
BREEAM

BRI
CLA
CO2
CS

EML

ESTIDAMA

GBRSs

HVAC

IAQ

IEQ

IEQ-GA

IHME

IPCC

LEED

XViii

List of Abbreviations

Attention Deficit Hyperactivity Disorder

American Society of Heating, Refrigerating, and Air-
Conditioning Engineers

Building Information Model

Building Research Establishment’s Environmental
Assessment Method

Building Related IlIness
Circadian Light
Carbon Dioxide

Circadian Stimulus

Equivalent Melanopic Lux

Arabic Word for Sustainability

Green Building Rating Systems

Heating, Ventilation, and Air Conditioning

Indoor Air Quality

Indoor Environment Quality

Indoor Environment Quality-Global Alliance

Institute for Health Metrics and Evaluation

Intergovernmental Panel on Climate Change

Leadership in Energy and Environmental Design



NIHL

PM2s

PM1o

PMV

POE

PPD

PPM

RH

SAD

SBS

TVOC

USEPA

WHO

Noise-Induced Hearing Loss

Fine Inhalable Particles / Fine Particulate Matter

Inhalable Particles / Respirable Particulate Matter

Predicted Mean Vote

Post-Occupancy Evaluation

Predicted Percentage of Dissatisfied

Part Per Million

Relative Humidity

Seasonal Affective Disorder

Sick Building Syndrome

Total Volatile Organic Compound

United States Environmental Protection Agency

World Health Organization

XIiX






Chapter 1: Introduction

This research work is based in part on the previously published article [Analysis of
Indoor Environment Quality (IEQ) in UAE University Campus Building, UAE]. | have
permission from my co-author/publisher to use the work listed below in my
thesis/dissertation. (AlGhaithi, S. A., & Kim, Y. K. (2022). Analysis of Indoor
Environment Quality (IEQ) in UAE University Campus Building, UAE. ZEMCH 2021
International Conference, 271-284 http://zemch.org/proceedings/2021/ZEMCH2021.pdf)

1.1 Overview

According to Roberts's study, people nowadays spend around 90% of their time in
buildings. For students, educational buildings such as schools and universities are where
they spend most of their time. Indoor Environment Quality (IEQ) can affect students'
productivity by a certain amount for each of the parameters such as temperature, Relative
Humidity (RH), COy, lighting, noise level, and Indoor Air Quality (IAQ), and based on
the students’ age range (Klepeis et al., 2001). For instance, a calming indoor environment
could reduce the students’ blood pressure by around 17%. In addition, naturally lit
classrooms could improve test scores by around 25% (Education Technology Solutions,
2018). A classroom design including acoustics, lighting, furniture, décor and soft
furnishing, and configurations could impact learning by 25% (Admin, 2021). Moreover,
the occupants' comfort may influence the energy consumption of a building through their
behavior. For example, when there is enough natural lighting the occupants will not
depend 100% on artificial lighting, which can reduce the energy consumption inside the
building. Several studies have shown that users' comfort, actions, and operation patterns
determine a building's energy performance. An analysis of the energy consumption of
commercial buildings in the United States found that lighting, Heating, Ventilation, and
Air Conditioning (HVAC) account for 20% of the total energy consumption. This could
be related to the poor assumptions of the systems’ operation during the design and
commissioning phases. Also, another study has mentioned that in commercial buildings
poorly operated equipment is responsible for 10% to 30% of the used energy. Also, other

studies found that some of the users' actions, such as leaving lights on or other equipment


https://www.nature.com/articles/7500165
https://educationtechnologysolutions.com/2018/04/classroom-design-affect-childs-ability-learn-14-medical-educational-experts-weigh/
https://educationtechnologysolutions.com/2018/04/classroom-design-affect-childs-ability-learn-14-medical-educational-experts-weigh/
https://envoplan.co.uk/education-news/how-does-classroom-design-affect-student-learning/

running for hours after they have been used, could result in significant energy consumption
inside the building (Al Amoodi & Azar, 2018). Previous studies have shown that buildings
that don't provide users with enough comfort consume more energy. This is another reason
why studying the IEQ of the building is critical. According to a recent study conducted in
the UAE in an educational building in Abu Dhabi city, human activities can alter energy
usage by 25% (Al Amoodi & Azar, 2018).

Furthermore, climate change is a growing issue throughout the whole world. As the
temperatures rise, people spend more time indoors. Additionally, diseases such as Corona
Virus Disease 2019 (COVID-19) have also pushed people to spend more time indoors,
bringing further attention to the Indoor Environment Quality (IEQ) of the buildings.

Buildings are the largest end-use sector for energy consumption around the world,
with a percentage of around 35%, followed by 31% for industry, and 30% for
transportation. Most of the building electricity, around 80% is used for operating the
buildings, not for construction, therefore it is critical to provide comfortable indoor
environments to help save energy (Zeiss, 2015). 80% of the energy used in the UAE is
consumed by buildings; 70% of this is consumed by cooling systems (Rodriguez-Ubinas et
al., 2020). In 2017, Abu Dhabi's total electricity consumption is 60,158 GWH; 48.2% for
commercial, 26.8% for domestic, 11.2% for industry, 8.1% for government, 5.7% for
agriculture, and 0.1 for other sectors (SCAD, 2017). A growing population, an expanding
economy, and climate change are contributing to increased energy consumption.
Therefore, it is imperative that energy is utilized more efficiently throughout the country
for all sectors, including the building sector (U.AE, 2020).

This study examined the relationship between IEQ and energy consumption. It
monitored classrooms in a university building for some of the IEQ parameters such as
temperature, RH, 1AQ, and illumination. And distributing an online survey to determine
the level of student comfort and satisfaction. As well as using a dynamic simulation to
figure out the impact of improving the layout, temperature, and lighting of classrooms on

energy consumption.
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1.2 Statement of the Problem

- The effects of climate change, daily lifestyles, and pandemics force people to stay
indoors even longer, which exposes them to the indoor environment of buildings
more.

- IEQ is critical for productivity, students’ records, and energy consumption. The
quality of buildings' occupants' comfort causes direct and indirect-health related
economic issues; the direct issue stems from the increase in diseases and tiredness,
which will cause the overuse of the health sector, which will cost the government
a lot of money to provide for the people's needs. Indirectly, the building's users will
have a lower level of productivity at work or study, which will have an impact on
the general economy.

- United Arab Emirates University (UAEU) classrooms’ IEQ needs to be studied
since it affects the learning levels of the students. The comfort inside the learning
spaces, particularly in terms of heating and lighting, can affect how much energy is
used by the building. As | have experienced inside the building, the classrooms are
cold during the summer months, so this building needs to be examined regarding
indoor thermal comfort. And based on the classrooms’ layout, most of the

classrooms use artificial lighting more than daylight.

1.3 Research Questions

As the primary concern of this study is the IEQ of the classrooms within one of the

UAE University buildings, the following questions were asked to guide the study:
Main question:

- How does the Indoor Environment Quality (IEQ) of a university building affect the

satisfaction and comfort of students and how does it impact energy consumption?
Sub-questions:

- Considering the literature, what are the most common IEQ parameters to measure,

and what methods can be used to evaluate IEQ?



- Considering the results of the Post Occupancy Evaluation (POE) study of the case
study building and selected classrooms, how can these findings be used to reduce

energy consumption and improve IEQ?

1.4 Research Objectives

By analyzing a building's IEQ, using an online survey to evaluate students' comfort,
and using dynamic simulations to improve energy use, this study explored and examined
the relationship between building users and energy consumption. This research objective

can be summed up as follows:

- Evaluating the IEQ of the case study building, and students’ satisfaction level with
the classrooms’ IEQ.

- According to the findings from the POE and IEQ studies, provide the optimal
solutions to improve lighting and thermal environments as well as energy

consumption.

1.5 Scoop and Limitations

Some factors affected the scoop of the study. The main limitation was the COVID-
19 pandemic, it affected this study a lot. In the beginning, this research was supposed to
consider three university buildings, two of them lecture buildings (one on the female side
and the other on the male side) and the third one the female residence building, but because
the buildings were almost empty and not used a lot since most of the classes are online, as
well as for safety reasons (especially at the female residence building), this study focused
on only one building. Added to that, some of the parameters were ignored (such as
measuring the noise level) inside the classrooms because the building is supposed to be
normally occupied so the readings will be accurate. There were also some parameters
supposed to be measured using specific sensors during class time, but since there were no
face-to-face classes, those parameters were ignored such as noise. So, the study focused
on one building only (the lecture building on the female side) with only a few parameters
being monitored (temperature, RH, PM2s, PMi, CO2, TVOC, and illuminance).
Regarding the methods, it would be better if interviews were conducted in classrooms.

This would be to get clear answers about the different IEQ parameters of each classroom



and at a certain time to understand the IEQ of each classroom in a more thorough way. In
the future, researchers could examine the same study area using interviews as well as

devices or sensors during class times when classes are full.

While the building wasn't fully occupied, it still operated according to the building's
normal schedule. Therefore, all systems, such as HVAC, worked according to the schedule
of the building except for the lighting system since users monitor the lighting system. In
addition, there were a few classes with a specific number of students who attended face-

to-face classes.

1.6 Summary of Chapters

This thesis studied the relationship between Indoor Environment Quality (IEQ) and
energy consumption in a university building. To assess IEQ levels, one of the university
buildings was selected and IEQ parameters such as thermal comfort, IAQ, and lighting
were monitored. An online occupancy survey was distributed among the building’s users
to conduct a Post Occupancy Evaluation (POE) study. Dynamic simulation methods were
applied to validate proposed changes based on monitoring and POE findings to improve

comfort and energy efficiency, especially lighting and thermal comfort.

This research is divided into chapters; each chapter represents one of the research

phases.

- Chapter 1: Gives the main idea and objectives of the research as well as explains
the importance of studying such a topic.

- Chapter 2: Presents relevant literature about climate change, Indoor Environmental
Quality (IEQ) in buildings, an overview of some Green Building Rating Systems
(GBRSs), and methods previously used to analyze IEQ and users' perceptions.

- Chapter 3: Explaining in detail the methodology of this research by going through
each of the used methods, which are the online survey, monitoring experiments,
and dynamic simulation.

- Chapter 4: Discussing the results and the main findings from all the methods

mentioned in Chapter 3 which are online survey, monitoring experiments, and



dynamic simulation, and compare the values from the monitoring experiments to
the standards mentioned in Chapter 2 (ESTIDAMA, ASHRAE, etc.).
Chapter 5: Gives a summary of the research in general, as well as the limitations of

this study and further research suggestions.



Chapter 2: Literature Review

2.1 Climate Change and COVID-19 Pandemic

Since climate change affects the whole environment, it is recognized as a global
challenge that threatens the nation's economic and social stability. Climate change has a
different level of effect for each region due to the difference in the climate and weather in
these regions (UAE MOCCAE, 2021). This issue is more severe in hot, dry countries.
These countries already have high temperatures and dry weather that make simple outdoor

activities like walking difficult, causing people to prefer staying indoors.

The UAE is considered one of those countries with harsh weather and is impacted
by climate change on a regular basis. UAE's heat is unbearable because of the Arabian
Gulf’s humidity. The UAE is considered one of the countries that have the highest
possibility of being affected by climate change. This will result in warmer weather and
other related issues such as biodiversity loss. There has been a warming trend in the
weather as indicated by temperature increases between the past few years and the
maximum temperature record (UAE MOCCAE, 2021). There is a prediction by the
Emirates Wildlife Society and World Wildlife Fund (EWS-WWF) that there will be an
increase in temperatures by 2 °C by 2050 with a rise in the humidity by 10% in a report
titled “UAE Climate Change: Risks and Resilience”. The rise in temperature will be
responsible to increase the energy used for cooling systems by 20% or more. This will
increase the annual energy consumption inside the buildings by 11%, which will rise the
costs to building owners and end-users for the whole UAE building sector by over $834
million per year (EWS-WWF & Acclimatise, 2017).

Figure 1 shows the change in the surface temperature in UAE, the left Y-axis
represents the recorded mean annual temperatures while the right Y-axis shows the
deviation of each point in relation to 1951-1980. According to this figure, the annual
temperature increased from 26.5 °C in 1930 to almost 28.8 °C in 2019, which is the highest

recorded annual temperature based on the figure.
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Figure 1: UAE's Annual Temperature Changes, 1900-2020. Source: (UAE MOCCAE,
2021)

In fact, climate change, especially global warming, will force people to stay inside
buildings longer and it would impact increasing energy consumption to maintain the
indoor environment as comfort (UAE MOCCAE, 2021). It means longer staying indoors
and more dependence on Air Conditioning (AC). The second one is about the increase in
people’s exposure time to indoor environmental pollution such as indoor air pollution.
Figure 2 represents results from a survey in a study that looked at where people spend
most of their time these days. From the figure, people spend 20-30% of their time from 7
am to 5 pm in schools and public buildings, and this shows the importance of providing a
high-quality indoor environment in these places. Additionally, the figures show that
people spend most of their time in residences during the day. In addition, around 40% of

respondents spend time in the office or factory between 7 am and 5 pm.
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Figure 2: Amount of Time Respondents Spend in Each Place. Source: (Klepeis et al.,
2001)
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2.2 Indoor Environment Quality (IEQ)

Indoor Environment Quality (IEQ) involves the situations inside the building (such
as indoor air quality, thermal, visual, and acoustic conditions) and their influence on

people’s well-being and satisfaction (Mujeebu, 2019).

As the green building concept has become more popular to encompass not just the
environment, but also the well-being of the residents, the methods of classifying the IEQ
have expanded as well. To address a concept such as this, ensuring people's health, safety,
and comfort, enhancing their quality of life, and reducing users' chances of having physical
and mental issues inside the buildings are key. A better IEQ can ensure higher productivity
and performance levels since that will make the experience of using and interacting with

the building's indoor environment more professional (Mujeebu, 2019).

2.2.1 International and National Level of IEQ

It seems that air-related issues are the most popular out of all the other issues
(thermal, acoustic, and visual), mainly due to the diverse illnesses caused by polluted
indoor air. To show the size of the indoor air pollution issue here is an example, there are
around 6.5 million people die each year due to indoor and outdoor air pollution. It is
estimated that around 3 million are caused by outdoor air pollution and 3.5 million by
indoor air pollution. The air pollution issue is not only considered health-related but also
a social and economic issue such as a reduction in productivity and performance level as

well as an increase in the absenteeism rate (IEA, 2016).

Based on the data in Figure 3 the World Health Organization (WHO) and the
Institute for Health Metrics and Evaluation (IHME) determined that approximately 7
million and 6.7 million people, respectively, die every year because of indoor and outdoor
air pollution. From these numbers, indoor air pollution is responsible for 3.8 million and
2.3 million based on WHO and IHME respectively. Figure 4 illustrates several studies on
the fatalities caused by air pollution and divides them into two categories, indoors and
outdoors. Based on these studies, the parameter responsible for most of the deaths is
Particulate Matter (PM).


https://doi.org/10.5772/intechopen.83612
https://doi.org/10.5772/intechopen.83612
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Figure 3: Deaths Related to Air Pollution Around the World. Source of Data: (Roser,
2021)

A diverse range of health problems might be caused by poor IEQ. The most known
ones are those related to poor IAQ such as lung cancer, respiratory syndrome, legionnaires’
disease, and many others. An ideal IEQ can improve occupants' health, productivity,
learning, and working performance (Mujeebu, 2019). Today, 14% of healthcare costs are
driven by conditions related to IEQ (Underwriters Laboratories, 2016). The IEQ of a
building affects the productivity of users, according to previous studies. It found that a
comfortable indoor temperature, an adequate ventilation rate, and less indoor pollution
result in a performance increase of 5% to 10%. In addition, there is a 1% decrease in
productivity when dissatisfaction increases by 10% (Olesen, 2018). A meta-analysis
performed in 2005 found that there was a 1% to 3% improvement in productivity for each
additional 10 L/s-person of ventilation, from approximately 6.5 L/s-person up to 65 L/s-
person. Also, when the temperature reaches 30 °C only 91.1% of relative productivity is
observed (Seppanen et al., 2006). A study in the United Kingdom showed that an optimal
IEQ could increase productivity by about 20%. Another study showed that indoor
temperatures between 18 °C and 30 °C could improve performance for certain workplace
tasks such as typing, reading, and learning, while temperatures between 21 °C and 25 °C
could be considered stable for general office productivity. Furthermore, productivity
decreases by 2% when indoor temperatures rise by 1 °C in the range between 25 °C and
30 °C (Al Horr et al., 2017).
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In the UAE, people spend nearly 95% of their time indoors. This is due to the high
outdoor temperatures, dust events, and limited outdoor activities in some areas of the
country (Bani Mfarrej et al., 2020). Nowadays, people have become more curious about
the different factors, effects, and issues related to IEQ. They want to know how to have
better and safer spaces to live in without feeling the pressure of this problem. This is
because people realize the importance of what they face every day inside those buildings
(Funk et al., 2014).

The COVID-19 pandemic, for instance, is affecting most of the world as most
people are working and studying inside buildings, mainly from their houses, which means
many are using their houses (or the small spaces that ensure they are protected from others
and the outside) as shelters, and this exposes them to indoor pollution as some of the indoor

pollutants are is 2 to 5 times higher than the outdoor concentration (US EPA, 2021).

Regarding the effect of occupants’ comfort and performance on energy

consumption, the following examples are gathered from previous studies:

- Based on a study in South Korea, it has been noticed that the occupants with a high
level of perceived control over the thermal environment felt that the summer
temperature is comfortable more than the occupants with low perceived control by
0.9 °C. Also, simulation using EnergyPlus showed that the cooling energy
consumption could be reduced by 9% by increasing the occupants’ perceived level
of control over the thermal environment (Yun, 2018).

- In a study done in the Netherlands in the 1980s of 145 households, it was concluded
that some human factors such as attitudes of residents towards energy based on
prices, environmental concerns, health concerns, and comfort, might impact up to
5% of the variation in consumption (Van Raaij & Verhallen, 1983).

- Based on a study in an Australian educational lecture theatre, comfortable setpoint
temperatures and roof construction might result in a 14.2% and 20% reduction in
operative temperature, respectively. Resulting in fewer thermal discomfort hours
as well as a 43.7% and 41% reduction in energy consumption, respectively
(Alghamdi et al., 2022).
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2.3 IEQ-Related Terms and Aspects

The concept of IEQ has related terms that make it easier for the public to understand
it. These terms are related to the different aspects that shape the IEQ. So, there are various
parameters (including IAQ, thermal, acoustic, and visual) that need to be considered when
studying the IEQ of a building and the related well-being issues. Some of those will be

discussed below in detail.

2.3.1 Sick Building Syndrome (SBS) and Building Related IlIness (BRI)

Sick Building Syndrome can be defined as the matter in which people in a specific
building or space feel unwell or sick due to their exposure to the interior environment. It
can be related to the type of furniture and its toxicity, as well as to materials used inside,
such as paints and lighting, or even to gasses in the indoor air, such as Volatile Organic
Compounds (VOCs). These can cause some simple types of tiredness and fatigue or some
serious diseases. Based on previous studies, designers and engineers must design buildings
in a way to reduce occupants' exposure to indoor toxic chemicals. This is mainly done by
monitoring indoor air and water piping, as well as choosing the most appropriate materials
for the interiors (Horr et al., 2016).

Building Related IlIness is a term that considers all the health effects and disorders
that have a clear link with a specific building or indoor space. Those illnesses are mostly
happening in the skin and respiratory tract since it is easy for IEQ parameters to be in
direct contact with these tissues (Lara, 2022). Four main mechanisms describe how the
factors that cause BRI are induced, and these are immunologic, infectious, toxic, and
irritant. Some of those factors that cause BRI can work through more than one mechanism
(Tran et al., 2020).

12


https://www.sciencedirect.com/science/article/pii/S2212609016300140
https://www.msdmanuals.com/home/lung-and-airway-disorders/environmental-lung-diseases/building-related-illnesses
https://doi.org/10.3390/ijerph17082927

Table 1: Sick Building Syndrome Verses Building Related Iliness (Lara, 2020)

Sick Building Syndrome Building Related IlIness
Both Are - Illnesses associated by buildings due to the indoor environment
parameters.
Main Different - Effects that linked to time spend - Effects can be occurred even
inside the building. outside the space.
- No specific illness or cause can - Symptoms of diagnosable illness
be specified. identified.
Indicators - Occupants complains of - Clinically defined and identifiable
symptoms regarding severe causes.
discomfort. - Complains take long time to
- Unknown cause. recover after leaving the building.

- Complains usually gone or
reduced after leaving the space.

Diseases/lllness | - Headache. - Cough.
- Eye, nose, and throat irritation. - Chest tightness.
- Dry cough. - Fever.
- Drylitchy skin. - Chills.
- Dizziness and nausea. - Muscle aches.
- Difficulty in concentrating. - Legionella infection.
- Fatigue. - Occupational asthma.
- Sensitivity to odors. - Hypersensitivity pneumonitis.

- Inhalational fever.
Causes - Inconvenient ventilation. - Mechanical ventilation systems.

- Indoor and outdoor sources or
chemical contaminants.
- Biological contaminants such as

showers.
Solutions - Remove or modify pollutant - Making sure that all the building
sources. systems and elements that been
- Increasing ventilation rates. used inside the building is safe to
- Air cleaning. use for human health.
- Education and communication - Reduce exposure.
- Treating symptoms.
- Remove the pollution sources.
- Improving ventilation.
Building - 1AQ investigation: HVAC system, possible pollutant pathways and
Investigation contaminants sources.

Procedure

2.3.2 Indoor Air Quality (1IAQ)

According to the United States Environmental Protection Agency (USEPA, 2021),
IAQ refers to “the air quality within and around buildings and structures, especially as it
relates to the health and comfort of building occupants.” The IAQ includes Particles (PM2s
and PMyo), CO., TVOC, Temperature, RH, and other parameters. A favorable IAQ can be
defined as:

- Ensuring adequate ventilation (introduction and distribution of clean indoor air).
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- Controlling contaminants traveling in the air.

- Zero-emission materials (source control).

Giving an example from (Government of Ras Al Khaimah Green Building
Regulations, 2018); ensure a high level of IAQ for building occupants by following these
requirements: All air-conditioned buildings must comply with the minimum ventilation
rates of ASHRAE Standard 62.1-2013: All particular matter filters or air cleansers shall
have a Minimum Reporting Efficiency Rating (MERV) of 6.

The IAQ could be impacted by multiple factors such as indoor activities, ventilation

conditions, as well as the effect of outdoor air on the 1AQ. Figure 4 shows indoor air

pollutants, the sources of these pollutants, and their effects on health.

PM Cooking stoves; fireplaces; smoking; outdoor air Respiratory and cardiovascular illnesses

S0, Cooking stoves; fireplaces; outdoor air Impairment of respiratory function

NO2 Cooking stoves; fireplaces; outdoor air Irritate the lungs and lower resistance to respiratory
infection

CO Cooking stoves; fireplaces; water heater; outdoor air Highly toxic and fatal at a conc. 700 ppm

Ozone Air cleaning device with high voltage; outdoor air Asthma and allergic triggers

VOCs (such as
formaldehyde, turpenes)

Building materials including carpet, plywood (emit
formaldehydel; Paint and solvents; Clothing (after dry
cleaningl (emits tetrachloroethylene, or other dry cleaning
fluids); air fresheners, incense, other scented items; certain
plants {emit turpenes)

Some are carcinogenic; can also trigger the formation
of photochemical oxidants, such as peroxyacyl nitrates
{PAN} and aldehydes, which cause eye irritation

Raden

Biological air pollutants
(gasses and airborne
particulates)

Exuded from earth and rocks such as granite and gneiss in
certain locations with low ventilated air and trapped inside
houses

Pets (dander), hurman {dust from minute skin flakes and
decomposed hair), dust mites (enzymes and prm-sized fecal
droppings), inhabitants {methane), wall and airduct (mold)

Radioactive; leading cause of lung cancer in
non-smokers

Increase risk for people with breathing problems, such
as asthrma sufferers, and with compromised or
underdeveloped immune systems

Figure 4: Indoor Air Pollutants, Sources, and Health Impact. Source: (Leung, 2015)

Indoor air pollution can cause a variety of short- and long-term health problems,
ranging from simple to serious. It is therefore imperative that designers and engineers
ensure early in the design process that the building will provide and contain high-quality
air for its occupants. It is possible to improve 1AQ by increasing the rate of ventilation
inside buildings. As a result, the level of pollution in the indoor air will decrease. Another

method is to reduce the sources of pollution within, inside, and outside of the building. It

14


https://mun.rak.ae/Documents/EER/Barjeel%20-%20Green%20Building%20Regulations.pdf
https://mun.rak.ae/Documents/EER/Barjeel%20-%20Green%20Building%20Regulations.pdf

may be possible to address this issue by providing filters, air cleaners, and other equipment
(Horr et al., 2016).

Table 2 represents some examples of the possible health effects of indoor air

pollution:
Table 2: Health Effects Related to Indoor Air Pollution
Parameters Effects
Particles Particles deposited on the lung surface can induce tissue damage and lung
(PM25 and influence.
PMao) Associated with premature mortality, increased hospital admissions for heart
. or lung causes such as lung cancer, acute and chronic bronchitis, asthma
(Xing et'al., attacks, cough, emergency room visits, respiratory symptoms, and restricted
20?6’ activity days.
Morakinyo et
al., 2016)
CO; - Impairs attention span and academic performance.
. - Increases concentration loss and tiredness.
(Annesi- - Increase the probability of communicable infection, asthmatic symptoms, and
Maesano et absenteeism.
al., 2013)
VOC - Cause dry throat and runny nose or illnesses such as cancer and asthma
] attacks.
(Annesi-
Maesano et
al., 2013)

Poor CO> concentration which is an indicator of the ventilation rate inside a space
that is occupied by people has effects on occupants. For instance, low outdoor air
ventilation rates and thus high indoor concentrations of CO. impair attention span and
cause concentration loss and tiredness. There is evidence that if the ventilation rates were
increased from 5 liters per second for each occupant (L/s-p) to 15 L/s-p it improves the
academic performance of the occupants by 7%. Further, when the CO> levels are around
1000 Parts Per Million (PPM) cognitive performance might be affected. Moreover, higher
rates of communicable infection, asthmatic symptoms, absenteeism, and impaired
academic performance are all linked to high levels of CO2. On the other hand, studies
showed that every reduction in indoor CO> levels by 100 ppm is linked with a relative
reduction in illness absence of students by at least 1.0% to 2.5% (Chatzidiakou, Mumovic,
& Dockrell, 2014). As shown in Figure 5, air containing different amounts of CO- (air 0%,

low 9%, medium 17.5%, and high 35%) affects healthy people in different ways.
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Figure 5: Carbon Dioxide Inhalation Effects on Healthy People. Source: (Colasanti et al.,
2008)

2.3.3 Thermal Environment

According to (ASHRAE Standards 55, 2020), thermal comfort is defined as “that

condition of mind that expresses satisfaction with the thermal environment.”

It is known that thermal comfort is one of the most critical factors that can affect
the productivity of occupants. At the same time, it is very easy to achieve if a specific
procedure is followed. There is a comfort zone for each one, it can be different depending

on age and gender (Horr et al., 2016).

It is imperative to assure comfortable indoor thermal conditions because students
spend each day around 20-30% of their time inside educational buildings (percentage
based on Figure 3), where they need to be productive and hard-working. Thermal comfort
in educational buildings has been closely related to energy saving which has been the focus
for the past few years. The previous studies on the thermal environment in educational
buildings showed that many buildings are not meeting the standards for thermal comfort
(Zomorodian, Tahsildoost, & Hafezi, 2016). A common issue encountered in hot countries
like the UAE is the AC system's high electricity consumption. More than 80% of the total
electricity demand of buildings is required to meet the cooling demand (Aldawoud et al.,
2020). Figure 6 is based on a study of different buildings in the UAE. In all the different
buildings the energy used for the HVAC is the highest. In the classroom building, the
energy used to operate the HVAC system is 62.46% of the total energy consumption.
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Figure 6: Baseline Energy Consumption Distribution by End Use. Source: (Al Amoodi
A. & Azar E., 2018)

In the event that a suitable temperature value is not achieved, it might present health
risks due to the high density of people occupying the same environment or a certain hyper-
sensitivity of students to higher temperatures (Zomorodian et al., 2016). Moreover,
thermal comfort in classrooms needs to be considered carefully because of their high
occupant density, and the adverse effects that uncomfortable or unsatisfactory thermal
environments have on learning performance and outcomes. The quality of the indoor
thermal environment in educational buildings is directly associated with student health and
productivity (Ali & Al-Hashlamun, 2019). In addition, thermal comfort is linked to our
health, well-being, and productivity and it is ranked as one of the biggest contributing
factors influencing overall human satisfaction in buildings. Due to its influence on the
integumentary, endocrine, and respiratory body systems, thermal comfort can impact
multiple health outcomes. For example, exposure to cold air and sudden temperature
changes can cause asthma in adults. Thermal discomfort is also known to play a role in
Sick Building Syndrome symptoms, which will similarly cause decreases in productivity
(WELL Standards, v2).

Some related facts from previous studies:

- In a study of 75,000 New York City students, there was a 0.2% reduction in test
scores for every 1 °F increase in temperature (WORLD GBC, 2018).

- When students felt their classroom ‘was comfortable’ they get 4% more correct
answers in a math test compared to those who were hot, based on surveying more
than 4,000 Finnish students (WORLD GBC, 2018).

- Each 1 °C decrease in classroom temperature showed a 12—13 point increase in
math scores in a study of more than 3,000 US students (WORLD GBC, 2018).

17


https://www.sciencedirect.com/science/article/abs/pii/S1364032116000630
https://www.sciencedirect.com/science/article/pii/S111001681930050X
https://v2.wellcertified.com/v/en/thermal%20comfort
http://www.zdravabudova.cz/files/2018/01/7dd37355be4ff8b74000aaa82079c2e7.pdf
http://www.zdravabudova.cz/files/2018/01/7dd37355be4ff8b74000aaa82079c2e7.pdf
http://www.zdravabudova.cz/files/2018/01/7dd37355be4ff8b74000aaa82079c2e7.pdf

Leading research indicates employees perform 6% and 4% less efficiently when the
office is overheated and cold, respectively (WELL Standards).

In 2016, a study of more than 4,000 Finnish students showed that respiratory
complaints increased when the indoors were "too hot" or "too cold" (WELL
Standards).

Higher humidity levels increased the incidence of Sick Building Syndrome
symptoms in a study of over 1,000 Polish students (WELL Standards).

There is evidence that lower temperatures in the range between 25 °C to 20 °C
enhanced students’ performance by 2% to 4% for every 1 °C reduction
(Chatzidiakou et al., 2014).

According to a study that investigated the effects of indoor thermal environment

and 1AQ on students' health, comfort, and cognitive performance. The following figures

show the relation between users’ performance with air temperatures and with thermal

sensation, both from a previous study that was conducted in London in 2014.

Figure 7 shows the relationship between PMV and PPD. The PMV index is ranging

from (-3) cold to (+3) hot, with (0) being neutral (comfortable). PPD represents the

satisfaction level of the people in a space. When people feel neutral and comfortable (PMV

= 0) the PPD is 0, which means that in the comfort zone, people feel 100% satisfied. On

the other hand, when it is too cold (-3) or too hot (+3), the PPD reaches 100%, meaning

that all the people in this space are not comfortable and unsatisfied.
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Table 3 shows the health effects of different temperatures (too cold and too hot)

and humidity (dry and wet) levels.

Table 3: Ilinesses Related to Different Levels of Temperature and Humidity

(40 or higher)

workers, student
athletes, and

Parameter Level People Affected Effects
Temperature (°C) Too Cold People with Direct Effects: Heart attack,
(4 —8orless) certain diseases. stroke, asthma, respiratory
Newborn babies. disease, influenza, falls and
Outdoor workers injuries, sore throat, and
and homeless. hypothermia.
Indirect Effects: Mental
health and social isolation,
and carbon monoxide
poisoning.
Too Hot Outdoor Heat stroke and dehydration,

cardiovascular, respiratory,
and cerebrovascular disease.

homeless. Increase numbers of deaths

Young children, for diabetes patients.

pregnant women,

older adults, and

people with

certain medical

conditions.

Relative Humidity Too Dry People with Dry eye and skin, sore throat,
(%) (Below 30) breathing and nosebleeds.

illnesses (ex. Asthma symptoms,

asthma). especially spasms.
Fluid that hydrates bronchial
tubes can quickly evaporate;
this can leave airways
vulnerable to irritation.
Symptoms
of bronchitis, sinusitis, and
other respiratory illnesses
can worsen.
Higher stress level.

Too Wet All people. Increases the rate of SBS
(Above 70) symptoms.

Cause mold growth which
causes health issues such as
headache.

Figure 8 - Top shows that when air temperatures are 21 °C and 24 °C, no
performance decrement occurs; however, when the air temperature is too cold (for
example, 15 °C) or too hot (for example, 35 °C), there is a performance decrement of 25%
and 21%, respectively. Figure 8 - Down illustrates that when thermal sensation is

approximately 0, which refers to comfort level, the relative performance percentage is the
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highest (almost 100%). When the sensations are in the too-cold level (-3) or in the too-hot

level (+3), the relative performance percentages are the lowest (around 60%).
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Figure 8: Comparison of the Relationship Between Air Temperatures (Top) and Thermal
Sensation Votes (Down) with Relative Performance Developed in Three Studies in Office
Workers. Source: (Chatzidiakou et al., 2014)

2.3.4 Acoustic Comfort

The concern for acoustic comfort relates to how to protect buildings' occupants
from outside noise, such as traffic noise. It also relates to how to keep inside noises from
transferring from one place to another or to the outside (Horr et al., 2016). Selecting the
right construction materials and following certain standards, can be accomplished.

Moreover, it ensures the acoustic performance and specification of the insulation used for
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the different elements of the building, such as the walls, the roof, and the windows
(Ricciardi & Buratti, 2018).

Noise generally has a negative impact on human health. It can cause irritability and
fatigue in the entire body, especially hearing (Witkowska & Gladyszewwska-Fiedoruk,
2018). In addition, student health and behavior can be negatively affected by poor
acoustics in classrooms. It can stimulate hearing loss, changes in heart rate, higher blood
pressure, higher stress responses, and Attention Deficit Hyperactivity Disorder (ADHD).
Moreover, poor acoustics results in lower student achievement. In Florida, a study of
students at schools with loud HVAC systems had lower achievement rates than students
in quieter classrooms. Students in a UK school located on a flight path misheard one in
four words, affecting language acquisition skills (WORLD GBC, 2018).

Figure 9 shows some of the health effects that occur when people are exposed to
certain noise levels (dB) over a period. It shows that a noise level of less than 60 dB has
no major harm. However, once it reaches 60 decibels, simple symptoms such as stress and

annoyance start to occur.

Noise source Health effects

65dB Stress effects
60dB Annoyance

Figure 9: Examples of Health Effects Related to Noise Exposure. Data Source:
(Schneider et al., 2006)
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2.3.5 Lighting Comfort

In educational buildings, lighting comfort is one of the main factors affecting
occupant productivity, especially where computers or other electronic devices are required
to complete the work. These factors include illumination, glare, reflection, flicker, and
color. Lighting comfort can also have an impact on occupants’ well-being, because it may
cause them some sort of eye discomfort and tiredness which can lead to headaches and

other related vision diseases and issues (Horr et al., 2016).

Lighting results in both positive and negative effects on users in buildings. This is
dependent on how it is used, and the details are taken into consideration when designing
the lighting system for the building. There are multiple ways for lighting to affect the
building's users’ mood, concentration, productivity, and energy. For instance, students in
the US showed a 36% improvement in oral reading fluency when exposed to high-intensity
light, whereas those in regular lighting conditions enhanced by only 16% (WORLD GBC,
2018).

The low average light level (illuminance) in the area could cause slow reading, and
decreased concentration, while the excessive variation of the average light level is related
to reduced visual performance, hyperactivity, and discomfort. To avoid distraction and
contrast a uniform level of illumination should be achieved in the area. Glare and
reflections are strongly correlated with symptoms like headaches, diminished productivity,
eyestrain, and diminished concentration. Furthermore, flicker could cause visual
disturbance, irritation, and discomfort. The last factor of lighting comfort is color. The
color of the light is significant because it plays a major role in the learning environment,
and it could lead to an effective learning environment (Baeza Moyano et al., 2020;
Schweitzer et al., 2004).

Added to that, people's moods and attitudes can be affected by lighting. For
example, daylighting is related to enhancing moods, reducing eyestrain, reducing fatigue,
and improving morale. The “Seasonal Depression” illustrates the relationship between
daylight and the human endocrine system. This depression is caused by the lack of
daylight. In Finland, 10% of the population suffers from seasonal depression, and in the
United States, 6% of the population does (Shishegar & Boubekri, 2016).
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Another term that can be directly related to lighting comfort is Circadian Rhythms,
which refers to “24-hour cycles that are part of the body’s internal clock, running in the
background to carry out essential functions and processes.” The sleep/wake cycle is
considered one of the most significant and well-known circadian rhythms. Various
systems in the human body are regulated by the circadian rhythm that synchronizes with
the brain's primary clock. This clock is directly affected by the environment it is
surrounded by, especially light. This is why circadian rhythms are connected to the cycle
of day and night (Rijo-Ferreira & Takahashi, 2019).

Students' health and academic performance can be adversely affected by poor
lighting in schools, with the level of impact depending on how inadequate the visual
environment is. Poor lighting can affect the sleep/wake cycles of the building’s occupants
and their circadian rhythm. That’s why when designing the lighting for a space the
Circadian Stimulus (which is a metric that was proposed to help achieve healthy buildings
in the field of lighting designs) must be taken into consideration (Baeza Moyano et al.,
2020; Figueiro et al., 2016; Schweitzer et al., 2004).

Figure 10 shows an example of a customized Circadian Stimulus (CS) dosage
schedule, with the x-axis showing different lighting colors (in Kelvin), and the y-axis

representing the intensity (in %).

100 —

70 —
=1 I B e

L e e

Qutput (%)

0 -

5000 K 5000 K 5000 K 3500 K 3500 K 3000 K
8 am 10 am 12 pm 2pm 4 pm 6 pm
CS 0.3 0.3 0.3 0.2 0.2 0.15
H 400 400 400 350 350 300
280 280 280 245 245 210

v

Figure 10: An Example of Customized CS Dosage Schedules. (EH) Horizontal Lux
amount, (CS) Circadian Stimulus, and (EV) Vertical Lux. Source: (Figueiro et al., 2016)
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High levels of electric lighting have been found to have psychological and
physiological effects. Higher alertness and physiological arousal, as well as better
performance, faster response times, and enhanced accuracy under high illuminance (1000
lux) compared with low illuminance (200 lux) white (4000 K color temperature) lighting
in non-daylit workplaces. Increased daily light exposure by office workers led to improved
sleep quality at night. Light exposures over 1000 and 2500 lux improved sleep quality,
implying that bright light is beneficial for circadian entrainment (Baeza et al., 2020;
Figueiro, 2017; Figueiro et al., 2016; Schweitzer et al., 2004).

Light is known to be the primary factor affecting the human sleep-wake cycle and
other physiological rhythms. The biological effects of light are measured by the equivalent
melanopic lux. This is measured at the vertical level of the occupants. The EML can be
calculated using the following formula (Visual IHluminance (Lux) X Melanopic Ratio),
where Melanopic Ratio is the ratio of melanopic response that helps control circadian
rhythms. Later, this can be converted to Circadian Light (CLA), comparable to
conventional photopic illuminance. The values of CLA can be used to determine the
Circadian Stimulus (CS). The main difference between measuring lux and menapolic lux
is that the illuminance lux is how well an area is illuminated. It could be written as one
lumen per square meter. In contrast, melanopic lux is the biological effect of light on
people (WELL Standards, 2020).

Melanopic Light Intensity in Learning Areas must meet one of the following
requirements (WELL Standards, 2020):

- Models of light (including daylight): On the vertical plane facing forward (1.2 m)
above the finished floor, 75% of desks or more should have at least 125 equivalent
melanopic lux which equals 215 visual lux. This should at least be present for 4
hours a day for each day of the year.

- Ambient lights supply preserved illuminance on the vertical plane of equivalent
melanopic lux equal to or greater than the lux recommendations, taking the age

group category most suitable for the people serviced by the school.
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Table 4 summarizes some of the issues that can affect people's well-being if the

IEQ parameters are not at the comfort level.

Table 4: Issues Related to Indoor Environment Quality Parameters

IEQ Parameters Issues if Not Achieved
Thermal Comfort | - Thermal-related factors influence the heat transfer from the body to the
(Temperature environment, that’s why maintaining those factors in the comfort zones is
and Relative required growth (EPA, 2014).
Humidity) - Based on Energy Protection Agency the indoor RH percentage should be

maintained between (30 and 60) to reduce mold growth (US EPA, 2022).

- Uniformity of temperature is important to comfort (EPA, 2014).

I1AQ - Poor IAQ could cause several of non-specific symptoms (not clearly defined
illness). (EPA, 2014) Some of the main effects are:

- Headache and Fatigue.

- Shortness of breath.

- Sinus congestion.

- Cough and Sneezing.

- Eye, nose, and throat irritation.

- Skin irritation.

- Dizziness and Nausea.

Acoustic - Loud or inescapable sounds could cause stress, high blood pressure, heart

Comfort disease, and sleep disturbances. Sometimes it might also cause impairments
in memory, attention level, and reading skills (Jafari et al., 2019; Munzel et
al., 2014).

- Sounds that exceeded 85 decibels might harm a person’s ears. The most
known health problem related to noise pollution is Noise Induced Hearing
Loss (NIHL) (NIDCD, 2022).

Visual Comfort | - Poor indoor lighting could affect human health mentally and physically.
Physical illness such as eye strain, headaches, and fatigue. While mental
illnesses such as stress and anxiety. (Ticleanu, 2021; Osibona et al., 2021).

- Lack of the natural lighting inside the buildings has a negative effect on the
mind and body, and might lead to conditions like Seasonal Affective
Disorder (SAD) (Brown & Jacobs, 2011).

Furthermore, the different IEQ parameters and conditions may have a wide range
of effects on human health and well-being ranging from simple to dangerous illnesses, and
from short-term to long-term symptoms. These physical and mental effects will lead to a

decrease in the performance and productivity levels of building occupants.

2.4 IEQ-Related Terms and Aspects

To study the IEQ and its impacts on the occupants’ comfort and well-being,
different types of research and experiments have been carried out. Surveys and interviews
have been conducted to study the satisfaction of the buildings' users. Also, to compare the
perception of occupants with the real conditions, a monitoring experiment was conducted

for thermal, IAQ, acoustic, and visual comfort. This was done by using special sensors to
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collect data in specific locations and then analyze the results. In the design stage, a
simulation using specific programs and BIM tools can be used to avoid any complaints
from the occupants after the building is occupied and operated. In addition, some
researchers look at previous works and then make connections to sustainable building
standards and regulations to see where the standards align well with well-being and where

there are conflicts.

Depending on the study type, purpose, and main objective, the methods varied.
Some choose to work with quantitative methods, others with qualitative methods, and even

there are studies that use a mix of the two types of methods.

There are many different studies happening in this area of study in different types
of buildings and different countries. Most studies that have been found are outside the
UAE. As the study is focusing on IEQ, the difference in climate will not have a huge effect
on the study. But one of the few effects of the climate is that the weather is hotter in the
UAE. This means people will spend even more time than in colder places, as well as more

use of mechanical systems for ventilation.

(Appendix A) shows a summary of several global and local case studies done
previously using different methods to measure the different parameters of the indoor

environment. The analysis of these studies concludes the following:

- Most of the studies showed issues related to indoor temperature and daylight, for
instance, according to the Triantis et al. Study, 64% of the users rated the indoor
temperature as warm or hot. In addition, 28% were not pleased with the air
temperature (Triantis, Bougiatioti & Oikonomou, 2006). Regarding the lighting
issues, in one of the studies, the lighting level is slightly low (251 lux) which is
below the Malaysian standard (300-500 lux) (Sulaiman et al., 2013).

- The other clear issue in most of the studies was IAQ. For example, in a study, 73%
of users found the 1AQ to be unacceptable or barely acceptable (Triantis et al.,
2006).

- Most of the studies showed good noise and acoustic levels and the users felt neutral
or comfortable regarding this parameter. Only a few studies showed some issues

with the acoustic environment such as Lee et al. study concluded that sound
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pressure was higher than the background noise level in all teaching rooms (Lee et
al., 2012). In one of the studies, it has been found that the sound intensity is 76.4
dB, which is higher than the Malaysian standards (50-70 dB) (Sulaiman et al.,
2013).

In some of the studies such as Lee et al., the users’ complaints have a comparable
impact on learning performance and there is a good and clear correlation between
learning performance and the number of complaints (Lee et al., 2012). In Wang &
Zamri’s study, all IEQ parameters and overall satisfaction are significantly
correlated with the occupants’ study/work performance. The thermal and acoustic
quality were the main parameters that contribute to the overall study/work
performance (Wang & Zamri, 2013).

Another important point from the studied previous research is that there is a clear
relationship between the Green Building Rating Systems (GBRS) and the
occupants’ comfort and well-being. However, green buildings are not always
guaranteed high occupants’ comfort and well-being. There could be conflicts
between the building's performance (such as energy efficiency) and the occupants’
comfort and well-being. Moreover, the plan layout, the geometry of the building,

and the materials used can affect the IEQ and occupants’ comfort.

Table 5 gives a summary of the most used methods in previous studies, and the

purpose of using each one.
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Table 5: Used Methods in Previous Studies.

Method Used

Purpose and Parameters

The Process

Literature Review

- Gathering information about the
different parameters of the
indoor environment (thermal,
acoustic, visual, etc.).

- Searching the available
standards, codes, and
regulations (LEED, WELL
Standard, ESTIDAMA).

Search will be depending on the
year of publication, journal’s
reputation, and top-cited papers.

Physical
Measurements

- Using special devices to
examine the indoor
environment, such as the CO;
level, IAQ, acoustic (dB), visual
(lux), and temperature (°C).

Placing the devices in the place that
is examined, then record all the
readings.

Interviews

- Occupants’ perception of the
indoor environment and the
level of comfort they feel it.

Gathering information from
occupants, then arrange it based on
the issue or indoor environment-
related parameter. Some researchers
do coding using multiple categories
to organize the information.

Questionnaires /

- Collecting data about certain

Write the form of the

space.

Surveys things, such as the overall questionnaire/survey, and make
percentage satisfaction of the sure to first put personal questions
indoor environment. information (age, gender, etc.).

- The average comfort level about After that let a considerable number
each  indoor  environment of building’s users to fill in the
parameter (thermal, acoustic, questions. Analyze the findings and
visual, air quality, etc.). conclusions.

Simulation - Evaluate different settings for Do a model of the space in one of

the software, then change one
parameter (window size, window
location, lights arrangement, etc.),
after that calculate the new
recording to space and see the
difference depending on the type of
change.

2.5 1EQ Issues in Green Building Rating Systems (GBRSs)

Currently, sustainability is one of the most important topics in the world. This is
because people desire a healthier environment to live in. Since buildings are one of the
most significant factors that affect humans and the environment locally, regionally,
nationally, and globally, the focus becomes more intense on them. So, the UAE's
government began importing and publishing some building regulations and standards.
These building regulations and standards will be safer for their users and have less of a
negative impact on the environment. A rating system was introduced in 1990 by Building
Research Establishment Environmental Assessment Method (BREEAM) in the UK, then

followed by others in different years and countries. The rating systems were initially
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focused mainly on environmental and economic aspects, but then they were improved to
consider human health and well-being. Currently, there are standards and regulations that
only instruct designers and engineers on how to make better living spaces and areas. Here

is a brief description of some of the rating systems in use in the UAE.

2.5.1 ESTIDAMA

ESTIDAMA means sustainability in Arabic. Abu Dhabi created this rating system
to achieve sustainable urbanization by balancing the four pillars of sustainability:
environmental, economic, cultural, and social. In an era in which the built environment is
changing rapidly, ESTIDAMA focuses on reducing the use of resources, making sure the
building has fewer negative impacts on the environment, improving the quality of life for
people, and finally saving energy and water. All of these will help in providing a
comfortable, healthy, and happy life for the occupants (ESTIDAMA).

2.5.2 LEED

LEED stands for Leadership in Energy and Environmental Design. Buildings have
a huge impact on the planet and people's health and well-being. This is because they
consume many resources, generate a lot of waste during construction and operation, and
cost too much to maintain and operate. Buildings with LEED will result in improved
design, construction, and operation, resulting in improved health and productivity for
users, resulting in less waste and negative impacts on the environment, and resulting in a
reduction of the building's life cycle cost. It is available for different types of buildings, so
it contains specific criteria for the different types. LEED consists of several categories
such as sustainable sites, energy efficiency and atmosphere, water efficiency, innovation,
and operations, IEQ, waste reduction for resources and materials, and awareness and
education. A LEED-certified building provides a healthier and safer indoor environment
for its occupants. LEED has different rating systems so that designers and engineers can
choose the most appropriate one for their project types. It has levels depending on the
points that have been achieved starting with certified, then silver, gold, and platinum
(LEED).
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2.5.3 WELL Standards

The Standard aims at enhancing people's health and well-being in buildings, and it
lists many criteria for creating a healthy interior with a high IEQ. Its mission is to improve
human health and well-being through the spaces that it has created for the community. It
has ten aspects related to air, water, light, thermal comfort, sound, materials, movement,
mind, community, and nourishment. It is important for buildings to be healthy, productive,
and enjoyable places for people to live, work, rest, and enjoy their time. WELL standards
offer steps to improve the interiors and exteriors of these buildings. The information
contained in the WELL standards is the result of a great deal of research and
experimentation in this field. The WELL standard has three levels, which are silver, gold,
and platinum. Buildings will be measured for all the points covered by the standard, and
then a certificate will be issued (WELL Standards).

2.5.4 ASHRAE

The American Society of Heating, Refrigerating and Air-Conditioning Engineers
iIs an American professional association seeking to advance heating, ventilation, air
conditioning, and refrigeration systems design and construction. Their vision is to build
healthy and sustainable spaces for the people to serve them and ensure a high-quality life
for everyone (ASHRAE).

2.5.5 BREEAM

BREEAM states for the Building Research Establishment Environmental
Assessment Method. It was established in 1990 in the United Kingdom, and it is a
voluntary GBRS. Its main role is to assess the buildings’ environmental performance over
a wide range of issues to achieve a rating of either pass, good, very good, excellent, or
outstanding. The main criteria for this GBRS are the following: energy and water use,
health and wellbeing, pollution, transport, materials, waste, ecology, and management
processes. The health and wellbeing category contributes to a user's comfort, health, and
safety. This category includes visual comfort, air quality, acoustic performance, etc.
(BEEARM).
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Table 6 compares the most used systems in UAE focusing on the different IEQ

parameters such as thermal, IAQ, lighting, and acoustic.

Table 6: Comparison Between the Four GBRSs

ESTIDAMA LEED WELL Standards ASHRAE
Thermal - Ventilation Thermal Comfort. Thermal Elevated air speed
Environment Exceeds Use of efficient air Performance. comfort zoon.
minimum conditioning. Enhanced Operative
requirements Controllability  of Thermal temperature.
by 15%. systems - thermal. Performance. Metabolic rate.
comfort. Thermal Zoning. Clothing
Thermal comfort Individual insulation.
design. Thermal Control. Air temperature.
Thermal comfort Radiant Thermal Radiant
verification. Comfort. temperature.
Thermal Comfort Humidity.
Monitoring.
Humidity Control.
Indoor Air | - CO; sensors at Pre: Minimum 1AQ Fundamental Air Air quality
Quality all return Performance. Quality. standards: carbon
points. Pre: Environmental Smoke Free monoxide, lead,
Tobacco Smoke Environment. nitrogen dioxide,
Control. Ventilation 0zone, particle
IAQ Management Effectiveness pollution, and
Program. Construction sulfur dioxide.
Enhanced 1AQ Pollution Air tightness.
Strategies. Management. Inadequate
Enhanced Air ventilation rates.
Quality. Ineffective
Enhanced filtration and air
Ventilation. cleaning.
Operable Moisture in
Windows. building
Air Quiality assemblies.
Monitoring  and Moisture and dirt
Awareness. in ventilation
Pollution systems.
Infiltration Indoor
Management. contaminant
Combustion sources.
Minimization. Contaminants
Source Separation. from indoor
Air Filtration. equipment  and
Active VvOC activities.
Control.
Microbe and Mold
Control.
Acoustic - Indoor  noise Sound transmission. Sound Mapping. Sound tests
Comfort pollution. Background noise. Maximum Noise (diffusers and
Sound isolation. Levels. grills).
Room noise. Sound Barriers. Terminal unit
Acoustical finishes. Sound Absorption. testing.

Site exterior noise.
HVAC noise.
Exterior noise.
Reverberation time.

Sound Masking.
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Table 6: Comparison Between the Four GBRSs (Continued)

ESTIDAMA LEED WELL Standards ASHRAE
Visual - Daylight and Interior Lighting. Light  Exposure | - Daylight metrics:
Comfort glare. Daylighting  and and Education. Daylight
Quality Views. Visual  Lighting autonomy (DA),
Use of natural Design. Continuous DA,
light. Circadian Spatial DA,
Light pollution Lighting Design. Annual Sun
reduction. Glare Control. Exposure (ASE),
Controllability of Enhanced and Useful
systems - lighting. Daylight Access. Daylight
Visual Balance. Illuminance
Electrical  Light (uDl).
Quality. - Glare metrics:
Occupant Control Daylight  Glare
of Lighting Probability (DGP)
Environment. and Annual
Daylight  Glare
Probability
(Annual DGP).

2.6 Standards Based on the Previous GBRSs

Here are the standards for the relevant parameters based on the GBRS mentioned
above in Table 7. In Chapter 3 (Methodology) and Chapter 4 (Results and Discussion),
this table will be summarized and used to explain if the gathered data from the monitoring

experiments are acceptable or not based on the thresholds.
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Table 7: IEQ's Parameters Standards in the Mentioned GBRS.

IEQ’s Parameters

ESTIDAMA

LEED

WELL

Temperature (°C)

Depending on
ASHRAE 62.1 2007
(21 or 25)
Depending on
ASHRAE 55-2004:
the temperature must
be (19-29)

Depending on
ASHRAE 62.1 2016
(25)

Depending on
ASHRAE 90.1 2016
(26-32)

Depending on
ASHRAE 55-2013
(20-25)

Relative Humidity (%)

Depending on
ASHRAE 62.1 2007
section 4.2
(Occupied space RH
shall be limited to 65
or less)

Depending on
ASHRAE 62.1 2016
(Occupied space RH
shall be limited to
(65 or less)

(30 - 60)

**CO; (PPM)
ASHRAE recommends
indoor CO;, levels not
exceed the outdoor
concentration by more

The CO; level must
not be allowed to
exceed (1000),
different from
outdoor

Depending on
ASHRAE 62.1 2016:
No greater than
about (700)

Less than 800,
different from
outdoor
concentration by 600

ASHRAE 62.1 2007
(50)

ASHRAE 62.1 2016
(50)

than about 600 ppm. concentration by 650
PM2;5 (ng/m3) Depending on Depending on Less than 15
ASHRAE 62.1 2007 ASHRAE 62.1 2016
(15) (12-15)
PMyo (ug/m®) Depending on Depending on Less than 50

Acoustic Environment —
Noise Level (dB)

Demonstrate that
internal ambient
noise levels do not
exceed 50 in the area
to be occupied.

All spaces within the
school must be
designed to meet the
requirements laid out
in Building Bulletin
93 (35-40)

Depending on ANSI
Standard S12.60-
2002: (35-40)

Using Standard
S12.60-2002,
maximum
background noise
level in classrooms
and other primary
learning spaces of 45

For Classrooms (35-
60)

Visual Environment
(Lux)

Demonstrate a
minimum daylight
illuminance of 300
on the working plane

Depending on
ASHRAE 90.1 2016:
For classrooms
LPD=1.2 w/m?,
using 300-500

Depending on EN
12464-1: 2011
(Classrooms 300)

**A previous study conducted in one of the UAE University buildings over a period
of one year (2019), focused on the energy gap by examining the building to determine the
source of the discrepancy with dynamic energy performance. The CO: levels are within

the comfort and safe ranges based on WELL Building Standard recommendations (Kim et

al., 2020).
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2.7 Summary of Chapter

Several aspects of Indoor Environment Quality (IEQ) were discussed in this
chapter. The chapter began by mentioning the importance of studying IEQ based on
international issues such as climate change and COVID-19, and how these issues affect
the amount of time people spend in buildings. Going from there to the related issues of the
indoor environment such as Sick Building Syndrome (SBS), Building-Related IlInesses
(BRI), and how those can impact buildings users. Moving on to the Green Building Rating
Systems (GBRS) and the way they affect the social category of the buildings that are

related to occupants’ comfort and well-being.

The chapter takes readers through a clear and detailed explanation of the IEQ
meaning, the related parameters such as thermal, IAQ, lighting, and acoustic, and each
parameter-related impact on human comfort and health. And to support the previously
written information, various worldwide studies that focus on different building types and
different methodologies were studied in detail in Appendix A and a summary of the table

is written in this chapter.

After reading previous literature reviews and various journal articles, it became
apparent that the aspects of the IEQ that will affect the occupant's comfort and well-being
need to be studied and considered at the design stage of the building to avoid problems
when the building is occupied and operated, and to avoid additional costs to fix the issues
related to the user complaint. Additionally, sustainability cannot be achieved by
considering environmental and economic aspects alone; the building needs to consider
social health and well-being. Lastly, it has been concluded that making people satisfied is
not as easy as it sounds, since they have different personalities and different needs. In
general, however, an effort to provide high IEQ that protects occupants' comfort and well-

being is possible and can have positive results.
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Chapter 3: Methodology

3.1 Overview of Research Methodology

In general, the research methodology can be defined as “the systematic approach to
resolve research issues or a specific problem”. Research methodology determines how the
research will be conducted scientifically. Research methodology involves a well-
structured procedure for describing, explaining, and predicting a phenomenon, in addition
to laying out a clear method for reaching a conclusion on a specific topic within the study.
Another term that is directly connected to research methodology is research methods,
which can be defined as "the various procedures, schemes, and algorithms used during
research”. When planning for a research methodology it is critical to consider the most
appropriate method for the study or topic, the efficiency of the selected method/s, and the
results’ accuracy (Rajasekar et al., 2006). Research methodology is a significant step in
the research process. This is because it shows the level of confidence in the author's ideas
and goals, as well as an appropriate understanding of the selected topic. A well-planned
research methodology helps to explain research and results in a better way for people,
which will lead to more efficient use and benefit of research results in future studies. There
are a variety of research methods that can be used separately or together to achieve a
successful study. These methods include literature review, case study, survey or
questionnaire including interviews, laboratory including monitoring experiments, and

dynamic simulations using various types of software.

3.2 Overview of the Research and the Selected Methods

To plan a proper research methodology and to select the most appropriate methods
it is first necessary to limit the topic to a specific area by writing a main research question
and objectives and doing a comprehensive literature review in the same study area to learn
from previous studies and see what the most used methods in this topic are. By doing this,

the research process will be clearer.

Three different methods were used to explore the IEQ of a university building: the
online survey, monitoring experiments, and dynamic simulation. The online survey

focused on the students’ satisfaction level and perception of the different parameters, such
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as indoor temperature, RH, air movement, IAQ, and lighting. In the monitoring
experiment, two devices were used to gather data about temperature, relative humidity,
PM2s, PM1o, CO2, TVOC, and lighting intensity. They then compare that data to GBRSs
to get an overall picture of the IEQ in the selected classrooms. Taking the information
from the previous two methods, simulation scenarios were prepared. The scenarios
focused on the issues that have been identified and relate to classroom layouts and desk
directions, daylighting and artificial lighting zones, as well as indoor temperature. These
scenarios were explored using software to see the change and the reduction in energy
consumption. Furthermore, some of these changes may improve students' comfort, such

as their circadian rhythm.

In this study, three different methods were used to gather data and collect
information. The variety of methods helps in finding a relation between the actual values
from monitoring experiments and the occupants’ perceptions from the online survey. This
gives a more comprehensive understanding of the IEQ of the case study building.
While the simulation method reflected the possible changes using different scenarios, and
their percentage of improvement in energy consumption. Figure 11 summarizes the

research process.

- Phase 1: A literature review (information gathering by doing a background study
using different online resources such as journals and books to get general ideas
from previous research and their findings, results, and solutions to improve the
issues of IEQ. This step was needed to build a clear research question and
methodology.

- Phase 2: Online Surveying.

- Phase 3: Monitoring Experiments (for thermal, IAQ, and lighting).

- Phase 4: Simulation (for total energy consumption).

- Phase 5: Results and discussion (analyzing and discussing the results and relating
them to each other to find the relationship between what users feel and the data
from experiments). Also, discussing in detail how the different selected scenarios

helped in reducing energy consumption using the simulation findings.
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Figure 11: Research Procedure with Four Main Methods

3.2.1 Survey Methodology

The survey/questionnaire can be a subjective study (qualitative) such as interviews,
or an objective study (quantitative) such as gathering data using a written form of different
questions. The most suitable type should be chosen by considering what will assist in
achieving this research and how it will assist in achieving it. Before selecting a survey
form or writing one, try to think of the main reason for doing the survey. Consider the

focus of the questions, as well as the desired results.

The survey should be planned in detail, and to do this the following procedure could

help:

- The objective of the survey: What to include and what to exclude.
- The frame of the survey: What is the limit of the needed data?
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- The sampling design: Searching the available tools that can help in this study,
looking for some examples of surveys done before in this area of research such as
Building Use Studies (BUS) and European Audit.

- The design of the survey questionnaire: What are the groups of questions and how
many parts the questionnaire should have, what type of questions to ask and what
to avoid, and how to organize the full questionnaire?

- Data collection: How data will be collected from participants (for example, using a
form or online link).

- Analyzing the gathered data: Summarization of the answers using numbers or
percentages.

- Documentation: Write a detailed discussion about the collected data and the main

findings.

3.2.2 Monitoring Experiments Methodology

In monitoring experiments, the research objective should define a case study
building (or a specific sample that is to be analyzed) and then choose suitable ways to
conduct the field study, for example, placing sensors in the case study to gather
measurements and values that may be useful to the goal of the study. Observing the case
study and collecting actual data can help in explaining the main topic in a better way to
people since it uses an example. People who are unfamiliar with the research area can gain
a clearer understanding of the phenomenon through observation and close-up study of the

case study.

3.2.3 Simulation Methodology

Dynamic simulations could aid in understanding an assumption or idea better by
displaying percentages and numbers, along with images and graphs. Also, it helps in
showing various scenarios of the same case study at the same time, which can give a
comparison between pre- and post-changes, and between different scenarios at the same
time. A dynamic simulation can be carried out using one or more software programs that

were made for the purpose.
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3.3 Data Gathering

This research used an online survey and monitoring experiments to collect data on
students' satisfaction and the building's current state, respectively. As a result of these
findings, a simulation was used to see how some simple changes in the IEQ of the
classroom, especially temperature, lighting, and layout, affect occupant satisfaction and
energy consumption. The following sections give details about the methods and explain

how each method is being applied in this research.

3.3.1 Survey Study

A survey was conducted using (QuestionPro) to gather information on how
occupants perceive IEQ and the level of satisfaction with each parameter and the overall
IEQ. When comparing the results of the monitoring experiments with the results of the
questionnaire, it is vital to know if the occupants feel the IEQ or if their feelings do not
represent the actual state of the IEQ. It targeted students who studied in the buildings and
had experience in them; there were 217 respondents to the survey. The survey started in
April 2021 and closed in August 2021. This questionnaire was based on (TOBUS)
software, an interactive decision aid tool for building retrofit studies. The questionnaire is
from (The Indoor Environment Handbook: How to Make Buildings Healthy and
Comfortable) (Bluyssen, 2015).

The survey aimed at understanding students’ feelings about the buildings’
classrooms by using different groups of questions that focused on different areas related
to comfort and satisfaction level. Figure 12 shows the questionnaire’s main parts with

examples of the scales used and the parameters in focus.
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.

Figure 12: Questionnaire' Main Parts

Figure 13 shows some examples of the questions from different parts of the online
questionnaire that was made using QuestionPro software. The whole questionnaire is
shown in (Appendix B).
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* 39. Comments/Suggestions:
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<]

Figure 13: Questionnaire Screenshots from QuestionPro Software. Full Questionnaire is
in Appendix B

The final step of the survey is the analysis of the results. So, after getting all the

answers from the questionnaire, first, each section of the questionnaire was analyzed and
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discussed in detail with some graphs, tables, and words. For example, pie charts are used
in Chapter 4 to show the percentage of satisfied people and unsatisfied people for each of
the main IEQ parameters (thermal, 1AQ, and lighting). A summary and a general
conclusion are written to summarize and describe the main findings of the case study. This
is later used to see the relation between what people feel and what the monitoring

experiments find.

3.3.2 Monitoring Experiments Study

Monitoring experiments are a valuable tool for studying the current state of the IEQ

of the building since it provides values for each of the studied parameters.

It should be noted that the case study building and classrooms were mostly
unoccupied during the monitoring experiments due to the COVID-19 pandemic. And it
could impact some records, especially artificial lighting. But in general, the building was
operated on its normal schedule, so all the systems such as the HVAC system are working

based on the everyday schedule of the building.

These experiments are divided into sections based on the type of the measured

parameters, which are thermal-related, |AQ-related, and lighting-related.

After doing all the experiments and collecting all the readings, each parameter will
be evaluated on its own based on the range used to evaluate the comfort level Table 7 in
Chapter 2. Tables and charts were drawn to show the relationship between the gathered
results and the standards. This makes it easier to identify the difference between the

standards that were set as comfort levels and the actual situation of the building.

Table 8 outlines the monitoring devices and their specifications where they have

been used as part of this research to gather data and to evaluate the level of IEQ.
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Table 8:

Details of the Monitoring Experiments for this Study

Thermal and IAQ Experiments

Lighting Experiments

Device Used

Air Mentor

Multi-Function Environment Meter

Device’ General

- Dimension: 106 x 115 x 44.5 mm

Measures RH as %, temperature in

Information (HXWxD), and weight 205.5 g. °C or °F, sound levels in dB, and
- Input Power: Micro USB 5V/1A. light levels in Lux.
- Battery: 3.7 V, 1500 mAh. All results are clearly displayed on
- Communication; BT 4.0 Low the large LCD.
Energy (Bluetooth Smart). Simple to operate with individual
- Operation Temp: 5 —40 °C. probes for each measurement
- Temperature Sensor Range: 0 ~ 80 parameter.
°C. has a data hold and max hold
- Humidity Sensor Range: 0 ~ 100 switch plus a low battery
%. indication and it auto powers off to
- PMgys Sensor Range: 0 ~ 300 save batteries.
pg/m3. Ideal for health and safety and
PMio Sensor Range: 0 ~ 300 environmental testing
pg/m3. measurements in the offices,
- TVOC Sensor Range: 125 ~ 3500 factories, workshops, councils,
PPB. industrial units, and all sporting
- CO; Sensor Range: 400 ~ 2000 events.
PPM.
Considered - Indoor air parameters: Illuminance: Thresholds 300-500

Parameters and
Their Thresholds

Based on (Table 8 -

- PMas: Thresholds < 15 pg/m3.
- PMyg: Thresholds < 50 pg/m3.
- COgy: Thresholds < 1000 ppm.

- TVOC: Thresholds < 312 ppb.

lux.

Chapter 2) - Thermal parameters:
- Temperature: Thresholds 21-25
°C.
- Humidity: Thresholds 30-65 %.
When It Done - In 2 periods: Each classroom in different day:
- From (Monday 15/02/2021) until 0034: Sunday 21/02/2021.
(Thursday 15/04/2021). 0021: Sunday 25/04/2021.
- From (Sunday 18/04/2021) until 1012: Wednesday 28/04/2021.
(Thursday 29/04/2021). 1015: Monday 19/04/2021.
1036: Tuesday 27/04/2021.
1037: Wednesday 21/04/2021.
Time Interval - Workdays From 8 am until 4 pm For every classroom 3 readings in
every 15 minutes, then taking the 1 day at 9 am, 12 noon, and 3 pm.
average for each hour.
Examined - First time: 0031, 0032, 0033, and 0021.
Classroom 0034. 0034.
- Second time: 2 students sitting 1012.
areas, 0006, 0021, 0034, 1015, 1015.
1037, and 1059. 1036.
1037.
Conditions - No specific conditions. 4 conditions:

Blinds open and lights on.
Blinds open and lights off.
Blinds closed and lights on.
Blinds closed and lights off.

Device’ Location

- 1 device per classroom was fixed
on table and connected to app in
iPad.

1 device used for all the
classrooms, located on tables
based on classrooms’ layout.
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Figure 14 shows the locations of the monitoring devices to monitor the IEQ for one
of the selected classrooms. Room (0021) is located on the ground floor. Light bulbs are
represented by green squares with (F2), and intersections between 4 light bulbs are
represented by red circles. The sensor was placed at these intersections (not directly under
the lights) and on the desk. The arrangement of tables in classrooms (how students sit) is
also considered. Regarding the thermal and 1AQ experiments the AirMentor device was
fixed on the back of the classroom (blue square) and the readings were collected on the

iPad using an app.
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-] [-] &[] [-]

R O & —
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== © =

OENNORC OEEED

® [ 1 o Legend |
Air Mentor Place
-] [-] -] e glntersection of Every 4 Lights
] ' I -] Light Bulbs

Figure 14: Classroom 0021 (Ground Floor)

Analyzing the data is the last step in monitoring experiments. Analyzing the
gathered data clearly and scientifically is critical to draw meaningful conclusions from the
research. So, for temperature, humidity, and IAQ factors (PM2.5, PM1o, CO>, and TVOC)
results were used to draw graphs using Excel software to show where the results fall

below/above thresholds and where they stay in the comfort level.

Below are the lighting results represented by the plans of the selected classrooms
and the different colors of the lux levels to display where reading conditions were

comfortable (300 to 500 lux) and where they were not. Also, for lighting calculation, the
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Equivalent Melanopic Lux (EML) will be calculated with the following formula (EML =
Visual Lux (L) X Melanopic Ratio (R)) to find if the circadian stimulus is at the average
level that is required for a proper circadian rhythm. Figure 15-a represents the Melanopic
Ratio (R) for the different light sources. In this case, the used type is the fluorescent type
with 4000 K CCT. Figure 15-b shows the design recommendations for the various spaces

(the recommendation for the learning area is used here and it is 125 lux or more).

Melanopic Ratio by Light Source
CCT (K) Light Source Ratio
2700 LED 0.45
3000 Fluorescent 0.45
2800 Incandescent 0.54
4000  Fluorescent 0.58
4000 LED 0.76
5450 CIE E (Equal Energy) 1.00
6500  Fluorescent 1.02
6500 Daylight 1.10
7500  Fluorescent 111
a * Source: WELL Building Standard

Design Recommendations

Some recommendations shown in Feature 54 of WELL Building Standard are listed as followings. Equivalent Melanopic
Lux is measured on the vertical plane.

Work Areas 250 Equivalent Melanopic Lux or more for at least 4 hours per day for every day of the year
RIS 2R ™ K more than 50 Equivalent Melanopic Lux
Breakrooms 250 Equivalent Melanopic Lux or more

b | earning Areas 125 Equivalent Melanopic Lux or more

Figure 15: WELL Building Standards Recommendations for Lighting Factors

3.3.3 Simulation Study

Simulation is useful in showing how IEQ and user comfort may affect energy
consumption inside classrooms. DesignBuilder software is used to build simulation
models that evaluate the effect of reducing energy consumption. These models evaluate
the effect of changing classroom layouts, adjusting room temperature targets, redesigning

electric lighting zones, and adding interior windows.



3.3.3.1 About DesignBuilder Software

The simulation was done with DesignBuilder software version 6.2 which targets an
internal version of EnergyPlus that has an extended data definition file to allow a surface
of up to 330 vertices, shading surfaces of up to 33 vertices, and up to 400 zones in compact
HVAC systems. Using DesignBuilder, users can simulate energy consumption,
daylighting, CFD, cost, and carbon using heating and cooling designs. Also, it enables the
user to get a visualization of the building (https://designbuilder.co.uk/software/for-

architects).

DesignBuilder software has the latest ASHRAE worldwide weather data and
locations (4429 data sets) and contains 1258 EnergyPlus hourly weather files. This
software makes it easy for engineers to quantify performance accurately in the fastest way
possible. DesignBuilder comprises a core 3-D modeler and 11 modules that work together
to provide in-depth analysis for any building. EnergyPlus' most established and advanced
user interface is DesignBuilder. It also provides access to all the most required simulation
capabilities covering building fabric, thermal mass, glazing, shading, renewables, HVAC,
and financial analysis (https://designbuilder.co.uk/35-support/tutorials/96-designbuilder-

online-learning-materials).

3.3.3.2 Simulation Model and Input Data

DesignBuilder software users must enter the main details for the building, such as
weather data, and north direction, and then draw the building, adding different details such
as construction details (such as glazing types, door types, walls, floors, and roof layers),
electrical details (such as lighting types and their distributions), and mechanical details
(such as AC type). In addition, the type of building and the activity in each zone. Table 10
- Section 3.4 contains the information needed to build the model in the software. Figure
16 shows the model created using DesignBuilder software with details of classroom 0034.
The input data in DesignBuilder software for the building activity, construction details,

lighting, HVAC, and other details are presented in Appendix C.
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Figure 16: 3D Model and Classroom 0034 Created in DesignBuilder Software

3.3.3.3 Simulation Scenarios and Analysis

Several models were done using this software. These models show the difference
in energy consumption between the original state of the building and the other suggested
situations or improvements. Different classrooms in different orientations were selected to
examine. The first model is the current state of the building. Then, other models were
created by making some changes to improve the building's layout, lighting, and thermal
conditions. Table 9 provides an explanation of the different scenarios created in the
simulation. All the scenarios were built to compare the pre-and post-states of the building
to determine the impact on the total energy consumption. The total energy consumption
for each scenario was calculated by the software. All the calculated data was gathered in
a graph to clearly show the improvements and differences between all the scenarios. This

graph also showed how much each scenario affected the total energy consumption.

Each scenario was created due to a specific finding from either the online survey,

monitoring experiments, or both. So, the following points explain clearly how or why each
scenario is included in this research:

Scenario A (Internal target temperature change): Due to the monitoring
experiments, most of the classrooms have a very low temperature (below comfort
level — below 24 °C). In addition, based on the online survey students complain
about the cold indoors. So, when the classrooms’ internal temperature is raised to

the comfort level (24 °C), the occupants’ satisfaction and comfort level increase,
and the energy needed for the air conditioning is reduced.
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Scenario B (Classroom desk layout change): Based on studying the buildings’
classrooms, most of the classrooms' desks and blackboard direction were
perpendicular to the windows which causes issues such as glare and reflections on
the screens. Furthermore, the layout of the students' desks made it possible for half
of them to use natural lighting. By making the desks parallel and closer to the
windows, two issues related to glare and reflection of screens, and the use of natural
lighting inside the classroom could be reduced.

Scenario C (Create lighting zoning): Currently, the lighting in the classroom can be
controlled in 2 zones (the panel in Table 11), which results in high energy
consumption due to the limited control over the artificial lighting, but this could be
drastically reduced by creating 3 zones to control the artificial lighting in the
classroom.

Scenario D (Open window through the corridor and lighting zoning): As some
classes have a corridor that is lined with a curtain wall (full of natural lighting),
opening a window with a specific window-to-wall ratio will increase the amount of
natural lighting in the classroom; when this method is combined with the lighting
zoning method, it is now possible to have most of the classrooms (around 70%)
depend on natural lighting in the morning hours, thereby reducing the demand for
artificial lighting.

Scenario E (Combine scenarios A, C, and D): Using all the previously described
scenarios together, a noticeable amount of energy is being saved through simple

strategies and wisely utilized areas.



Table 9: The Detailed Scenarios for Simulation Part

Scenario Parameters to change Consideration
Scenario A: From Below 24 °C to 26 °C Cooling energy consumption
Internal target temperature and user thermal comfort
change improvement.
Scenario B: Bring the desks near the Increasing daylight inside

Classroom desk layout change

window and facing parallel to
sunshine to avoid
glare/reflection

classroom, reduce lighting
energy consumption, and
improve lighting comfort.

Scenario C:
Create lighting zoning (Control
for each row of luminaires)

(Current lighting control
divided into 2 zones)

Areas, where daylight can
reach, will need less artificial
lighting during the daytime (9

am and 12 pm)

Reducing lighting energy
consumption.

Scenario D:
Open window through the
corridor and lighting zoning

Increase amount of daylight
inside and change the desk
directions to be parallel with
daylighting.

The increase of daylight and
desk directions help in saving
energy and affect lighting
comfort.

Scenario E:
Combine scenario A, C, and D

The combination of all changes

Improvement on energy
consumption and users’ thermal

and lighting comfort.

3.4 Case Study Building

The case-studied building is the C6 Building (College of Engineering, Food and
Agriculture, and Science Building). This study focuses mostly on classrooms that are used
by students during the day (8 am to 5 pm). The number of selected areas for the thermal
and IAQ experiments was 9 classrooms and 2 student sitting areas. For the lighting
experiments, 6 classrooms were studied each in a different orientation of the building. The
building is located on the female side of the UAE University in Al Ain, UAE. It is a three-
story building (the ground floor and the first floors are mostly classrooms and computer
labs, while the second floor is offices). The building's shape looks like a triangle with an
open courtyard in the middle. The building is covered with lots of glass and has an
additional layer of glass on the windows and curtain walls from the outside for extra
shading. In addition, it is surrounded by some trees and other shading objects as well.
Figure 17 shows the building’s shape and images from the outside, while Figure 18 shows
images from the inside and the classrooms that were studied. Table 10 shows some details

and images for materials, electrical and mechanical systems.
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Figure 17: Female Faculty of Engineering, Science, Food and Agriculture [C6 Building],
Female Side, UAEU, Al Ain, UAE

Ground Floor

Figure 18: C6 Bding’s Ground and First Floors Plans with Images from Indoor
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Figure 19 shows the building’s electricity consumption (kWh) for three years
(2019, 2020, and 2021).

- In 2019, all classes were held offline (Face-to-Face).
- In 2020, the first half of the year were offline classes (Face-to-Face), and the other
half were online classes due to the start of the COVID-19 pandemic.

- In the year 2021, all the classes were online.

Among the other years, 2019 had the largest electricity consumption (more than
1,200,000 kWh), while in the year 2020, the amount of electricity used decreased (less
than 1,000,000 kWh) when half of the year was online, and in the year 2021 the electricity
consumption was the most minimal (about 800,000 kWh). And since all the other systems
such as HVAC were working normally except for the lighting, it is likely that the lighting
affected most of this decrease. It is then clear why it was beneficial and worthwhile to
study the lighting in the classrooms by creating different scenarios for simulation. This is
to minimize the use of artificial lighting. The lighting system has an impact on the total
electricity consumption of the building. Therefore, this study was worthwhile. Appropriate

lighting can help reduce the building's electricity consumption.

C6 Electricity Consumption

CONSUMPTION { KWW H)

2019 2020 2021

[= o5 1247878 858175 B13873

Figure 19: Summary of the Case Study Building Electricity Consumption, 2019-2021.
Source: (Khadamat Facility Management)
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3.5 Limitations of Study

There were several barriers, most of which related to the COVID-19 pandemic,
which resulted in some changes in the overall study, especially in the case study buildings.
After that, the face-to-face interviews and survey were changed into an online survey due
to the small number of students coming to the university. Additionally, the number of
devices was reduced to only two. This is because the use of other sensors was supposed to
be done during class time with the full number of students inside the classroom. Also, the
acoustic parameter was excluded from the experiments since the building wasn’t 100%

occupied.
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Chapter 4: Results and Discussion

Chapter 4 presents the details, results, and discussion of all the used methods to
accomplish this research. And as explained in Chapter 3, there are two main methods
(online questionnaire and monitoring experiments) and a supportive method (simulation),
the results and discussion chapter were designed to have three sections, and each one of
the main sections presents one method with sub-sections to explain in full details all the
different parts and divisions of the method. These methods are related to one another to
see the connection between occupants’ perception and the actual state of the buildings, it
Is important to see the connection because the monitoring experiments give support to the

survey findings, which makes the whole study clearer and more understandable.

4.1 Overview of the Survey

The online questionnaire was distributed among building users from April 2021 to
August 2021, which is part of the spring and summer seasons in the UAE, so the weather
ranges from warm to hot. The respondents were mainly students, and the total number of
participants was 217. The COVID-19 condition has prevented students from attending the
university every day and made it hard for students to remember the indoor environmental
condition of the case study building. So, it affected the total number of participants in the

survey.

The questionnaire focused on the level of satisfaction with the different IEQ
parameters and the perception of the comfort and well-being of the students. The
participants are all female students (since the building is on the female side of the campus)
and under 25 years old (the age ranges of 15-20 (43%) and 21-25 (57%)).

Based on the response, provides a better understanding of the current state of the
IEQ for the case study building and which indoor environmental parameters affect
occupants’ comfort. And the findings provide which indoor environmental parameters

need to adjust to improve the IEQ.

The detailed questionnaire is presented in Appendix B. The following sub-sections

show the results from the online surveying and the summary of each part of the survey.
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Part 1. The results show that most students are satisfied with the overall IEQ.
However, there is a small percentage of unsatisfaction that can be related to some
indoor issues, such as 9% felt bad about the overall IEQ this percentage might be
related to the other IEQ parameters such as thermal comfort since there is 12% of
students who felt bad about it, and this could be related to the cold indoor
temperature. Another IEQ parameter that got 15% of bad responses is the IAQ, and
it might be related to some feeling of dry and study air inside the classrooms.

Part 2: The results show that students are annoyed by dry and stuffy air, also low
temperatures during the summer, especially students who sit under the AC
diffusers. The annoyance of the low indoor temperature during the summer season
is understandable because in UAE the outdoor temperatures during the summer can
reach up to 49 °C, so when people suddenly get into a cold building, they feel
uncomfortable, and some may get some illness symptoms such as headache or
heavy breathing. Regarding the level of the lighting, students complain about too
much artificial lighting, and a lack of daylight, and this is due to the classrooms’
layout that makes the use of natural lighting beneficial only for parts of the
classroom while the other parts should depend on the artificial lighting.

Part 3: Shows that students mostly felt neutral about the IEQ parameters, but there
are a few complaints about some factors such as the indoor temperature (around
40% think that the temperature is leaning toward cool), this might feel
uncomfortable for some of the students especially at summer season because the
outdoor temperature is very high and if the indoor temperature is low then a sudden
feeling of temperature changing might occurs. This section also presents the
students’ preferences for some of the IEQ parameters.

Part 4: Shows some students have symptoms related to SBS symptoms such as dry
eyes, and skin, runny nose, headache, and tiredness, these might be related to some
of the IEQ parameters. But this part cannot give 100% data on the related SBS,
because it needed a deep study of students’ health and observation of them during
their time spent inside the classrooms.

Part 5: This last part collected some of the students’ preferences and see their ideas

about improving the IEQ of the classrooms. Some of the most repeated suggestions



were the classrooms’ layout (students prefer the screen and tables to be parallel to
the window to factors such as glare and reflection). Another one was about adding
an air diffuser and humidifier inside the classroom to improve the 1AQ. There are
more suggestions such as removing the carpet to decrease the indoor smell and dust

that come from it.

More detailed analysis and discussion are presented in related sub-sections. The
results that are presented in the tables are only the ones related to the temperature, RH,
lighting, and 1AQ. All the other parameters such as noise and odor/smell, get neglected in
this research since in the part of monitoring experiments the focus was only on
temperature, lighting, and 1AQ since the building is almost empty and parameters such as

noise cannot be studied.

4.1.1 Part 1 Survey Results

The first part of the questionnaire focused on the overall IEQ and the general level

of satisfaction of each main IEQ parameter in the case study building.

Table 11: Part 1 of the Questionnaire

Parameters Very Unsatisfied Neutral (%) Satisfied (%) Very Satisfied
Unsatisfied (%) (%)
(%)
Thermal 1.84 10.14 44.24 35.48 8.29
Comfort
Indoor Air 3.69 11.52 36.87 37.79 10.14
Quality
Visual Comfort 3.69 6.91 42.86 35.48 11.06
Overall Indoor 2.76 6.45 34.56 41.01 15.21
Environment

From Table 11, people seem to feel neutral about most parameters (thermal comfort
44.24%, and visual comfort 42.86%), and some lean toward satisfaction level (IAQ
37.79%). And the overall satisfaction of the IEQ seems to be ranging between neutral
(34.56%) and satisfaction (41.01%). Later, these answers were compared to the results
from the monitoring experiments to see if the occupants’ perception meets the actual

situation of the building.
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4.1.2 Part 2 Survey Results

The second part tried to see the factors that make the students annoyed or
uncomfortable inside the classrooms with some details such as When this mostly happens?

Where does this happen? Why does this happen? What are the causes?

Table 12: Part 2 of the Questionnaire

Parameters Q. How Often Do You Feel Annoyed by The Followings?
Often (%) Regularly (%) Sometimes (%) Never (%)
Dry Air 16.59 23.5 40.55 19.35
Stuffy Air 15.67 29.49 35.02 19.82
Too Cold 13.82 19.35 50.23 16.59
Temperatures
Cold Feet 14.29 24.42 36.87 24.42
Warm Surface 9.22 19.35 39.63 31.8
During
Summertime Where? (%)
- (6.21 Ceiling)
- (35.86 Windows)
- (20.34 Walls Facing Outdoor)
- (10.69 Walls Facing Indoor)
- (20.69 Floor)
- (6.21 Other such as Chairs and Tables)
Temperature 11.98 28.11 36.87 23.04
Changes Through
the Day
Too Much or Too 13.36 18.43 39.17 29.03
Strong Artificial
Light
Insufficient or Too 5.99 1751 39.63 36.87
Little Natural
Light
Reflections or 8.29 10.6 51.15 29.95
Glare

From Table 12, students were mostly annoyed by variables related to temperature,
and some were annoyed with air quality. 50.23% of the students sometimes feel cold
mostly in the winter season, meaning the indoor temperature needs to adjust to recommend
temperature for students to feel comfortable. Sometimes 40.55% of students feel that the
indoor air is dry and 35.02% feel stuffy indoor air, so based on these the air quality needs
to be checked inside when the classrooms are fully occupied to see if there is a need to add

an amount of air to reduce these issues and it shows that the classroom would need to
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install a humidifier with the mechanical ventilation system. For lighting factors, glare and
reflection sometimes make the students uncomfortable. Sometimes 39.17% (or 40%) of
students complain that there is too much/too strong lighting in their classrooms, and
48.84% (or 50%) of them blame artificial lighting. When it comes to reflections and glare,
51.15% feel sometimes annoyed, and among this percentage, 58.82% feel it is because of

the windows.

4.1.3 Part 3 Survey Results

The third part asked how the students feel about each factor such as (temperature,

RH, air, etc.) and what are the preferences of these factors (change or stay the same).

Table 13: Part 3 of the Questionnaire

Parameters -2 (%) -1 (%) 0 (%) 1 (%) 2 (%)
Temperature 16.59 40.09 35.94 6.45 0.92
Cold Cool Neutral Warm Hot
Relative 2.3 21.2 66.82 8.29 1.38
Humidity Very Dry Dry Neutral Humid Very Humid
Relative 1.38 12.44 74.19 11.52 0.46
Humidity Much Drier Drier No Change More Humid Much More
Preference Humid
Air Movement 3.69 235 59.91 11.52 1.38
Very Weak Weak Neutral Strong Very Strong
Air Stuffiness 3.69 17.05 57.14 19.82 2.3
Very Stuffy Stuffy Neutral Fresh Very Fresh
Dust in Air 1.84 6.91 54.84 30.41 5.99
Very Dusty Dusty Neutral Clean Very Clean
Light Level 0.46 5.99 64.52 26.73 2.3
Very Dark Dark Neutral Bright Very Bright
Glare 1.84 9.68 64.98 19.35 4.15
Too much Glare Neutral Little Glare No Glare at All
Glare
Daylight 2.3 17.97 40.09 35.02 4.61
No Daylight Little Daylight Neutral Satisfied Very Satisfied

As Table 13 shows, people's perceptions and preferences of the indoors are
different from one to another, for example, 44.7% prefer the temperature to be cooler while
17.51% prefer it to be warmer, this shows two main things; the first one is that designing
the indoors needs a detailed study about the occupants (genders, age ranges, etc.) and the
building type to specify the type of works that will be done inside. Secondly, the
importance of having controllers inside the classrooms so that people can change them

based on their preferences. The table also concludes that students do have not much of

61



complaints about relative humidity and 74.19% prefer to keep it as it is. The air movement
answers are varying, and this can be due to the used type of AC inside the classrooms
(linear shape — 2 inlets and 2 outlets) Figure 22 shows examples of three classrooms (1 as
a 2D plan and 2 as images), which make students who set under it feel colder, drier, and
annoyed more about air movement while the rest of the students can feel comfortable or
opposite. The results also show that the students feel good about the IAQ. Due to glare
issues by the orientation of classroom layouts and windows, the blinds and the electrical
lighting are always on to improve the lighting comfort, even it has enough daylight (sub-
heading 4.2.3 shows the level of daylights in the selected classrooms from 9 am to 3 pm,
the average of the data near the windows (half of the classroom) for the classrooms 0021
and 1037 in Figure 20 are 426 lux and 665 lux respectively). These impact the energy
consumption in the building and health issues for the students such as circadian rhythm.
The dependence in the daytime must be on daylighting because the amount of natural light
that enters the classrooms can light up at least half of the classroom (rows near the

windows).

Classroom 0006 - Ground Floor

Supply Air Duct

Classroom 1037 ~ First Floor

Supply Duct

Return Duct

Figure 20: Showing the Supply and Return Air Ducts in Three Classrooms
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4.1.4 Part 4 Survey Results

The fourth part of the survey asked about the symptoms of SBSs from the case
study building. Based on the literature review, these symptoms can be related to some of
the IEQ’s parameters as shown in Table 14, but to know exactly if the occurrence of these
symptoms was caused by the indoor environment, then a deep study considering the

occupants’ health state should be done.

Table 14: Part 4 of the Questionnaire

Parameters Q. If You Are at The Classrooms for Long Time, Do You Experience
Any of These Symptoms? Parameters
Often (%) Regularly (%) Sometimes (%) Never (%)

Dry Eyes 11.06 13.36 33.64 41.94 RH
Watering Eyes 4.61 17.51 20.74 57.14 RH, Dust
Blocked Nose 5.07 15.21 29.49 50.23 Temperature

Runny Nose 5.99 15.21 41.01 37.79 Direct air
movement,
Temperature,
TVOC
Dry Throat 6.91 12.44 35.94 44.7 RH, TVOC
Irritated Throat 4.61 6.45 29.49 59.45 COg,
Temperature
Chest Tightness 4.61 11.52 26.27 57.6 CO,, PM
Dry Skin 9.22 13.82 38.71 38.25 Low RH, Air
movement
Irritated Skin 5.07 9.68 24.42 60.83 TVOC, PM
Headache 14.29 21.2 41.47 23.04 Poor IAQ (such
as COy), Poor
lighting quality,
high RH
Tiredness 15.21 22.58 45.62 16.59 Poor 1AQ (such
as COy), poor
lighting

Based on Table 14, some health issues such as runny nose, dry skin, headache, and
tiredness are reported sometimes with percentages of 41.01%, 38.71%, 41.47%, and
45.62% respectively. A Runny nose could happen when students sit directly under the air
conditions. Dry skin issues could be related to a lower level of RH and air movement
which would be happened like a runny nose issue. A headache could happen when the

IAQ is bad, poor lighting quality, and the relative humidity is too high (above 70% - too
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wet). Lastly, tiredness can be related to poor IAQ and poor lighting. There are not many
complaints about students’ health issues. Another thing these illnesses could also be
related to the person itself, so to know exactly about the BRI that happens to the students
because of the building itself a deep study of the students’ health needs to be done. In
addition, there are psychological health issues that can happen when the IEQ is poor such
as stress and anxiety, but it needs a professional in this area of study to evaluate these types

of health issues.

4.1.5 Part 5 Survey Results

Finally, the participants were asked to write some suggestions to make the

classrooms’ IEQ better for them. Some of the answers were:

- Changing the classroom layout (such as the boards shouldn’t face the windows to
reduce the glare).

- Adding air diffusers and air humidifiers is related to air quality preference.

- Change the AC type, this is mainly because of the air distribution inside the
classroom.

- Increase the daylight instead of the artificial lights, increase the number of windows
or their sizes and make them operable to enter fresh air from outside, change the

glass type, and re-distribute the artificial lights.

4.1.6 Summary of Survey

To summarize the findings of the survey Figure 21 is shown below and the IEQ’
parameters’ issues are explained. Figure 21 is divided the data of each parameter between
good, neutral, and bad to show the general thought of students about each parameter. The
summary results indicate that 12% of the students feel bad about thermal comfort, 15%
about 1AQ, 11% about visual comfort, and about 9% of the students feel bad about the

overall IEQ.
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Thermal Comfort Indoor Air Quality Visual Comfort  Overall Indoor Environment

Figure 21: Summary of the Satisfaction Level of Each Parameter

Based on the percentage shown in Figure 21, the following points are an

explanation of the related issues with the overall bad percentage:

- Thermal comfort: 12% of the students felt bad about thermal comfort due to the
cold temperatures, and the change in temperatures throughout the day Figure 21. It
is also related to the AC type in the classrooms (the strip type) which make the air
distribution inside the classroom not even which causes different feeling among the
students (some feel cold, and others feel warm).

- IAQ: 15% of the students feel bad about the IAQ because of the dry air and stuffy
air feeling inside the classrooms, that is why some of the students also recommend
having air diffusers and air humidifiers inside the classrooms.

- Visual: 11% of the students feel bad about visual comfort and this is because of the
overuse of artificial lighting and the less use of natural lighting, also students feel
that there are reflections and glare on the screens, and it is mainly from the window.

- Others and Overall IEQ: 9% of the students that feel bad about the overall IEQ are
related to some factors such as the classrooms’ layout (the placing of the furniture

and its directions).

4.2 Overview of the Monitoring Data

The monitoring experiments were done using two main devices, which are Air
Mentor Pro and Multi-Function Environment Meter. Table 15 shows the standards that are

considered as a baseline to analyze the results.
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Table 15: The Different IEQ Parameters Based on Standards

IEQ’s Parameters Standards
Temperature (°C) - Based on ASHRAE 55 2007: 24 - 26
Relative Humidity | - Based on ASHRAE 55 2007 section 4.2: 30 — 60
0,
COZ((;)PM) - Based on ESTIDAMA: Must not exceed 1000

PM3s (ug/md) - Based on ASHRAE 62.1 2007: 15 or less

PM* (ug/m®) - Based on ASHRAE 62.1 2007: 50 or less

TVOC (PPB) - Based on WELL Standards: 312 or lower
Light Level (Lux) |- Based On ESTIDAMA: A minimum illuminance of 300

- Based on ASHRAE 90.1 2016: 300 — 500

Several devices (of the Air Mentor) were placed in different classrooms across the
building based on considering orientation and activities (classroom), these are shown in
Figure 22. The gathered data were taken from 8:00 am till 4:00 pm. The Air Mentor
devices helped in collecting data about the Particles (PM.2s and PM1o), Carbon Dioxide
(CO»), the Total Volatile Organic Compound (TVOC), Temperature, and humidity. The
data that gathered by Air Mentor are presented in sections 4.2.1 and 4.2.2. While the data
was gathered using the Multi-Function Meter represented in section 4.2.3 which is the

lighting lux.

It is important to say that all those measurements were done at a time the building
was almost empty due to COVID-19 Pandemic. However, except for lighting and acoustic,
the operating systems of the case study building such as HVAC operated the same as

before the pandemic.

Based on the monitoring data, the indoor temperature and lighting operation have
noticeable issues. For example, a lower indoor temperature than recommended
temperature leads to too much energy waste to maintain the lower indoor temperature. Not
wisely operating the daylights and artificial lights leads to a waste of lighting energy. In
addition, some classrooms have glare and reflection issues such as desk layout and room
orientation especially, east oriented classrooms. It seems these classrooms would be better
to change the desk layout to parallel to daylighting to avoid glare and reflection and to

improve lighting comfort and artificial lighting usage. Problems found in monitoring are
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consistent with problems found in user surveys. Examples include low room temperature

and the use of too much artificial light and too little natural light.

The survey and monitoring findings were reflected to create the simulation

scenarios to improve energy consumption and user comfort as can be seen in Section 4.3.

| i g W 1087~

Ground Floor 1 & First Floor

Figure 22: Selected Classrooms on the Ground and First Floors, C6 Building

4.2.1 Thermal Comfort Monitoring Results

The gathered data on the temperature shows that most of the time the classrooms
are cold (under 24 °C) with a percentage of 93.3 for the whole gathered data, which means
there is a need to increase the indoor temperature to be inside the comfort zone (24 — 26
°C), it is also better to consider that these data were taken during the warm season which
means that the outdoor temperature is high (above the 30 °C) and if the difference between
the indoor and outdoor temperature is so high then this could affect occupants’ comfort
and health. Based on Chapter 2, some of the main health issues related to this are
headaches, tiredness, heavy breathing, and nose and eye irritations. While the data related
to the relative humidity shows that there is a little issue regarding the RH, only 0.253 of
the readings are below the minimum standard (30%) and 0.676% above the maximum
(65%), this gives a total of 0.929% of data out of the comfort zone for RH. The following

sub-sections show detailed data for temperature and relative humidity.
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4.2.1.1 Temperature

Figure 23 shows the results for Temperature in °C in all selected classrooms. The
area between the red lines in the graph is the comfort zone based on the standard (from
ASHRAE) and all the points outside this area mean they are not matching the standard

requirements. Standards-based on (Table 15 - Section 4.2).
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Figure 23: Hourly-Based Temperature Data

As seen in Figure 23, there are several readings under the comfort level (24 — 26
°C) for temperature, and those are mainly in the early mornings, the lowest readings were
17 °C in room 1015 and 17.4 °C in room 0033, followed by 19.2 °C in room 0032 and
room 0034, 19.3 °C in room 0034, and 19.8 °C in room 0033. None of the readings for
above the comfort level for the temperature. Table 16 gives a summary of the readings
that are not in the comfort zones. Based on the table, the repetition percentage is 93.3%,

which means the indoor temperature has issues.

68



Table 16: Temperature Readings Above/Below the Standards Summary

Classroom No Temperature Average Remarks
Temperature °C
Below (%) Within (%) Above (%)
0006 100 0 0 19.02
0021 100 0 0 20.36
0032 56.25 43.75 0 23.45
0033 100 0 0 21.16
Total number of
0034 100 0 0 20.95 readings = 1162
Total below
0035 100 0 0 22.19 average = 1103
1015 100 0 0 18.56 Percentage of
total below
1037 98.67 1.33 0 22.26 average = 93.3
1059 100 0 0 20.13
S.S.A1 100 0 0 21.79
S.S.A.2 88.57 11.43 0 22.86

4.2.1.2 Relative Humidity

Figure 24 shows the results for Relative Humidity for all the selected classrooms.
The two red lines in the graph show the maximum and the minimum preferred values
based on the standard (from ASHRAE and WEL Standards) and all the points below or

above these lines are not matching the standard requirements. Standards-based on (Table

15 - Section 4.2).
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Figure 24: Hourly-Based Relative Humidity Data

As seen in Figure 24, For the relative humidity, there were only three readings
below the standard and that was 29% all in room 1037, there are also 53 readings above
the standards, and the highest readings were 83% in room 0033 followed by 76% in room
0032. Table 17 gives a summary of the readings that are not in the comfort zones. Based
on the table, the repetition average is low (4.733%), which means there are not many issues
related to the RH.
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Table 17: Relative Humidity Readings Above/Below the Standards Summary

Classroom No Relative Humidity Average Relative Remarks
Humidity %
Below (%) Within (%) Above (%)
0032 0 98.75 0.625 47.19
0033 0 93.60 1.16 52.20
Total number of
0034 0 90.28 0.57 53.19 readings = 1182
0035 0 97.15 0.56 49.63 Total below
average =3
0006 0 95.89 1.86 49.29
Percentage of
total below
1015 0 81.42 2.85 51.77 average = 0.253
1037 4 94.66 0 41.55 Total above
average =53
0021 0 98.70 0 45.03
Percentage of
1059 0 100 0 48.76 total above
average = 4.48
S.S.A. 1 0 100 0 44.68
S.S.A.2 0 100 0 42.56

4.2.2 1AQ Monitoring Results

The gathered data shows that in general the IAQ is good for the building’s users,
the few issues that were noticed are mostly related to particles. But again, the readings
were taken during the COVID-19 pandemic which means classrooms are empty, so there
could be more issues if the classrooms were full of students. For example, if the classrooms
were full then this could increase the number of indoor air issues since the students might
carry some things that can cause an increase in particles and CO- levels such as perfumes
or any personal care products. Also, students might bring more dust inside the classrooms
by their shoes and that will cause an increase in the percentage of students who feel
sometimes annoyed by stuffy air (35.02% as Table 13) and those who feel that the air

inside the classrooms contains some dust (8.75% as Table 14). The following sub-sections

show the detailed data for IAQ factors.
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4.2.2.1 PM2s and PM1o Monitoring Results

Figure 25 a and b show the results for particles (PM2s and PM1o) for all selected
classrooms. The red line in the graphs shows the standard (from ASHRAE) and all the

points above it mean they exceed the standard requirements. Standards-based on (Table
15 - Section 4.2).
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Figure 25: Hourly-Based Data For (a) PM2.5. (b) PM10

From Figure 25, there are a few issues with particles (PM2s and PMyo) in
classrooms 0033 and 0035 as well as in the students’ sitting areas. For PM2s, the highest
results were 274 and 237 both in classroom 0033. For PM1o, the highest results were 1416
and 1072 both in classroom 0033. Table 18 shows the repetition percentage of the reading
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above the standards. Based on the table, the percentage of repetition is not bad (1.94% and
1.01%) for PM2.s and PMyo respectively.

Table 18: PM2s and PM1o Readings Above the Standards Summary

Classroom No PM25 (15 pug/md or less) Average PM3s Remarks
pg/m®
Above (%)
0006 1.36 4.96
Total number of
0033 1.16 6.43 readings =1182
0035 5.11 777 Total above
average = 23
S.S.A 1 7.69 7.69 Percentage of
total above
S.S.A.2 8.57 8.74 average = 1.94
Classroom No PM10 (50 pg/m?® or less) Average PMyp Remarks
ug/m?
Above (%)
0033 1.74 18.98 Total number of
readings = 1182
0035 2.84 10.65
Total above
S.S.A. 1 1.53 9.42 average =12
S.S.A.2 4.28 10.47 Percentage of

total above
average = 1.01

4.2.2.2 CO2 Monitoring Results

Figure 26 show the results for CO> in the selected classrooms. Red lines in the
graph show the standard (from ESTIDAMA and WELL Standards). Standards-based on

(Table 15 - Section 4.2).
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Figure 26: Hourly-Based CO, Data

Based on Figure 26, The CO2 seems to be good everywhere all under the maximum

allowed values by WELL Standards 800 ppm and ESTIDAMA 1000 ppm.

4.2.2.3 TVOC Monitoring Results

Figure 27 show the results for TVOC in all the selected classrooms. The red line in

the graph shows the standard (from WELL Standards). Standards-based on (Table 15 -

Section 4.2).
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Based on Figure 27, The TVOC is good except for three readings, the highest one
was 1331 in classroom 1059. (Table 19) shows the repetition percentage of the reading
above the standards. As from the table, the percentage of the readings that exceed the
standard is only 0.25% which means the overall TVOC inside the classrooms is within the
limit.

Table 19: TVOC Readings Above the Standards Summary

Classroom No TVOC (312 ppb or less) Remarks

Above (%)

1037 1.33 - Total number of
readings = 1182
1059 1.44
Total above average
S.S.A.2 1.42 =3

Percentage of total
above average =
0.25

4.2.3 Lighting Comfort Monitoring Results

For lighting comfort monitoring experiments, the Multi-Function Environment
Meter was used. The classrooms that were selected are in different orientations and floors
of the building. The measurements for each classroom were taken four times, each time
by changing a variable that affects the indoor visual comfort; (1) blinds open and lights
on, (2) blinds open and lights off, (3) blinds closed and lights on, and (4) blinds closed and
lights off. These different situations helped in concluding if the natural lighting is enough,
or if it is used well, as well as helped in seeing if the layout of the classrooms is good or
needs to be changed. Under normal operation in most classrooms the blinds are usually
closed to avoid the glare and reflection on the screens, so for that, there is not enough
daylight can pass through the blinds which means that there is usually a need for artificial
lighting even in the daytime when there could be enough daylight. In addition of that, the
artificial lighting zoning inside the classrooms is divided into two zones (columns moving
from the window to the front of the classrooms), which makes it hard to control the

artificial lighting wisely in a way that the rows beside the windows turned off and the one
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far away from the window turned on. Figure 28 shows the selected classrooms for
conducting the lighting monitoring experiments.
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Figure 28: Selected Classrooms on the Ground and First Floors

As mentioned in Table 15 in Section 4.2, the lighting level for classrooms based on
ESTIDAMA should not be less than 300 lux, and based on ASHRAE 90.1 2016 should be
between 300 and 500 Lux. Following is the lux level shown in colors based, the “light

green color” means the light level is in the comfort range (300 — 500 Lux).

In each of the classrooms, the device was placed based on the classrooms’ layouts
(students' tables). The readings for each classroom were taken at three different times (9
am, 12 noon, and 3 pm). At each time there were four different situations related to blinds

(open/close) and lights (on/off). From previous literature it is best to have:

- 0.3 circadian stimulus which is equal to (500-600 lux) in the morning, wakes the
human body and makes students more active.

- 0.2 circadian stimulus which is equal to (400 lux) in the afternoon, to comfort the
human body and let it be in the comfort level of activeness.

- 0.1 circadian stimulus which is (less than 300 lux) in the evening/night, to prepare
the body for nighttime to sleep well.
To calculate the Circadian Stimulus (CS) the following information from Chapter

3 is used, Equivalent Melanopic Lux (EML) = Visual Lux (L) X Melanopic Ratio (R). The

melanopic ratio for the fluorescent light sources is 0.58 (CCT = 4000 K for a neutral white
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color). And the recommended EML for the learning area is 125 lux or more. If the visual

lux is calculated based on these recommended and given values, then it is supposed to be

215 lux or more. Table 20 below shows a summary of the selected classrooms for lighting

and the main findings.

Table 20: Summary of the Main Findings of Lighting Experiments

Classroom Orientation Glass Details Daylighting
0034 Ground Floor Windows in the east | There is enough amount of daylight for almost half
(East) facing outside of the classroom in daytime.
0021 Ground Floor Windows in the The last rows of students’ tables have enough
(North) north facing outside daylight from morning until 3 pm.
1012 First Floor Windows in the east The classroom doesn’t have enough daylight to
(Middle) facing glazed depend on.
corridor
1015 First Floor Windows in the west Two columns of students’ tables can depend on
(West) facing outside daylight from morning until 12 noon.
1036 First Floor Windows in the High amount of daylight (in some areas more than
(Middle) south facing the standard) from morning until 3 pm.
courtyard
1037 First Floor Windows in the Three rows of students’ tables have enough daylight
(North) north facing outside from morning until 3 pm. In some areas it is more
than standard.

More detailed readings for all the selected classrooms are shown in the following

figures.

Starting with classroom 0034 (Architectural Engineering Design Studio), the class

plan is shown in Figure 29. The classrooms area is in the East south direction from the

outer side of the building.
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can depend on daylighting from 9 am till 12 pm, while at 3 pm it is hard to do so. But at
noon and evening (3 pm), some readings exceed 400 lux (0.2 CS) and 300 lux (0.1 CS)
respectively, which means it might be not comfortable for occupants’ circadian rhythm.
In the case of (blinds open and lights on), the readings are too high during all day long,

which mean the students' body will stay too active in the afternoon and evening and this
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Figure 29: Classroom 0034 Layout (Ground Floor)

might lead to stress or inability to sleep well at night.
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From Figure 30 when the (blinds are open and lights are off) almost half of the rows
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Figure 30: Lighting Levels Measurements for Classroom 0034 (Ground Floor)
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Blinds Open And Lights Off Blinds Open And Lights On

Blinds Closed And Lights Off Blinds Closed And Lights On

Figure 31: Blinds and Artificial Lights Different Cases in Classroom 0034

As seen in Figure 31, the windows can provide enough daylight for almost half of
the class in the daytime; so, this can give an idea of changing the class layout or providing

different controls for lighting.

The readings for classroom 0021 (Lecture Classroom) are shown below, the class
plan is shown in Figure 32. The classroom area is in the Northwest direction from the outer
side of the building.
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From Figure 33 when the (blinds are open and lights are off), the last two rows
(near the windows) have enough daylight to depend on from 9 am to 3 pm. In this
classroom as well some of the readings during the afternoon (noon) and evening (3 pm) is

exceeding the best level of CS for the human body to maintain a good circadian rhythm.
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Figure 33: Lighting Levels Measurements for Classroom 0021 (Ground Floor)
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Blinds Open And Lights Off Blinds Open And Lights On

Blinds Closed And Lights Off Blinds Closed And Lights On

Figure 34: Blinds and Artificial Lights Different Cases in Classroom 0021

The readings for classroom 1012 (Lecture Classroom) are shown next, and the class
plan is shown in Figure 35. The classrooms area is in the West south direction from the
inner side of the building where the windows facing the courtyard. This classroom has no
blinds that’s why there are only two situations that were recorded (blinds open-lights on

and blinds open-lights off).
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Figure 35: Classroom 1012 Layout (First Floor)

From Figure 36 when the (blinds are open and lights are off) the classroom doesn’t
have enough daylight to depend on, this might be because of the classroom location in the
building. Based on daylighting only, the amount of lux doesn’t match the best level of CS
for morning and afternoon where the readings of lux are supposed to be (500-600 lux) and
(400 lux) respectively, but for the afternoon the lux readings are below 300lux (0.1 CS)

which is good for sleep/wake cycle.
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Figure 37: Blinds and Artificial Lights Different Cases in Classroom 1012

Following are the readings for classroom 1015 (Lecture Classroom), the class plan

is shown in Figure 38. The classrooms area is in the West south direction from the outer
side of the building.
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can depend on the daylighting in the time range of 9 am to 12 noon, while at 3 pm it is
hard to do so. But the good side of this is that at 3 pm most of the readings are below 300
lux (0.1 CS) except for eight readings. When the (blinds are open and lights are on) most

of the lux readings are above the standards for classrooms (300-500 lux), and at the same
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Figure 38: Classroom 1015 Layout (First Floor)

time it is more than the required levels for circadian rhythm.
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Blinds Open And Lights Off Blinds Open And Lights On

Blinds Closed And Lights Off Blinds Closed And Lights On

Figure 40: Blinds and Artificial Lights Different Cases in Classroom 1015

Next are the readings for classroom 1036 (Lecture Classroom), the class plan shown
in Figure 41. The classrooms area is in the Northwest direction from the inner side of the

building where the windows facing the courtyard.
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Figure 41: Classroom 1036 Layout (First Floor)

From Figure 42 when the (blinds open and lights are off) the amount of daylight
that can enter the classroom from 9 am to 3 pm is higher than both the required standards
for the classrooms (300-500 lux) and circadian stimulus. This could be because of the
classroom location inside the building, so it might be better to change the glass type or

provide more shading. Or even provide lighting intensity controls for each row.
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Figure 42: Lighting Levels Measurements for Classroom 1036 (First Floor)



Blinds Open And Lights Off Blinds Open And Lights On
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Figure 43: Blinds and Artificial Lights Different Cases in Classroom 1036

Lastly, are the readings for classroom 1037 (Lecture Classroom), the class plan
shown in Figure 44. The classroom area is in the Northwest direction from the outer side
of the building.
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From Figure 45 when the (blinds are open and lights are off) the last 3 rows can
depend on the daylighting from 9 am to 3 pm. The last row has more daylighting than the
standard level (300-500 lux). This classroom mostly shows very high lux levels in both

modes (daylighting) and (mixed mode).
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Figure 46: Blinds and Artificial Lights Different Cases in Classroom 1037

All the measurements for the classrooms showed that the classrooms got good (but
varying) amounts of daylight each based on the classroom’s location in the building. Some

of the classrooms exceeded the best level for lux and Circadian Stimulus (CS).

4.2.4 Summary of Monitoring Experiments

Write a summary of the main findings as bullet points. The monitoring experiments

concluded the following for the studied areas:

- Thermal Comfort: The temperatures inside most of the studied areas about 40.35%
were below the comfort range (21 °C). For the RH the readings were good, there
were only 0.929% of the readings that were below and above the comfort range
(30% - 65%).

- IAQ: The IAQ parameters were good almost everywhere, there are only a few

readings that weren’t in the comfort range (the standard), such as PM2 s with 1.94%
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above the standard (15 pg/m3), and PMio with 1.01% above the standard (50
ng/m?). While the CO2 didn’t pass the standard anywhere (less than 800 ppm as
WELL Standards and less than 1000 ppm as ESTIDAMA). The TVOC was also
good except for a small ratio of 0.25% above the standard (312 ppb).

- Lighting Comfort: The amount of natural lighting that enters the classrooms was
good almost in all the studied classrooms, but the ratio is different in each classroom
due to the classrooms’ location inside the building and the size of the classroom,
and the wall-to-window ratio. Some of the classrooms could depend on the natural
lighting in the daytime if the layout of the classroom were improved and the
artificial lighting control designed based on three lighting zones (based on the

classroom’s layout).

The most common related findings between the survey and the monitoring

experiments are the followings:

- Temperature: In the survey students were feeling uncomfortable about the indoor
temperature (feeling cold), and it is supported by the monitoring experiments data
that showed the indoor temperature in most of the classrooms was below the
comfort range.

- Lighting: Students felt that the use of natural lighting inside the classroom is less
than the use of artificial lighting which makes them not comfortable inside the
classrooms, and as the gathered data from the monitoring experiments most of the
studied classrooms get a very good amount of natural lighting throughout the

daytime.

From all the common findings of the survey and the monitoring experiments the

scenarios of the simulation part have been planned, which are the following:

- Temperature: Indoor temperature is below the comfort range which makes
occupants feel uncomfortable, and this is also can be related to the amount of energy
consumption, for that, it is better to reduce the indoor temperature to be around the

comfort range (24 °C).



- Lighting: The use of artificial lighting inside the classrooms is high even in the
daytime when there is a good amount of natural lighting, and the layout of the
classrooms is not helping with saving energy from the artificial lighting and it give
students uncomfortable because it causes glare and reflections on the screens, for
that it is better to organize the furniture to be parallel to the window and make it
closer to them to increase the use of the natural lighting. It is also helpful if the
artificial lighting controls are divided into smaller lighting zones (three zones) to

reduce the use of energy for lighting.

These previous findings helped in planning the following section of the simulation.

4.3 Overview of the Simulation Results

The main focused parameters of the indoor environment in this research are the
classrooms’ layout (including desk orientation), indoor temperature, electrical lighting
operation, and use of daylight with internal blinds. As discussed before, the temperature
in some classrooms is under the comfort level, and this not only affects thermal comfort
but also leads to increased cooling energy consumption. Also, as for lighting most of the
classrooms are arranged in a way that makes the daylight reach only a few students’ desks,
which results in using artificial lighting more and consuming more energy, but when the
desks are arranged in another way and the classrooms are divided based on lighting zones
the amount of used energy for light could decrease. When combining the improvement of
increasing the indoor temperature to reach the comfort zone with the improvement of the

classrooms’ layouts and lighting zoning a good amount of energy could reduce.

In the simulation part, one of the most used classrooms during the COVID-19
Pandemic was selected (classroom 0034), also this classroom is used as Architecture
Design Studio and the students always work on printed layouts with lots of details as well
as on computers, in this type of classrooms the students should get comfortable especially
regarding the lighting parameter because of the type of work they do and also because
design studio classes usually last for 3 hours which mean it is a long period comparing to
other lecture classes, that’s why this classroom was taken as an example for the simulation

part.
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4.3.1 Internal Cooling Temperature Change

Since the temperature in most classes was low (below the comfort level), the
simulation was done (in classroom 0034) to see the difference in energy consumption
when the temperature was increased to 24 °C (which consider a comfort zone). Table 21
shows the results in classroom 0034 on the ground floor. The cooling load has decreased
from 13.72 kW to 10.65 kW. This shows a reduction in energy consumption of around

25% in this classroom. This means the cooling load is one of the main consumers of energy

in buildings.

Table 21: Readings from DesignBuiler Software for Increasing Internal Temperature

Classroom 0034

Current (21 °C)

Suggested (24 °C)

Use of Cooling Load (%) 100 68
(13.72 kW) (10.65 kW)

Use of Lighting (%) 100 100

Use of Energy (%) 100 75

% Of Saved Energy

25

Thermal Comfort

Indoor temperature at comfort level and energy is saved.

Next are Figure 47 screenshots from the software to show the difference in cooling

load when the internal temperature is 21 °C (upper graph) and when it is 24 °C (lower

graph).
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Figure 47: Cooling Load Graphs from DesignBuilder Software for Classroom 0034

4.3.2 Desks Layout Change

The use of artificial lighting was decreased by changing the classroom layout and
desk orientations to increase the use of daylighting. The following Table 22 shows the
results in classroom 0034 on the ground floor. This results in a reduction of around 19%
in the overall energy consumption in one classroom. Figure 48 explains the suggested
changes in the selected classroom. This suggestion showed that almost half part of the
classroom can rely on daylight from 9 am to 12 pm, while from around 3 pm until evening

the use of artificial lighting is again 100% due to the lack of natural lighting.

(o]
(ee]



'
Current Layout of Classroom 0034 \ Suggested Layout of Classroom 0034
'

Desks4Lavo ut

Windows E Windows

Figure 48: Current and Suggested Desks Layout of Classroom 0034

From Table 22 the reduction in the cooling load happened due to the reduction in
the use of artificial lighting which reduces the amount of heat that generates by the light
bulbs.

Table 22: The Changes for Desks Layout in Classroom 0034

Classroom 0034 Current Suggested
Use of Cooling Load (%) 100 95
Use of Lighting (%) 100 90
Use of Energy (%) 100 81
% Of Saved Energy 19
Lighting Comfort - Glare and reflections in screens eliminated.

4.3.3 Lighting Zoning Change

Creating lighting zones based on the area that could depend on the daylighting at
certain times of the day could result in more reduction in the used energy. Table 23 shows

the results from the software. The overall reduction of creating lighting zones could reach
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26% in energy consumption. Figure 49 explains the suggested changes in the selected
classroom. This suggestion helped in managing the use of artificial lighting in the

classroom based on the daylight amount in each zone.
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Figure 49: Current and Suggested Lighting Zoning of Classroom 0034

From Table 23 since the amount of artificial lighting is reduced this caused to

reduce in the heat that comes from the light which led to a reduction in the cooling load.

Table 23: The Changes for Lighting Zoning Change in Classroom 0034

Classroom 0034 Current Suggested
Use of Cooling Load (%) 100 78
Use of Lighting (%) 100 94
Use of Energy (%) 100 74
% Of Saved Energy 26
Lighting Comfort - Increase the ability of using daylighting through the day in
certain places in the classroom.
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4.3.4 Open Window Through Corridor, Desks Layout, and Lighting Zoning

The opaque wall that faces the corridor was changed to be glazed to make
advantage of the natural light that enters the corridor from the courtyard. The lighting
zoning for artificial lighting is divided into three zones, and the desk layout is changed to
avoid any discomfort such as glare and reflections. Figures 50 and 51 explain this scenario

in more detail. While Table 24 presents the results based on the DesignBuilder Software.

Figure 50: Daylight Comes from the Courtyard Can be Used in Classroom 0034

'
Current Layout and Lighting Zoning of Classroom 0034 H Suggested Layout and Lighting Zoning of Classroom 0034
I

Open Window (30%)
»
\

Lighting Control Panel ; Lighting Control Panel
Zone A / ' J Zone A

Windows 5 Windows
Zone C

Figure 51: Current and Suggested State of Classroom 0034

[EEN
|



Table 24: The Changes for Open Window, Lighting Zoning, and Desks Layout in
Classroom 0034

Current Suggested

Use of Cooling Load (%) 100 94

Use of Lighting (%) 100 16

Use of Energy (%) 100 76

% Of Saved Energy 24

Lighting Comfort - Increase the ability of using daylighting through the day in
most places in the classroom.
- Eliminate Glare and reflections in the screens.

Figure 52 shows that after opening the side window some areas in the classroom
can depend on daylighting at certain times of the day, which will reduce the lighting load
in the classroom. A small area at the center of the classroom always needed artificial

lighting.

Figure 52: Current State of Lux Distribution in classroom 0034 (Left) and After Opening
the Side Window Through the Corridor (Right)

4.3.5 All Scenarios Combined

Combining the reduction from changing the indoor temperature, desks layout,
lighting zoning, and opening another window in the wall facing the corridor. This will

result in a noticeable reduction in energy use in this classroom.
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Table 25: The Combination of All Scenarios in Classroom 0034

Current Suggested
Use of Cooling Load (%) 100 61
Use of Lighting (%) 100 8
Use of Energy (%) 100 49
% Of Saved Energy 51

Figure 53 shows the summary of the reduction gathered from all the scenarios.

- Scenario A: Change the internal temperature to 24 °C.

- Scenario B: Change desk layout.

- Scenario C: Create lighting zoning.

- Scenario D: Open a side window through the corridor with changing the desks
layout and creating new lighting zoning.

- Scenario E: All the scenarios combined.
120%
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Figure 53: The Reduction in Cooling Load, Lighting, and Energy Use of All the
Scenarios



4.4 Summary of Research Findings and Discussion

Both subjective and objective measurements helped in understanding the IEQ and

how the occupants perceive it.

The questionnaire itself shows that people can have different opinions on each of
the parameters of the IEQ, this might be due to multiple variables such as gender, age,
health state, etc. When comparing the questionnaire to the monitoring experiments it is
also shown that not all people will get annoyed or affected by the IEQ in the same way or
at the same level. Because even when the readings weren’t good some of the students still

find the IEQ good for them, while others are not.

The questionnaire findings showed that the main issues that students feel are low
indoor temperatures where around 40% felt cool and another 16.6% felt cold so more than
half percentage of the respondents felt that indoor temperatures leaned toward being cold.
The second issue is about not enough daylight inside the classrooms because the blinds
can’t be opened due to the class layout, so when the blinds are opened glare and reflection
occur, and there are around 51% of students felt annoyed by glare and reflection. In
general, there are 39.5% felt that there is too little daylight inside the classrooms. The
monitoring experiments also support the fact that there are issues with indoor temperature
since 93.3% of the gathered data were under the comfort level of 24 °C. The lighting
experiments showed that there is enough daylight in almost all the classrooms when the
blinds are opened and the lights off, but the blind in the current situation is being closed
to avoid glare and reflection since in most classrooms the smart board is facing the

windows and the students’ table are perpendicular to the windows.

There are some suggestions based on the results from the questionnaire and
monitoring experiments, some of these were taken into consideration for the simulation

and some were not. Some of the suggestions are:

- Changing the classroom layout, in a way that will make it use the most daylight,
and in some classrooms, the students’ tables are perpendicular to the windows
which cause glare and reflections so making them parallel to the windows will

reduce this issue.
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- Making the artificial lighting controlled by rows, will reduce energy consumption
because the rows that have enough daylighting will not need to turn on the artificial
lights and so on.

- Changing the AC type (linear type) to a type that can distribute the air evenly in the
classroom or add shields beneath the ducts to help in distributing the air evenly or
change the place of the AC ducts to the edges of the ceiling, walls, or floor. Because
with the linear type, the students that are set under the supply air ducts feel colder
and drier than the others, while the ones who are set far away from it could feel

warmer or more comfortable.

Based on the simulation, the energy consumption could reduce by 51% using a
variety of simple methods such as raising the internal temperature to the comfort level
(25% saved energy), increasing the daylighting (24% saved energy), creating artificial
lighting zones (26% saved energy), and updating the classrooms’ layouts (19% saved
energy). Those types of changes can be done in each classroom based on its location in
the building, then the reduction could be done in almost all the classrooms which means

the total consumed energy of the building will reduce by a noticeable value.
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Chapter 5: Conclusion

This study focused on investigating the Indoor Environment Quality (IEQ) for a
university building by conducting an online questionnaire, monitoring experiments, and
simulation. The main aim was to ensure that the case study building has a proper IEQ that
will help in improving productivity during class times. Also, studying the energy
consumption inside the studied areas and making scenarios to reduce it. The study did not
aim at focusing on studying the students’ well-being and health because this will need a
Separate study and more data about students’ physical and physiological health, as well as
observations of the students during the time they stayed inside the building. However, the
study did use previous studies and research about the effect of the IEQ of the built
environment on occupants’ health and well-being, to show and explain to the readers of
this study the importance of conducting such a study in an educational building that is used
by many students and other people to learn, teach, and communicate. Based on this, the
study investigates the case study building's IEQ through online surveying, monitoring

experiments, and dynamic simulations.

5.1 Main Findings

First, the online questionnaire aimed at understanding students’ feelings about the
different parameters of the IEQ such as thermal, IAQ, and visual. It also aimed at
understanding how they interact with the current classroom environments, such as the
furniture layout and how it affects the use of artificial and natural lighting. Using this
method, it has been determined that the internal temperatures are very low. In addition,
there are some lighting issues related to glare and reflection due to the classroom furniture
layouts. This results in using more artificial lighting inside classrooms and less daylighting
because most of the time the blinds are closed. In general, the students showed a neutral
satisfaction level with the overall IEQ of the classrooms. (Figure 54) shows a summary of
the gathered data from the online questionnaire. Even though the percentage of students
who feel unhappy about different parameters seems small, it is wise not to ignore them.
Therefore, the next method (monitoring experiments) is performed in this research to
verify whether the classrooms' IEQ meets the standards for the main parameters such as

temperature, RH, particles, CO., TVOC, and lighting.
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Thermal Comfort 11.98 4424 43.77
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Indoor Air Quality 15.21 36.87 47.93
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Visual Comfort 10.6 42.86 46.54
DS  newra [NGSSENN

Overall Indoor Environment 9.21 34,56 56.22

Figure 54: Summary of the Main Data from the Questionnaire

Secondly, the monitoring experiments measured the actual state of the IEQ in terms
of thermal, IAQ, and visual parameters, but the acoustic parameter was ignored since the
building is not occupied as usual due to the COVID-19 pandemic. PM2s and PMjo
concentrations have some issues in some classes, with percentages over the standards of
about 1.94% and 1.01% respectively. The studied areas have acceptable CO2 and TVOC
levels. All the classrooms have low temperatures with 93.3% of the gathered readings
under 24 °C, while relative humidity has a smaller percentage (0.929%) of data that
deviates from comfort levels (30% - 65%). Lighting is the parameter that presents the most
issues compared to all other parameters, and these issues indicate that classrooms have
lots of artificial lighting whereas many classrooms can depend on daylighting during the
daytime (before 3 pm). However, in most classrooms, it is impractical to open blinds
because it could cause glare or reflections on the screens due to the furniture layout that
faces the windows. As shown in Chapters 3 and 4, the artificial lighting inside the
classrooms has only two zones. These zones are divided into columns rather than rows,
which will be more beneficial because it will be possible to turn off the rows beside the
windows when there is enough daylight. This will allow them to turn on only part of the

classroom lights. This will decrease energy consumption directly.

From online surveying and monitoring experiments, the scenarios for the
simulations have been generated. And these scenarios are based on the problems
identified.
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By focusing on the classroom's furniture layout, indoor temperature, and lighting,
the simulation part of the study helps determine whether the suggestions made will help
improve the IEQ and decrease energy consumption. It showed that energy consumption
could be reduced by doing simple changes like increasing the indoor temperature and
making it in the comfort zone as per the standards (24 — 26 °C) to reduce the cooling load.
Also, increase the use of daylight by changing the furniture layout, and adding a window.
And changing the artificial lighting zones to reduce the use of artificial lighting inside the
classroom. Table 26 summarize the reduction of cooling load, lighting, and energy
consumption when simulating different changes inside the space. Both the cooling load

and lighting load have a big effect on the energy consumption of the building.

Table 26: Simulation Scenarios Summary

Current State Scenario A Scenarios B Scenario C Scenario D Scenario E
Cooling Load 100 68 95 75 94 61
(%)
Lighting 100 100 90 94 16 8
Load (%)
Energy Use 100 75 81 74 76 49
(%)

Based on the results of the online questionnaire and the monitoring experiments,
there are some issues inside the classrooms, such as the indoor temperature being cold or
hot for some students due to the type of AC used (linear type - 2 outlets and 2 inlets) which
results in an uneven air flow throughout the classrooms. The reality is that users'
perception is not the same for all of them, so it can be seen how valuable it is to understand
a building's users before designing it (in terms of gender, age, etc.). Additionally, the
monitoring experiments showed more issues than what occupants can feel, which indicates
that it is useful to do different types of analysis when studying IEQ since less information
about its actual state makes a study not as accurate. The simulation showed how it is useful
to use software to see the difference between various scenarios (for example choosing
different materials for glazing or changing the light types or as in this study increasing the
indoor temperature and reducing the use of artificial lighting in multiple ways), and how

each scenario affects the IEQ and the energy consumption as well.

A few Green Building Rating Systems (GBRSs) such as ESTIDAMA, LEED,
WELL Standards, ASHRAE, and BREEAM were discussed in this research. Some of
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these standards and guidelines are used to determine whether the gathered data from
monitoring experiments for temperature, RH, IAQ, and illumination is within the comfort
level. As per the literature review, the GBRSs are created to ensure a better-built
environment taking into consideration nature, humans, the economy, society, and energy.
Previous studies have shown that the ideal built environment is the one that balances all
these factors since they are linked to each other. About the improvement of IEQ, some of
the suggestions based on GBRSs involve increasing the use of daylight and enhancing the
control of the occupants within the space to ensure a comfortable indoor environment
while conserving energy. This research proved that some of these simple ways could
improve occupants’ comfort and energy usage by a certain percentage. The GBRSs also
show that maintaining a high-quality indoor environment needs detailed studies of two
things. The first is the building’s occupants because some factors such as age and gender
might affect the occupants’ interactions with the space. The second study is about climatic

conditions.

5.2 Research Challenges and Opportunities

The main limitation was the COVID-19 pandemic, which affected this study in a
variety of ways. In the beginning, this research was supposed to consider three university
buildings, two of them lecture buildings (one on the female side and the other on the male
side) and the third one the female residence building, but because the buildings were
almost empty and not occupied as usual since most of the classes are online, as well as
safety concerns (especially at the female residence building), this study focused on only
one building. Adding to that, some of the parameters were ignored when conducting the
monitoring experiments (such as measuring the noise level inside the classrooms) because
the building is supposed to be normally occupied so that the readings will be accurate, but
it is also necessary to say that all the building's systems such as HVAC are operating as
normal which means the other measured parameters are not affected by the occupation
except for the artificial lighting since it is controllable by users. Further, other types of
devices could be more accurate or could be used to support the readings in the monitoring
experiments. However, due to the limited time to remain inside the building, this was not
feasible. As well, more devices can be operated by sensors during class time while students

are present, but this was not feasible. Another limitation can be related to the methods
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used. A direct interview with the users could be more beneficial to gain a better
understanding of how each classroom operates. This is because it would be conducted at

a certain time of the day when students would be in the classroom.

5.3 Research Gap and Future Study

A future study may use other methods, such as interviews and the use of other types
of sensors that work when students are present in classrooms. This might provide more
useful information. Furthermore, future research should focus not only on classrooms but
also on other spaces such as labs, computer labs, student sitting areas, etc. Added to that,
a detailed study of the occupants’ physical and psychological states and how those could
be affected by the IEQ will support the importance of studying the IEQ of the buildings.
Finally, the whole building's energy consumption could be studied in more detail by seeing
the decrease in the used energy when applying the different scenarios in the whole

building.
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1.

Appendix B: Online Questionnaire Draft

The Survey Will Be Used for Studying Purposes Only, And Your Respond Is

Voluntary.

Intro: You are invited to participate in our survey [Analysis of Indoor Environment
Quality in UAE University Campus Building]. In this survey, you will be asked to
complete a survey that asks questions about [The Indoor Environment of Building C6
(College of Engineering, Science, Food & Agriculture) In Female Campus]. It will take
Less Than 5 minutes to complete the questionnaire. Your participation in this study is
completely voluntary. If you feel uncomfortable answering any questions, you can
withdraw from the survey at any point. It is very important for us to know your opinions.
Your responses will be reported only for research uses. Your information will be coded
and will remain confidential. If you have questions at any time about the survey or the
procedures, you may contact [Salama AlGaithi] at [201400426 @uaeu.ac.ae]. Thank you

very much for your time and support.

Questionnaire Link: https://www.questionpro.com/t/ASTIqZI5PF

Have you had a class in the C6 building since joining the university?
[ Yes

[ ] No
(If Yes, The Questionnaire Will Start. If No the Questionnaire Will End)

Part 1: General Information:
2. Age Range:
[]15-20
[]21-25
[]26-30
[]130 & Above
3. Specialization (Engineering, Science, Food & Agriculture, etc.):
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https://www.questionpro.com/t/ASTlqZl5PF

Part 2: How Do You Rate Each of The Following Parameters? (Your Satisfaction Level):

Parameter -2 -1 0 1 2
Very Unsatisfied Neutral Satisfied Very
Unsatisfied Satisfied
Thermal Comfort ] Very [] Unsatisfied | [ ] Neutral [] Satisfied | [] Very
Unsatisfied Satisfied
Temperature [ ] Cold [ ] Cool [ ] Neutral [ ] Warm [ ] Hot
Relative Humidity ] Very Dry [1Dry [ ] Neutral [ ] Humid ] Very
Humid
Relative Humidity [ ] Much Drier | [_] Drier [ ] No [ ] More [ ] Much
Preference Change Humid More Humid
Air Movement [ ] Very Weak | [] Weak [ ] Neutral ] Strong ] Very
Strong
Air Stuffiness ] Very ] Stuffy [ ] Neutral [ ] Fresh ] Very
Stuffy Fresh
Dust in Air [] Very Dusty | [] Dusty [ ] Neutral [ ] Clean L] Very
Clean
Visual Comfort L] Very [ ] Unsatisfied | [_] Neutral [ Satisfied | [] Very
Unsatisfied Satisfied
Light Level ] Very Dark | [ ] Dark [ ] Neutral ] Bright L] Very
Bright
Glare [ ]Too Much | []Glare [ ] Neutral [] Little [ ] No Glare
Glare Glare at All
Daylight []No [] Little [ ] Neutral [] Satisfied | [] Very
Daylight Daylight Satisfied
Overall IEQ ] Very [] Unsatisfied | [ ] Neutral [] Satisfied | [] Very
Unsatisfied Satisfied

Part 3: How Often Do You Feel Annoyed by The Following? (Tick One Box)

4. Dry Air?
[] Often
[] Regularly
[ ] Sometimes
] Never

5. Stuffy Air?
[] Often
] Regularly
[ ] Sometimes
[ ] Never

6. Too Cold?
[] Often
[] Regularly
[ ] Sometimes
] Never

7. Temperature Changes During A Day?

[] Often
[] Regularly
[] Sometimes
[ ] Never

8. Cold Feet?
[] Often
[] Regularly
[ ] Sometimes
[ ] Never

9. Warm Surface?
[] Often
] Regularly
[ ] Sometimes
[ ] Never
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10 Based On Q.9; From Where?
] Ceiling
[ ] Windows
] walls Facing Outdoor
] Walls Facing Indoor
] Floor
11. Too Much or Too Much or Too Strong Artificial Light?
[] Often
[] Regularly
[ ] Sometimes
] Never
12. Insufficient or Too Little Natural Light?
[] Often
] Regularly
[] Sometimes
[ ] Never
13. Reflections Or Glare?
[] Often
[] Regularly
[ ] Sometimes
] Never
14. Based On Q. 13; What Is The Cause?
[ ] Windows
] Artificial Lighting system
[ ] Other (please specify)

Part 4: If You Are at The Building” Classrooms for Long Time, Do You Experience Any of The Following
Symptoms?

Symptoms Often Regularly Sometimes Never
Dry Eyes O | Il []
Watering Eyes O | Il []
Blocked Nose O | Il []
Runny Nose O | Il []
Dry Throat ] Il L] CJ
Irritated Throat O | Il []
Chest Tightness O | Il []
Dry Skin | L] Il []
Irritated Skin O | Il []
Headache O | Il []
Tiredness ] N ] UJ

Part 5: Your Suggestions:

If You Were Asked About Changing Things in The Building’ Classrooms, What Your Answer Will
Be? (ex. Classrooms Layout, Glass Type, The Distribution of Artificial Lighting, etc.)

Thank You for Completing the Survey!
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Appendix C: Screenshots for the Input Data on DesignBuilder Software

DesignBuilder software is used to conduct the dynamic simulation. Most of the
input data in DesignBuilder software are based on data gathered and arranged in [Table 2:

Building's Materials and Systems Details].

The input data contains the location of the building and orientation, type of
building, operating schedule based on local vacations, finally building construction details,

and mechanical and lighting system details.
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1. Entering the site location of the case study building (C6 building in UAEU)

with the weather data and North direction.

e Tlacaon | Regen ]

-

[0 Locaton Templote O
gtmplm AL AIN INTERNATIONA

Lattude (*) 2227

Longitude (*) 55.60

ASHRAE climate zone 18 ”
Elevation above sea level (m) 2650

Exposure to wind 2-Normal >
Sdte onentation 00

Sde Height Vanation

Ground

Si

Honzon

Water Mains Temperature
Precipitation

Sde Green Roof Imgation
Outdoor Awr CO2 and Contaminants
“ Time and Daylight Sawng

4 Simulation Weather Data

«|slvivivivls

#4 Hourly weather data ARE_ABU DHABI_IWEC
Day of week for start day 8-Use weather file .
3 Use weather file snow and rain indicators
@© Heating 99 6% coverage
Outside design temperature (*C) 109
Wind speed (m/s) 1ns
Wind direction () 0.0
O Heating 99% coverage
Saing Penod »
® Summer Design Weather Data B
Sky »
Weather Data Modifiers »
Wind Data »
SangPecd %
Design Temperature Period a
Design temperature p 2-Multiple design months .|
N

Figure C 1: General Input Data
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2. Draw the models based on the building’s floor plans and divide them into
zones (ex. classrooms, corridors, computer labs, etc.). Draw windows,

doors, and shading on windows if exist.

Figure C 2: Building Model in the Software
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3.

Select the model and input the building type, the holidays per year in UAE,

heating setpoint temperatures, and humidity control.

Layout | Activity | Construction | Openings | Lighting | HVAC | Generation | Miscelanecus | CFD

4 Template Generic Office Area
‘Sectur B1 Offices and Workshop businesses
Zone multiplier 1

™ Include zone in thermal calculations
Include zone in Radiance daylighting calculations

r; Floor Areas and Volumes »
i ; Occupancy £
[ Occupied?
Occupancy density (people/m2) 0.1110

[ii Schedule Copy of Uni_ClassRm_Cool
Metabolic

Comfort Radiant Temperature Weighting

Contaminant Generation and Removal

f+ Holidays
Holidays
Holidays per year 3
(s Holiday schedule UNITED ARAB EMIRATES

'1. Environmental Control
Heating Setpoint Temperatures

| Heating ("C) 220
| Heating set back (°C) 12.0
Cooling Setpoint Temperatures ¥
| Cooling (°C) 21.0
| Cooling set back (*C) 240
RH Humidification setpoint (%) 10.0
RH Dehumidification setpoint (%) 90.0
Ventilation Setpoint Temperatures »
Minimum Fresh Air ¥
Fresh air (I's-person) 10.000
Mech vent per area (I's-m2) 0.000
Target llluminance (lux) 300
Default display lighting density (W/m2) 0 [
Computers
¥ Office Equipment
& Cn
Power density (W/m2) 1.77 ;l

Ventilation Setpoint Temperatures
Natural Ventilation

Minimum Fresh Air

Fresh air (I/s-person) 10.000
Mech vent per area (I/'s-m2) 0.000
Lighting ¥
Target llluminance (lux) 400
Default display lighting density (W/m2 0
Computers ¥
OOn
On
Power density (W/m2) "7
(¢4 Schedule Office_OpenOff_Equip
Radiant fraction 0.200

+* Miscellaneous

w /Catering
% Process

-

Edt | Visuaise | Heating eson | Coolng desgn | Smuation | €7D | Dayightn | Cost and Caten [T

144
|

Figure C 3: Activity Data



4. After that input all the required data in the software based on [Table 3:

Building's Materials and Systems Details]; the construction details such as

external walls, indoor partitions, floors, roof, and openings, alongside the

lighting and HVAC details.

A. Construction Details:

Leyout | Activey | C Openings | Lightng | Hvac | G [T

[EN R ——

¥ Construction Tempiate
pTemplate
= _Construction

<pExtemal walls

ZpBelow grade walls

<pFlat roof

<pPitched roof (occupied)

ZpPitched roof (unoccupied)

Zpinteral partitions

Semi-Exposed
<pSemi-exposed walls
ZpSemi-exposed ceiling
<pSemi-exposed floor

Floors
<pGround floor
<pExternal floor
ZpInternal floor

Sub-Surfaces

Intemal Thermal Mass

Component Block

Geometry, Areas and Volumes
Surface Convection
Linear Thermal Bridging at Junctions
Airtightness
Model infiltration

Constant rate (ac/h)

3 Schedule On 2477
Delta T and Wind Speed Coefficients »
#=Cost »

¥
v

Project construction template
Project wall

Project below grade wall

Project flat roof

Project pitched roof

Project unoccupied pitched roof
Project partition

«

Project semi-exposed wall
Project semi-exposed ceiling
Project semi-exposed floor

Project ground floor

Project external floor
Project internal floor

0.700

st | Viaise | Heatng desn | Coding deson | Smiaton | 7D | Dayightng | Costand caven I

Figure C 4: General Construction Details
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- External Walls:

|nyout | Actvty [ € | Opennge | Lgreng | Hac | I

Edit construction - Project wall

:nw«mnnmmmmm

Brdging

You can also add bridgingto any layer to model the
effect of a relatively more conductive material bridging
aless conductive material. For example wooden joists
brigng an insuation layer.

Note that bridging effects are NOT used in EnergyPius but

Usvaives o be calcubled accordng to 85 EN IS0 6346,

Thickness (m)
[ Bridged?
Layer 2 v of dred
SMatenal YPS Extruded Polystyrene - CO2 Blowin ||| 12 Me=lihe mandalor enéray code Ualue as seton
Thickness (m) 0.0792 This calculaion identifies the Insulation layer as the
[ Bndged? layer having the highest r-value and requires that no
Layer 3 ¥ o
SMatenal Concrete Block (Medium)
Thickness (m) 01000
[ Bdged?
SMatenal Gypsum Plastering
Thickness (m) 00130
[0 Bridged?

| imetiyer || Ddeelm | | Wb || cmd [ oc ]

£dt | Visuslse | Heating deson [ Cooling design | Smutation | CFD | Dayights

[ i coten

Figure C 5: External Walls Construction Details

[HEN
(op}




- Internal Partitions:

Layout [ Actey | Construction | Openings [ ightng | HvAC | L

Edit construction - Project partition
Constructions

Surface properties | Image | Calculated | Cot | G

General

«

; Setthe number of layers first, then select the material
;;Jm R and thickness for sach layer,
rce
[ Category Partitions S
@ Region UNITED ARAB EMIRATES
1| Colour
oefntion — || B
ition method 1 rs = You can also add bridgingto any layer to model the
Definition -Lail!

effect of a relatively more conductive material bridging

Calculation Settings » aless conductive material. For example wooden joists

Layers ¥ briging an insulation layer.
Number of layers 3 = Mxﬁmﬁwwrwumm
- energy
Uaims o 5 i sitons 053 EN 50 648
SyMaterial Gypsum Plasterboard
Thickness (m) 0.0250
0 Bridged? Energy Code Compliance
Layer 2 ¥ ‘You can calculate the thickness of insulation required
- : ; to meet the mandatory energy code U-value as seton
SMaterial Air gap 10mm the Energy Cade fab at site level.
Thickness (net used in thermal calcs) (m| 0.1000 This |dentifies the |ayer as the
Innermost layer ¥ layer having the highest rvalue and requires that no
&Mataﬁal Q!mum Plasterboard bridging is usedin the construction.
Thickness (m) 0.0250
[ Bridged?

=T B

Hep || Cancel (3

gt [Vt [ vt s [ oy e | St [ 70 [ i [ ot ot |

Figure C 6: Internal Partitions Construction Details
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- Roof:
oo | Acovty | € TOpenngs | Lareng | FVAC | | [N

Edit construction - Project flat roof

Constructions

Setthe number of Iayers first, then select the material
and thickness for each layer.

[ Category Roofs =

F4Region UNITED ARAB EMIRATES

- | Colour

Definition method 1-Layers mm tridging

Caiculation Settings ductive material. For example wooden joists
Layers T layer.

Number of n r:‘:mxnmrwhmu

Outermost layer U-valu te ng to BS EN 150 6346
SMatenal Asphalt 1
Thickness (m) 00100
[ Bdged?

Layer 2 3 the required
SMaterial MW Glass Wool (olls) B e o crda bt as awt o
3‘:'.""“,("" .10 the ‘insulation layer as the
Layer 3 ¥
SMatenal Air gap >=26mm
Thickness (not used in thermal calcs) (m) 02000
Innermost layer M
SMaterial Plasterboard
Thickness (m) 00130
[0 Bridged?

] Come] [ [ ]

[Lese [ Visvooe | Hestr deson | Coole desn | Smistion [ €70 [ Digns [ Cont and Coten [

Figure C 7: Roof Construction Details
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B. Openings

T e T e T o e L e |

M Glazing Template

Qo Template Project glazing template
w Extemal Windows T
() Glazing type Projgct extemal glazing
7 Layout No glazing
Dimensions »
[ Has a frame/driders?
=pConstruction Painted Wooden window frame
Reveal »
Frame ¥
Frame wadth (m) 0.0400
Frame inside projection (m) 0.000
Frame outside projection (m) 0.000
Glass ﬁm conduction ratio 1000
Type 1-Draded ite =
Width (m) 0.0200
Horzontal dniders 1
Vertical dmiders. 1
Outside projection (m) 0.000
Inside projection (m) 0.000
Glass edge-centra ion ratio 1.000

Shading
Aiflow Control Windows

Free Aperture
X Internal Windows

Dimensions

Frame and Dwders
“Opeoration
Free Aperture
« Sloped Roof Windows/Skylights

Visualse

Sendaton | CFD Cost and Cabon

Figure C 8: Openings Construction Details
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- External Glazing:

Cantucton | Operan | Usttg | HVAC | Tiscetanecia | Cro |
G Template Project glazing template

Edit glazing - Project external glazing
Glazing

Setthe number of layers first, then select the panetype
and window gas materia for each layer.

" intematonal Glazing Database (IGDB)
[) Category Project 2
ERegon UNITED ARAB EMIRTES ¥ Glazing naming conventions
1| Colour
Definition method 1-Matenal layers -
Number 2 ’
Outermost pane ¥
[3Pane type Generic PYR B CLEAR 3MM
O Flip layer
Window gas 1 =
£ Window gas type AR 13MM
[3Pane type Genenc CLEAR 3MM
[ Flip layer

Radiance Daylighting

Model data

‘

[Lese | Vivaise | Heating sesgn | Coong deson [ Smstion [ CFO | Daigns [ Costans coten I

Figure C 9: External Glazing Details
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- Internal Glazing:

Lot | Ay | Crstcion |G | U, | MVAC | et | Mocetes ] 70 ||

G Template Project glazing template

[ Edit glazing - Project internal glazing

Name Project internal glazi ?“Nm:olm:‘u.m .',".,"“""""'
Descnption
Source 2
[ Category Project > SRS LS
Region UNITED ARAB EMIRATES v
= | Colour Zlanznamozen.enting
Defintion method 1-Material layers -
Number 3 -

[JPane type Genenc CLEAR 3MM

[ Flip layer
Window gas 1 ¥

 Window gas type AR 6MM

(3 Pane type Generic CLEAR 3MM

O Flip layer

Window gas 2
Window gas type
Innermost pane
[ Pane type Generic CLEAR 3MM
] Flip layer
Radwance Daylighting »

l

L

Model data

H
]

Figure C 10: Internal Glazing Details
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C. Lighting

[TCoet TAcivty | Constmcton | Opergs | Ut | HVAC. | Genertion | 4 |cr0

'Eﬁ IMJMMJMM L“ ! ICFD I" hghts l&dmw

|
Template Reference
& On
Normalised power density (W/m2-100 lux) 5.0000
(i Schedule Office_OpenOff_Light
Luminaire type 1-Suspended =
Return air fraction 0.000
Radiant fraction 0420
Visible fraction 0.180
Convective fraction 0400
g* Lighting Control B
& On
Working plane height (m) 080
Control type 1-Linear -
Min output fraction 0.100
in inﬁ H fraction 0.100
Maximum allowable glare index 220
View angle rel. to y-axis 00
Lighting Area 1 ¥

% Zone covered by Lighting Area 1 100.0
Lighting Area 2
[ Second lighting area
* Task and Display Lighting

«

B Exterior Lighting

OO
||

*=Cost

[EEN
(O)

Figure C 11: Lighting Input Data



D. HVAC

' HVAC Template ¥
|| Template VAV, Dual duct, Water.cooled Chiller
(VY. Mechanical Ventdation ¥
& On
Outside air defintion method 4-Min fresh air (Sum per person + per area) s
(i Schedule Office_OpenOfi_Occ

Economiser (Free Cooling)
Haat Rec

Pump etc energy (W/m2) 00000
(i4 Schedule Office_OpenCff_Occ
[ Heated
¢ Cooling ¥
& Cooled
EfiCooling system Defaut
Fuel 1-Electncity from grid -
Cooling system seasonal CoP 3000
Minsmum supply air temperature (*C) 1200
Maimum supply air humedity ratio {g/g) 00077
ooling hmit typ 3-Lima flow rate and capacty ;
Operation ¥
(12 Schedule Office_OpenOfi_Cocl
«Humidity Control
~ DHW ]
On
3£, DHW Template Project DHW
Type 4-nstantansous hot water only =
DHW CoP 08500
Fuel 1-Electncity from gnd -
Water Temparatures ¥
Delwery temperature (“C) 6500

Mans temperature (*C) 10 00
Operation
(i3 Schedule Office_OpenCfi_Occ
Natural Ventilation

]}
|

“Earth Tube
i Alr Temperature Distnbution
¥<Cost

¥
¥

3

¥
¥

Figure C 12: HVAC Input Data

5. Finally, the scenarios [Table 4: The Detailed Scenarios for Simulation Part] are
entered one by one to calculate the cooling load, illuminance, and total energy
consumption for classroom 0034 (Architecture Design Studio) on the ground

floor in the west direction. The detailed results are presented in Chapter 4.
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