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While the quantity and quality of teacher-childergctions plays a key role in
emotional and cognitive development for childrémere is scant evidence regarding the
contribution of physical environment to child outoes. This study seeks to understand
better the relative importance of variables wittha physical environment for occupants.
The research design targets teachers’ satisfagitbrthe physical environment as the
outcome variable, based on the assumption thatéesgvho are more satisfied with their
classroom provide higher-quality interactions vathldren. Teachers from two early
learning schools with a total of 31 classrooms deted a written survey that asked
about lighting, acoustics, air quality, job satdfan and overall satisfaction with the
space. The predictor variables are measurememsdazh sensory domain including
illuminance, particulate matter, carbon dioxide andnd pressure level. Results suggest
that background noise, lighting and floor areagired predictors of teacher satisfaction.
Teachers’ perceptions of various sensory domamsedated. Organizational satisfaction
mediates satisfaction with some features of thesighlenvironment. Discussion
includes implications for early learning programsl éhe design and renovation of

classroom spaces.



vﬁvOOhUﬁN




ACKNOWLEDGEMENTS

Educare of Omaha has enabled this study by givimggse to my inquiry and
participating as a full partner in research. Thgaoization’s contribution to the health
and resilience of the community is my inspirationtaking a closer look at what
designers and facility managers can contributdééddving work of supporting our
youngest learners. From teacher’s aides to thetdiref research, to a person, the
organization has supported this effort by takingtime to share insights and creating
space in their schedule to allow for my data caibec | am grateful to Educare of
Omabha for the trailblazing program they deliver &ndsupporting my study.

RDG Planning & Design has contributed resourcesexipertise to this project.
In addition to designing the schools included instydy, they provided troves of
information on the project and facilitated persor@inections with Educare of Omaha.
By seriously investigating how buildings are actyaked, the company has
demonstrated a profound commitment to its clidnasn grateful to RDG Planning &
Design for sharing with me a vision of communityvéee and excellence in design as an
employee and a citizen architect.

| first asked Dr. Lily M. Wang in 2011 if the unirgty could teach me to use
research as part of my work as an architect. Skde'gas” and has continued to show
how much more there was to gain from the hall$iefacademy. Not only has she guided
me through the channels to gain a basic competergygineering, but she is also a role
model to me for how a design professional can setae mentoring others while

contributing to a community of knowledge. Thank ybu. Wang.



Vi

TABLE OF CONTENTS

ADSITACT ...t emmrne e e e e e e e e s i
Y 0] o] (0 1Y = SR PRPP: iii
[DZ=T o o= 1[0 o [P PPPEP T PPPRPR iv
F o L0111 T=To o =T o =T o £ v
TaDIE Of CONENTS ..o e e e e Vi
S o T [P Vil
LISt OFf TADIES ... e e e e e e X
CHAPTER 1 - INtrOJUCLION ...ttt 1
CHAPTER 2 - Literature REVIEW .............uticmmmmrreeeeee et smeeees s 4
(O 2 VY o I =3 2 SRS T \V/ =1 o o T (o] T |V 35
CHAPTER 4 - RESUILS ...ttt mmnnne e e e e e e e e 57
CHAPTER 5 - DISCUSSION ...ccviiiiiiiiiiiieeesreeee e e sttt e e e e e e e s annnee e e esemmn e e e n e 111
CHAPTER 6 - SUMMAIY ..ottt e e e s e nnnn e eees 118
REFERENCES ... 120
APPENDIX A - Predictor Variable Data..........cccccoccvvviiieiiiiiiiiecceeeeee e 132
APPENDIX B - Outcome Variable Data..........coeeeoiiiiiiiiiioiiiieecce e 142

APPENDIX C - PartiCIpant SUINVEY .............mmmseeeeeeeeeeeeseeeeeeesnsnmnnnnesaneeeenans 156



vii

LIST OF FIGURES

Figure 1-1 Framework for Program Quality and the Physicalittmment .................... 2
Figure 3-1 Occupied Measurement MELEIS ...........u e e eee e e e e e e 37
Figure 3-2 Typical Room Impulse Response Measurement Setup..................c...... 40
Figure 4-1 Classrooms A18 & B97 Teacher AQreement ... evvvvvvivveiiiieieeeeeeeeenn, 57
Figure 4-2 Classrooms A19 & B12 Teacher AQree€ment ... evevvvvveviiiiieeieeeeeeeenn, 58
Figure 4-3 Classroom B89 Teacher Response HisStograms.............cccceeeeeeeeeeeeeeeennn. 58
Figure 4-4 Sensory Composite SCOre AgreemMeENt .......cceeeeeeeeeeeeeeeeeeeeeeeiiiee e 63
Figure 4-5 Size Composite Score and Area by School .............cccovveiiiiiiine, 66
Figure 4-8 Area and Size Composite Score Overall and by &cha......................... 67
Figure 4-7. Area and Size Composite Score by Classroom TYpE.....cccceeeeeveeeeeeeennn. 69
Figure 4-8 Size Composite SCOre BY BNL ........coiiii i e e e Q7
Figure 4-9 Size Composite Score by BNL and Classroom TYpe...........cvvvvecrieeennn. 70
Figure 4-10 View Composite Score by School and Iteeqoveral | ........ccccceeenn... 72
Figure 4-11 View Composite Score by llluminance Ratio ...............evvceiiiiiiieeeeeeennn. 72
Figure 4-12 Composite Acoustic Score by School and Classrogpe ....................... 73
Figure 4-13 Acoustical Measurements Distribution .............cccceeeiiiiiiiiieiieiiiiceeeeiiin, 75
Figure 4-14 Floor Area by Reverberation TiMe..........coovveviiiviiiiiiiiiiee e 76
Figure 4-15 Acoustic Composite Score by Quiet Unoccupied BNL.............cc......... 77
Figure 4-16 Acoustic Composite Score by Relative Humidity................ccovvvvvvernnnnne 77
Figure 4-17:Itemst csat by Occupied BNL Within School..............ccccoevvvvivininnnns 78
Figure 4-18 Thermal Composite Score by School and Classrogpe T...................... 79

Figure 4-19 Thermal Composite Scores by Classroom Type Widhnool ................. 80



viii

Figure 4-20 Temperature by Classroom Type Within School.............ccccceeiiiiieeennnn. 80
Figure 4-21 Thermal Composite Score by Color and Orientation................c.......... 81
Figure 4-22 Composite Air Score by School and Classroom Type...........ccceeveeeeeee. 83
Figure 4-23 Particulate Matter by ClasSroom TYPE .....ceummmmeeeeeeeeieeeeeeeeiriiininanaeeens 84
Figure 4-24 Air Quality Measures by School ...........occeemmveeiiiiiiiee e 85
Figure 4-25 Relative Humidity by Classroom TYPe .......ccceeevvveveiiiiiiiiiiiieieeeeeeeeeeee 86
Figure 4-26 Composite Air Score by GQConcentration (10-Hour).............vvvvviieen. 87
Figure 4-27 Composite Lighting Scores by School and Classragpe ...................... 89
Figure 4-28 Lighting Characteristics by SChool........cccceoi oo, 90
Figure 4-29 Composite Lighting Score by llluminance Ratio...............ccovvvvvvvivvnnnne. 91
Figure 4-30 Natural Light Composite Score by Area Within Sgha.......................... 92
Figure 4-31 Natural Light Composite Score by llluminance Whtschool.................. 92
Figure 4-32 Natural Light Composite Score by BNL Within Schoo...............ccc....... 93
Figure 4-33 Natural Light Composite Score by Background N@sdta...................... 94
Figure 4-34 Furnishings Composite Score by School....coevevviiiiiiiiiieeeeeeee 95
Figure 4-35 Furnishings Composite Score by Wall COIOr ummeeeevvvvveeiiiiiiiiieeeeenneennn.. 96
Figure 4-36 Furnishings Composite Score by Carbon Dioxided@atration............... 96
Figure 4-37 Composite Cleaning Score by School and Classibgpe ....................... 97
Figure 4-38 Cleaning Composite Score by Wall Color ....cceeeiiiieeeeiiiieen, 98
Figure 4-39 Cleaning Composite Score by llluminance ................ccccevvvvviviiinnn. 98
Figure 4-40 Cleaning Composite Score by Reverberation Time............cccccceeeeeennn.. 99
Figure 4-41 Cleaning Composite Score by Carbon Dioxide Cotraéon................... 99

Figure 4-42 Score Distribution for IEQ Overall MeasureS..........cooeeeeeeeeeeeveveeeeennnnns 100



Figure 4-43 ltemi eqover al | by IEQ Composite SCOres .........cceeveeeiccmmenenene. 101
Figure 4-44 Area by IEQ Scores Within SChoOl.........cccoovviiiiiiiiiiiiiiiicccee e, 103
Figure 4-45 Unoccupied Quiet BNL by IEQ Scores Within School....................... 104
Figure 4-46 Unoccupied Loud BNL by Broad IEQ Score Within 8oh................... 105
Figure 4-47 Composite Sensory IEQ Score by Relative Humidity........................ 106
Figure 4-48 llluminance and llluminance Ratio by IEQ Scoreghivt School........... 108
Figure 4-49 Confounds With Carpert.............uuuueiieeeiieiiiiieeeiicrre e e e e e e e 109
APPENDICES

Figure A-I Room A38 Measures — 22 HOUIS .........uuuummmmmririiiiiaeeeeeeeeeeeeeeneeeannnnnnns 136
Figure A-2 Room B24 Measures — 22 HOUIS ..........oivcceeeeeiuvniiiiieeee e e e eeeeeeeeeeeesennnnns 137
Figure A-3 Room A38 Measures — 10 HOUIS .........uuvummmemiiiiiiiiee e e e e e e eeeeeeeeeeeesnnnenns 138
Figure A-4 Room A38 Measures — 10 HOUIS .........uuuummmemiiiiiiiie e eeeeeeeseeeeeeeenennenns 139

Figure A-5 Room A88 Particulate Matter Concentration 15-M&ntWA — Day 1.... 140
Figure A-6 Room A88 Particulate Matter Concentration 15-M&tUWA — Day 2.... 140

Figure A-7 Room A88 Particulate Matter Concentration 15-M@iWA — Day 3..... 140

Figure B-1 Lead Teacher Survey Data by Classroom..............cevvvvvviiiiiiiiiieeeeeennn. 142
Figure B-2 Assistant Teacher Survey Data by Classroom............ccccceeeevvvvvvveeinnnns 143
Figure B-3 Teacher’s Aide Survey Data by ClasSroom .....ccccccoovvvvvveevivviiiiiiinnnnnn. 144

Figure B-4 Spearman’s Rank Correlation Significance for 8yritems .................... 145



LIST OF TABLES

Table 3-1:Measurement EQUIPMENL.............ooviiiiiiiiiiiciieee e eeree e e e e e 39
Table 3-2:Predictor Variables in the Physical Environment...............ccccceevvvvvvviinnnnns 44
Table 3-3:Survey ReSPONSE ITEIMS.......ccceeeeeieeeeeeeeee e eeeee e e e e e e e e e e e e e e eeeeaannes 48
Table 3-4:Participant Characteristics by Classroom TYpe............cvvvvvviiiiiiiieieeeeennnn. 51
Table 3-5:Participant Characteristics by SChool...............oviiiiiiiiiiieeeee 52
Table 3-6:Study HYPOtNESES.......ccceeeeeieeiee et e e 56
Table 4-1:Composite Scores and Constituent HemS...............evvviiiiiiiieeeeeeeeeereenn, 61
Table 4-2:Composite Score Pearson’s Correlations............cccovvvvvvvvvvviviiniinses s 62
Table 4-3:Composite Score Spearman’s CorrelatiQns.............evvvveeiiiiiiiieeeeeeeeeennn, 64
Table 4-4:Pearson’s Correlations of Organizational Satisfactitems....................... 65
Table 4-5:Pearson’s Correlations of Size eMS.........ccoovcviiiieiiiiiiiiiiie e 66
Table 4-6:Pearson’s Correlations of View [femS...........ccccoovimiiiiieeiiniiiieeec e 71
Table 4-7:Pearson’s Correlations of Acoustic Outcome Varigble.............ccccceeeenns 73
Table 4-8:Pearson’s Correlations of Thermal Outcome Variables.................cc........ 79
Table 4-9:Pearson’s Correlations for Air Quality Outcome Item..............cccevvvvvvnnnene 82
Table 4-10Pearson’s Correlations of Lighting Outcome Items...........cccccvvvvvvvieennn. 88
Table 4-11Pearson’s Correlations of Furniture Outcome [tems.............cccvvvvveeeene 95
Table 4-12Pearson’s Correlations of Cleaning Outcome Items............ccoeeeeeeeeeeee. 97
Table 4-13Pearson’s Correlation of IEQ SCOreS.......ccceeevvvvviiiiieeeeiiiiiee e, 101
Table 4-14:CompoSIite SCOre SUMMALY. ... .uuuuiieeeieeeeeeeeeeeeeeeeeeieresiennnnreranna e eeeas 110

Table 5-1:Coefficient Comparison for IEQ Overall............ooovvvviiiiiiiiiiiieieeeeeee, 115



Xi

APPENDICES

Table A-1:0bservational MEASUIES..........coiiuriiiieeeiiiiiie e e 132
Table A-2:Classroom Air Quality and Thermal Comfort Measures..............ccc...... 133
Table A-3:Classroom AcoustiCal MEaSUIES...........ccouiiiiiiieeniiiieeee e 134
Table A-4:Classroom Lighting MEaASUIES.........uiieiiiiieeeeeeeeieeeeeeeiveeeeaeee s 135
Table A-5:Example of Observational Checklist Data...........ccccoeeeivieeeeeiiieiieeeennnes 141
Table B-1:Lead Teacher Dataset Composite Raw SCOLES........ccceeeeeeeeeerevreeeeeninnnns 146
Table B-2:Summary of Statistical Linear Regression TeStS.........ccccevvevvvvvvvvnnnnnnnnn. 147

Table B-3:Summary of R Software TeStS.........ccovviiviieieiiiciirne e 148



CHAPTER 1 - Introduction

Supporting our youngest learners is a winning stnafor improving the equity,
health and resilience of our communities. Especialdeveloped counties, center-based
non-maternal care for infants and toddlers is emgrgs an effective support for
families, with average enrollment at age 4 for d¢ges in the Organisation for Economic
Co-operation and Development (OECD) rising from 789005 to 84% in 2011
(OECD, 2013). Among 37 countries included in theGQDE the United States is quickly
catching up, with enrollment for the same yeansgisrom 65% to 78%. For children
age 3 in the United States, the numbers are 35%@%td Of 20.4M children under 5
years of age in the United States, 61% were irgalae care arrangement in 2011 and
23.5%, or 4.8M, were in center-based non-materaya. digh-quality early learning
schools can be especially impactful for familiebhethe federal poverty line (Burger,
2010) who spend 30% of their income on childcaoepgared to 8% for families not in
poverty (Laughlin, 2013).

A voluminous literature supports the importancéigh-quality programs in
helping children prepare for kindergarten. Somexgas of this literature include Cryer
(1999), Burchinal et al. (2000) and La Paro e{2009). However, there is less evidence
regarding the contribution of the physical envir@mhto child outcomes in early
learning schools. The present study seeks to utasherbetter the relative importance of
variables within the physical environment for eartyldhood education (ECE). The
outcome variable for the study is teacher satigfactith indoor environmental quality
(IEQ), based on the assumption that teachers whmare satisfied provide higher

guality interactions with children.



While this may be a tenuous assumption, the clegdttier interaction is a
fundamental feature of program quality models i BCE literature (Essa & Burnham,
2001; Dickinson, 2006). In the conceptual framewarkigure 1-1, this relationship is
represented by the arrow between “Teacher IEQf&atign” and “Child Learning
Outcomes.”

Figure 1-1: Framework for Program Quality and the Physical Environment

= = = = (Classroom Social Environment: = = = I

Classroom
Physical
Environment

School
Physical
Environment

ECE Quality

Teacher IEQ El‘hl].d
Satisfaction Learning
Child-Teacher Outcomes

Interactions

Distal Variables Proximal Variables

Evidence supports the role of the physical envirenthon employee performance
and teacher attrition (Carlopio, 1996; Schneidéf3 Fisk et al., 2011), represented by
the arrow between “Classroom Physical Environmant “Teacher IEQ Satisfaction.”
Another hypothesis of the study is that organizeticatisfaction in the social work
environment mediates teacher satisfaction. Witrabieinal measures represented in
circles and physical measures in boxes, this framneguides the literature review and
methodology developed below. The framework posdsect impact of the physical
environment on child learning outcomes. Althougk #tudy design does not involve

child outcomes, they are included in the literatengew as the ultimate aim of early
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learning programs. The relevance of this quasi-exynt to child outcomes provides
consequential validity.

Researchers in building science are also workingfioe a model of IEQ in the
physical environment. The present study seeksvarax that undertaking with a small
but fine-grained analysis of teachers’ comfortnad schools. Much of the existing IEQ
literature seeks to improve evidence for guidelipedaining to the operation of
buildings to create optimal occupant outcomestdeast, occupant safety. This study
does not provide insight into optimal levels ofialtes in the physical environment.
However, the study does address the relative irapoet of measurable variables in the
physical environment to teacher satisfaction. Figdiinclude a review of the reliability
and construct validity of the teacher assessmeateNMnportantly, the study asks which
variables in the physical environment are stromficators of satisfaction and their

relative predictive power.



CHAPTER 2 - Literature Review

Following the framework presented in Chapter 1 litleeature review
investigates how the physical environment affdotshtealth and behavior of employees
and students. The review takes an ecological apprmaunderstanding how quality in
the physical environment can influence program @utes for families. Previous findings
from building science, ECE and environmental psia@in provide context for the
present study. Research designs that focus on antsptisfaction with IEQ are
emphasized, with the school conceptualized as &astitial work environment for
teachers and a social learning environment foresited The sections on IEQ discuss the
subjective measures used to assess occupant datisfas well as the various findings
related to how measurable variables in the serdmmains combine to a state of
satisfaction. The chapter closes with a presematidEQ models for occupant

satisfaction.

SECTION 2.1 - The Physical Environment in BuildingScience Literature

The physical environment affects building usersumerous ways, such as job
satisfaction (Klitzman & Stellman, 1989; Carlopi®96; Kamarulzaman et al., 2011),
learning outcomes (Schneider, 2002; Bailey, 200@)lzealth (Mendell & Heath, 2005;
Fisk et al., 2011). Experimental designs typicaliynpare one or more measures from
the physical environment to a behavioral outcontesE measurements relate to sensory
domains of human physiology including respiratduyninous, thermal and aural

environments. A sample of findings related to aialgy, lighting, spatial layout, thermal
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comfort and acoustics follows. This provides a $&ai the following discussion on the

combination of features in the physical environnmtéat produce IEQ.

2.1.1- Air quality. The cleanliness and gaseous composition of aimddmental
to human health and performance. This is doubly tou children who experience higher
exposure levels of air contaminants than adultdd@im 3 to 5 years of age breathe 9.3
liters per minute for their body surface area whilkilts breathe 5.3 liters per minute.
Infants and toddlers are exposed as well to higbecentrations of vapors that are
heavier than air (Miller et al., 2002).

Studies of the effect of indoor air quality (IAQten use carbon dioxide levels to
approximate the amount of fresh air delivered toupants, called the ventilation rate.
Common measures for the cleanliness of air incthdeconcentration of suspended
particulate matter and volatile organic compoumisaerosols such as bacteria and
fungus are measured typically by culture on aréfigrowth media or microscopy
(Stetzenbach et al., 2004). Determining the premseposition of volatile organic
compounds and particulate matter is time consumntgexpensive, which may explain
why these methods are typically reserved for reteand sensitive occupancies.

Achieving air quality is not as simple as providexgcess to outdoor air since, in
many cases, environmental toxins are present @uf€iikments-Croome et al., 2008). An
especially challenging aspect of air quality i ih& not perceived easily. Occupants
may complain about odors, which serve as a goodingfor air quality issues.
However, occupants are less likely to complain abmu ventilation rates or high
particulate matter concentrations. This means mgldsers may present behavioral and

health symptoms without connecting the issue tguaality (Heinsohn & Cimbala, 2003).



Schneider (2002) reviewed several studies that $higher ventilation rates
increase learning. A mechanism he suggests foetfest is that poor air quality reduces
occupant health, leading to greater absenteeismuétitdately, lower student
achievement. Mendell and Heath (2005) performece&fanalysis of thermal and air
quality studies that demonstrated how importanéghdimensions are for student
performance. Their study also revealed a lackrohgily designed research to establish
the connection between air quality and studentoperdnce. Wargocki and Wyon (2007)
revealed that higher ventilation rates accounteddoiance in some school tasks for
students 10 to 12 years of age. Interestingly,esitsdalso reported being significantly
less hungry when provided more outdoor air. Thehmeism suggested for this effect
was that better air quality had a moderating impacstress, of which hunger is
presented as a proxy.

Haverinen-Shaughnessy et al. (2011) measured cdibride levels from one
classroom in each of 87 schools to determine #stsicores increased with higher
ventilation rates. This quasi-experiment regresestscores onto school demographic
characteristics and the estimated ventilation rasedescribed in Lin et al. (2014), carbon
dioxide concentration is a reliable surrogate foeffluents from occupants. It is
therefore a good measure of the number of occupaatspace and is predictive of
occupant odor complaints. However, carbon dioxwmigcentration does not provide a
direct measure of the amount of outdoor air pra¥ittea space (Lin et al., 2014).

Various air distribution strategies and ventilatemmtrols add a layer of
complexity to the IAQ literature. Haghighat and Dom (1999) found that higher

perceived air movement was related to greaterfaatisn with IAQ in 12 office



buildings. Air distribution strategies affect theagification of contaminants and
transmission of contagions. Some newer designisakjtsuch as displacement
ventilation with under-floor air diffusers (Heinsol& Cimbala, 2003), have not been
broadly adopted in schools.

The source of contaminants is a central conceaclmeved IAQ. Flooring
material is hypothesized to affect IAQ. In assagsisthma risk in schools, Tortolero et
al. (2002) performed measured surface loadingdiergans and biological contaminants
on carpets in 80 classrooms, finding unacceptalblel snd mite allergen levels in about
one third of the rooms. Foarde and Berry (2004)maned a school with mostly carpet to
one that had mostly tile. The carpet acted as taounant sink with higher surface
loadings, although aerosol particulate concentnatiwere higher for the hard flooring.
The acoustical and psychological differences betweed flooring and carpet
complicate the association of student performante MxQ. Bullock (2007) showed that
students experience higher mathematics test soonestructional areas with hard floors
over carpeted floors. However, this study was kahiby a relatively small sample of
carpeted classrooms — only 5% of the 111 school®gad.

Occupants like to open windows. In comparing schaohk district, Heschong et
al. (2002) found that students in classrooms wjittrable windows progressed 7% faster
in reading and math than students in classroontsfixikd windows. Brager and Baker
(2009) used occupant surveys from 375 buildingsetermine that those with operable
windows earned higher scores. Schweiker et al.3Rfilind that subjects in a controlled
study had elevated skin temperature and drank mater when they were not allowed to

open windows in the test chamber. With the possgjtof increasing environmental air
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pollution, mixed-mode buildings that include occapeontrol of windows may become
increasingly important research areas for health.

Building-related illness and sick building syndroare often a direct result of
inadequate air quality (Heinsohn & Cimbala, 2008 msema et al., 2004). Air quality
influences occupant satisfaction and performangeagplying previous findings, Wyon
(2004) estimated that poor air quality in officevieanments could reduce employee
performance by 6%. When air quality issues aregieed readily, occupants can become
very dissatisfied. Schneider (2003) surveyed teadneChicago and Washington, DC to
find air quality was the top health complaint refjag their facilities, with well over half
of the teachers reporting a problem. Just undetture: of the teachers reported suffering
from a health problem because of poor school ciomdit

American Society of Heating, Refrigerating, and-onditioning Engineers
(ASHRAE) publishes Standard 62.1-20Yz&ntilation for Acceptable Indoor Air Quality
that specifies minimum outdoor air supply rateskoitdings based on a dilution
approach to controlling contaminants. For a typatassroom, the standard requires
approximately 0.43 cubic feet per minute of outdaoibe delivered per square foot
(cfm/ft?). For a typical office environment, the rate wobl0.09 cfm/ft The
international standard was developed by the Euro@eemmittee for Standardization
(CEN)/Technical Committee (TC) 156 “VentilationBuildings” (1998) and outlined in
technical report CR 175%entilation for Buildings: Design Criteria for tHedoor
EnvironmentIn contrast to ASHRAE standards, CR 1752 provitiese categories of
attainment based on the estimated percentage opants that will be dissatisfied with

the air quality. These thresholds of 15%, 20%, 20/ dissatisfied are associated with a
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ventilation rate ranging from 0.47 — 1.18 cfrhffir classrooms and 0.14 — 0.33 cff/ft
for open office spaces (Olesen, 2004). The thressholds in CR 1752 are associated,
respectively, with carbon dioxide levels of 460tpaaer million (ppm), 660 ppm, and
1190 ppm above the levels measured outdoors.

The International Society of Indoor Air Quality aGimate (Bronsema et al.,
2004) developed another design guiderformance Criteria of Buildings for Health and
Comfort and suggest upper limits for specific air contaamnis based largely on
standards set by the United States Environmentaé&ion Agency (USEPA) and the
World Health Organization (WHO). For inhalable partate matter (Pv), the
maximum 24-hour average concentration is 150 miamg per cubic meter (Lgfm
and for respirable particulate matter (P the limit is 35 pg/m(United States
Environmental, 2015). However, the WHO has advibatllevels of P\ as low as 10-
20 pg/ni are associated with increased health risk (Broasetal., 2004). The
Occupational Safety and Health Administration (OStdAd the National Institute for
Occupational Safety and Health (NIOSH) also seit$irior safe exposure to
contaminants. NIOSH uses a 10-hour exposure pésrogstablishing concentration
limits, while OSHA uses an 8-hour period (Heins@@imbala, 2003). The OSHA 8-
hour average for “particulates not otherwise destie’ is 10,000 pg/frof PMyo and
5000 pg/m for PM,s — dramatically higher than air quality suggestiahsve.

The USEPA'JAQ Tools for Schoolaction kit (United States Environmental,
2012) is an IAQ guideline written for school admsinators and teachers. This resource
provides a set of simple Yes/No checklists to idgmotential sources of air quality

problems. For example, the ventilation checklisitams approximately 75 items, such as
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“Checked drain pans for mold and mildew.” The reseuncludes suggestions for

addressing items of concern.

2.1.2- Lighting. Human sensitivity to the visible electromagnepearum forms
the basis for measures of the luminous environnsemty as illuminance (luminous
power incident on a surface) and luminance (photoarightness”). While visual
perception varies by individual, age and luminowgm®nment, lighting designers
employ the standardized luminosity function to bksa guidelines for IEQ. The spectral
distribution of light sources is an important featof IEQ, with Color Rendering Index
and Correlated Color Temperature used togetheegortbe the spectrum and
temperature of a source, respectively (Steffy, 2008

Evidence continues to amass for the effect of ilhance levels, spectral
distribution of lamps, and lighting schedules onoehcsleep, safety and performance
(Hanford & Figueiro, 2013). Abdou (1997) providesaverview of the importance of
quality in the luminous environment as it relat@$i¢alth and productivity, emphasizing
the role of lighting satisfaction in predicting elmypee morale. Reinhart (2013)
summarizes the link between human circadian pati@nad light exposure, especially the
role of blue light in melatonin suppression. Raatizhese benefits of lighting for
building occupants is a current focus of enginegppractice. Newer ways of
characterizing luminous environments, such as dayljlare probability and climate-
based daylight metrics, are helping researcherslasigners conceptualize high-quality
luminous environments (Reinhart, 2013).

Occupant behavior plays an important yet complatabée in quality luminous

environments. Nicol et al. (2006) explored how tigh conditions relate to occupant
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satisfaction, accounting for the roles of daylight blinds. They found that employees
did not significantly adjust lighting levels in manse to exterior conditions and
employees with access to daylight were slightly ergatisfied than those without access
to daylight were. Nicol et al. also found that quants tend to prefer bright environments
of about 100 footcandles. In another experimentlbywsham et al. (2003), subjects
showed improved mood when provided greater contrilighting conditions.

The complexity of the lighting environment is higjfited in the glare analysis of
Winterbottom and Wilkins (2009). This study consgithe luminous effects of window
openings and blinds on visual comfort in viewingjpcted media. The authors propose
that illuminance levels were generally too hightia 90 classrooms measured and the
combination of glare and fluorescent lighting ceeblhighly variable conditions
disruptive to learning. Newsham et al. (2009) shioat the presence of a window
predicts worker satisfaction with lighting, primigrby increasing satisfaction with views
to the outdoors. This study also draws strongimelahips between lighting satisfaction,
overall IEQ satisfaction, job stress and job satisbn.

Daylight may positively affect student outcomes¢haligh this effect is
complicated by the variety of daylight scenaricet thctually occur in practice. Aspects
of daylight such as glare and solar heat gain neag begative influence on occupants,
while the dynamic lighting spectrum and views mayalpositive influence. Heschong et
al. (2002) found significant variance between dgyiquality and student performance in
a large study but, due to methodological challendigsnot have strong findings (Evans,
2006). After reanalyzing the study data to accdonpreferential teacher assignment to

higher quality classrooms, the relationship of dgylto student outcomes remained
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significant (Schneider, 2002). In a review of therhture, Aries et al. (2015) found
“limited statistically well-documented scientificqof”’ of the benefit of daylight on
health. These findings included evidence that daylieduces depression and better
views from windows increase occupant comfort.

In The Lighting HandbookDiLaura et al., 2011), the llluminating Engineers
Society of North America provides recommendatiandifhting levels in various space
types. Horizontal illuminance at the workplane oammon measure employed for
lighting design. Other important metrics that defthe quality of a luminous
environment include vertical illuminance, the lurmce ratio between the “brightest”
and “darkest” points in a scene, as well as thdiglatymetrics mentioned above
(Reinhart, 2013). Minimum illuminance levels aregrally required for safety, and
maximum levels are limited by energy conservatiodes. With the prevalence of
dimmable, addressable luminaires, designers aseoféan required to determine a

precise design illuminance level, leaving moreifddity to the building users.

2.1.3- Thermal comfort. The physiological balance of thermal energy betwee
the metabolic system and the environment may benthst fundamental dimension of
quality in the physical environment. Temperaturs &a important psychological
dimension that forms in the first days of life aswhtinues to impact perceptions and
interactions. For example, Bargh and Shalev (2@d)d that experiences of physical
warmth increased feelings of social warmth in g@@lstudents. They also showed that
longer bathing habits and the use of warmer watecarrelated with greater feelings of
isolation and loneliness. The authors suggesthimaians seek physical warmth in ways

similar to their desire for experiences of sociafmuth.
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Occupant thermal comfort depends on air temperatelaive humidity, air
velocity and the temperature of surrounding sudgogean radiant temperature).
Personal factors that affect comfort include clloghiactivity level, age and individual
difference. Designers and researchers predict @ertigatisfaction using models of
comfort. The two most common are the heat balarm#eirand the adaptive comfort
model. The heat balance model predicts comfortcbaseghe assumption that occupants
are universally satisfied at specific combinatiohsariables. The design process
involves weighing the personal and environmentetiois in a methodology to predict the
percentage of occupants that will be dissatisfldus estimate is based on empirical
findings from occupant surveys using a semantiewftial scale of “hot” to “cold”
(ASHRAE, 2004).

Models using adaptive comfort have emerged inabe20 years and predict
occupant satisfaction based on outdoor climateitiond. These models generally have a
warmer “neutrality” temperature due to adjustmdatdhuman seasonal adaptation.
Occupants are also more likely to be satisfied Withtemperature when they believe
they control the ventilation (de Dear et al., 20R)r these reasons, adaptive models are
employed commonly in mixed-mode or unconditioneakcgs, while the more traditional
heat balance model is reserved for buildings wéthti@lized heating, cooling and
ventilation. The adaptive model may estimate comfare effectively than the heat
balance model, especially when thermal conditioesuaeven, such as occur in
naturally-ventilated spaces (Schellen et al., 2012)

Schneider (2002) describes the relationship betwaetent absenteeism and the

relative humidity of buildings, suggesting that mstudents are home sick when
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humidity levels in the school are high. This maydeeause mold is more likely to grow
at specific humidity and temperature conditionsa imeta-analysis of studies, Seppénen
and Fisk (2006) estimated that sick building symigsymptoms increased by an average
of 12% for every 1 degree Celsius increase in teatpee. They further found that
performance of office workers was optimal at 7Ce§rées Fahrenheit. Temperatures
outside a range of 68-73.5 degrees Fahrenheitsponeled to reduced occupant
outcomes of around 10%. In another study, highep&ratures caused employee
performance on math problems to decline, while adsteasing cognitive load as
measured by cerebral blood flow (Tanabe et al.7200

Describing optimal thermal comfort conditions id mathout challenge. The
dominant model in the United States is a steadg $i@at-balance model defined by
ASHRAE Standard 55-200Zhermal Comfort Conditions for Human Occuparitlyis
standard provides an acceptable operative tempenatnge based on activity level,
clothing level and relative humidity. The temperatmay be adjusted based on air
velocity, and limits are provided for radiant asyetryg of surrounding surfaces. Standard
55 does contain a section for adaptive comfort risololet does not allow buildings with
any mechanical cooling to use the expanded temperedanges offered by this method.

In contrast, thé&erformance Criteria of Buildings for Health and iGfort
(Bronsema, 2004) employs a similar methodologytem&ard 55 but includes separate
recommendations for winter and summer seasonsart-office space, the guide
recommends 76.1 degrees Fahrenheit in summer a@dl&drees Fahrenheit in the
winter. The standard also provides suggestionddsigning with the interaction between

perceived air quality and thermal comfort. In CEN/TI56 technical report CR 1752
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(1998), the suggested temperature for kindergarteBsirope is 74.3 degrees Fahrenheit

in summer and 68.0 degrees Fahrenheit in winter.

2.1.4- AcousticsThe aural environment is related to sound pressakes by the
sensitivity of human hearing. Equal loudness corstae standardized curves that
provide a weighting for different frequencies. Altlgh hearing varies by individual and
age, the curves allow a signal with sound pressneegy at various frequencies to be
converted to a sound pressure level that is retlatbdman hearing (Mehta et al., 1999).
Occupant comfort regarding acoustics involves thgudency distribution of sound, the
level of background “noise,” the transmission afise between spaces, and the
reverberant properties of room enclosures.

Acoustics has a complicated relationship to belraBackground noise, speech
intelligibility and linguistic distractions interito create aural comfort. The literature
relates each of these acoustical properties topactttbehavior, with fewer studies
looking at multiple aspects of sound concurrer@igie such study performed by Clausen
and Wyon (2008) investigated the effect of the ptalenvironment on 99 adults. When
given the option of lower background noise levelghe elimination of audible office
noise and intelligible conversations, subjectsrditthave a clear preference. This
suggests that individuals differ regarding thetreéaimportance of overall background
noise levels and noise distraction, such as coatiers. Another example of the
complicated relationship between soundscape arsfagaion is provided in Mackrill et
al. (2014). The authors found that 24 subjectsdigwificantly different relaxation levels
when listening to audio clips with different intertions in a repeated-measures design.

Playing a masking sound with the audio clips insegbrelaxation, and playing nature
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sound of birds and running water had an even lafiect on relaxation. Interestingly,
written information provided to subjects that désed the noises they were hearing in
the audio clips also increased relaxation. Theseexperiments suggest that both
cognitive and physiological mechanisms may be nesipte for individuals’ responses to
background noise.

Specific characteristics of background noise aféectupant outcomes. Mak and
Lui (2012) utilized a 5-point scale on a questiareto measure worker satisfaction with
IEQ in 38 office buildings. All participants werarmoyed similarly by ringing phones and
conversations, although those who reported aboeeage effects on productivity due to
the work environment were significantly more anrbig background noise and closing
doors. Office workers under 45 years of age alponted that acoustics was not as
disruptive to their productivity as did older emy@es. Background noises with strong
tonal characteristics also influence satisfactiain WEQ. Ryherd & Wang (2008) found
that background noise with different tonal charasties but similar sound pressure
levels created various levels of annoyance in adnlbffice-like environments.
However, typical metrics used for acoustical desgyich as room criteria and noise
criteria, did not predict their subjects’ satisfant This finding suggests that predominant
models of acoustical comfort do not agree well witcupants’ self-reported satisfaction.

Considerable evidence shows that sound impactsitearA study with 90
children 3 to 5 years of age found that equivasenind pressure level in classrooms
predicts pre-reading skills (Maxwell & Evans, 2000his field quasi-experiment
involved the installation of acoustical absorptsumfaces in classrooms, suggesting that

reverberation time may also have a role in the orealsoutcome. Shield and Dockrell



17

(2008) associated occupied equivalent sound pressvels with student achievement on
standardized tests. This study also found thats¢bools with outdoor A-weighted
equivalent sound pressure levels above 60 deditB)sre 20 micropascals (1LPa), the
maximum sound pressure level predicted studerasfing achievement. This finding
suggests that loud outdoor noise occurrences @nteviith student language outcomes.
Ronsse and Wang (2013) compared unoccupied neigks Jeeverberation time and
binaural room characteristics to student readirdjlanguage achievement scores. They
found that higher unoccupied noise levels and grdahaural frequency distortion were
correlated with higher scores. Their findings sigjdleat binaural frequency distortion
caused by reverberant energy in a learning spageoma better measure of acoustical
guality than the more common measure of reverlmraime.

A common design standard is ANSI/ASA S12.60-201@/P.aAcoustical
Performance Criteria, Design Requirements, and @lines for School§American
National Standards Institute [ANSI] et al., 201B)r permanent classrooms, this
standard recommends a maximum background noiseighteel equivalent sound
pressure level of 35 dB re 20 uPa. Acoustical s#jmars are required to have a Sound
Transmission Class (STC) rating of at least 50 betwclassrooms and 45 between
classrooms and hallways. The maximum recommendedlreration time for a typical
classroom is 0.60 seconds averaged over the ngddreies of 500, 1000, and 2000

hertz (Hz).

2.1.5- Spatial arrangementThe amount of room available to occupants affects
their behavior, including satisfaction and achiegatmEvans (2006) summarized the

literature on crowding regarding young childrergwling the strong conclusion that
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increased occupant density is associated with gréatels of social withdrawal and
aggression. Regarding office environments, May.g2805) investigated the behavior

of 182 receptionists in various medical clinicso$a with less space were less satisfied
with the amount of space they had available and were frequently late to work as

well. Lee and Brand (2005) used structural equatiodeling with 215 workers from

five companies to determine that those with cormetriiccess to meeting spaces reported
higher job satisfaction.

The way spaces are organized regarding visualg@yigad adjacency are also
important features for behavioral outcomes. Max\{&0l07) developed a rating scale to
emphasize features of the physical environmentgiatide rich learning opportunities.
The adjacency subscale of the tool includes corblgadir complementary areas; support
spaces; access to large motor development playpersdnal care. For 3- and 4-year
olds, the adjacency subscale predicted child coemget A limitation of the study was
the small number of subjectd£79) forming 4 intact classrooms, 2 each in diffiere
schools. The study presents compelling evidencthiohypotheses that younger children
benefit more from a high-quality physical enviromthand the physical organization of
the classroom is important for child confidence.

Tanner (2008, 2009) developed the Design Appr&sale for Elementary
schools (DASE), an observational tool based ondiwher Alexander’s theory of
patterns. Categories included in the tool, suctirasilation, meeting places, daylight and
views, explained differences in student test scoMdsle Maxwell’s tool considered
classroom features, DASE includes the school andwsudings to create a contextual

rating of children’s experience with the entire ach



19

There are numerous guidelines for the provisiomsaarangement of early
learning classrooms. The clearest requirementthase of state regulations relating to
the safety and adequacy of childcare environmdimsse regulations require minimum
floor area for each student and access to the orgdBegulations may also limit the
types of materials and objects that can be inssot@m and provide clear temperature
thresholds. Other organizations such as the GeBeralce Administration and the
National Association for the Education of Young I@ten have quality standards that

address features of early learning spaces.

SECTION 2.2 - The Physical Environment in ECE Litemature

A mature model for quality in ECE has evolved ia titerature. Based broadly on
Urie Bronfenbrenner’s ecological model of child dempment (1979), the whole child is
viewed in the context of a rich social environméait includes the physical environment.
Child learning outcomes are linked theoreticallytte quality of this social environment.
To define quality, researchers organize influerafeshild outcomes into proximal and
distal variables, summarized by Essa and Burnh&®1(2 Distal variables include
community and societal characteristics, such asbssapport for families and
regulations. Proximal variables are characterigifdamilies and the school, as well as
child characteristics, such as gender and temperame

Child outcomes may be social, behavioral/emotionaognitive/language. ECE
program quality affects these outcomes throughrhechanisms: process variables and
structural variables. In the ECE literature, preceariables are generally considered to

have a major effect on outcomes and include teanteractions, curriculum, the
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environment and generally those things with whilihdeen directly interact (Phillips et
al., 2000). Structural variables are traditionaitigse aspects of program quality that can
be regulated and include teacher-to-child ratiougrsize, teacher education and teacher
wages (Essa & Burnham, 2001).

A common measure of quality in early learning cenig the Early Childhood
Education Rating Scale — Revised (ECERS-R). Thissmsmnent tool requires a trained
observer to characterize several aspects of argtassenvironment, typically on one
day. Due in part to its early adoption, the measer@ has gained prominence amongst
researchers and policy-makers. Rated contentufatier seven sub-scales: personal care
routines, space and furnishings, language reaspaatigities, program structure,
interactions, and parents and staff. Ratings i e@enain are aggregated generally into a
single, global score that hypothetically descripesyram quality. Numerous findings
demonstrate the value of this global measure asyatevimprove child outcomes
(Burchinal et al., 2000; Atkins-Burnett, 2007). Guan et al. (2006) also show that
ECERS-R scores are predicted by teacher wagegd,tadiild ratio, teacher education
and auspice of school (nonprofit or for-profit).

Gordon et al. (2013) evaluated the validity of ECGER to determine that it did
not predict child outcomes, although it did relatsl to teacher observations of quality.
They also suggested the rating scale does not mesisufactors and a three-factor
model fit outcome data better. However, their tHisor analysis was also not well
correlated with student outcomes. One significalationship that emerged from their
study is that the incidence of child respiratosuiss is linked to a factor including

furnishings, activities and program structure. Gorét al. recommend ECERS-R be
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revised to better measure specific dimensions afityuand include scales designed for
its intended user, such as child development (rekess), school readiness (educators) or
regulatory compliance (practitioners).

Other researchers have questioned the applicatiBEERS-R in practice,
offering suggestions for assessments that represetity better as it relates to child
outcomes (Perlman et al., 2004; Cassidy et al.5208 Paro et al., 2012). The
prominence of process variables in the conceptiadia of quality has also led to the
recent popularity of the Classroom Assessment 8g@ystem (CLASS), another global
measure of quality. The desire to pair classrooactpre with student outcomes, as well
as attention to what is actually happening in fthgsroom, resulted in the more robust
categories of emotional climate and classroom mamagt of CLASS (Atkins-Burnett,
2007). Mashburn et al. (2008) used a multilevel ehdd evaluate how well different
quality rating systems predicted child outcomesyltound CLASS identified more
significant relationships with child outcomes titid ECERS-R or an index of nine
structural quality items.

While global quality measures such as ECERS-R haplace in early learning
policy (Lambert, 2003), more focused tools are igaithe attention of the ECE
community. This aligns with a trend in the litensdoward a toolkit approach to
evaluating program quality. Dickinson (2006) argthedt practitioners should employ a
heterogeneous set of assessments for differenngiores of quality. In support of this
position, the author highlights studies demonstgathat targeted assessments of the
classroom environment are better at predictingegifip outcome than global classroom

measures. The Early Language and Literacy Classfbservation (ELLCO) toolkit is
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one such fine-grained tool. Fundamentally, Dickmbahlights the need for better
definitions of quality in early learning environntsn

In this context, assessments that target qualitiggrphysical environment may be
attractive to ECE professionals. Such tools dewedpy Maxwell and Tanner are
described above. Another such scale to evaluassrdams, playgrounds and common
spaces was developed by Moore (1994), called thidr€h’'s Physical Environments
Rating Scale (CPERS). This observational assesdeetres subscales for natural light,
acoustic privacy, hiding places, natural ventilatimdoor nature play and gardens. While
the instrument’s psychometrics demonstrate relighthere do not appear to be studies
linking CPERS to student outcomes. While the pattéithe tool is similar to the
ECERS-R, one methodological difference is its iamn of the entire ECE environment,
going beyond the classroom boundaries. Like Tasr({@009) DASE and Maxwell’s
(2007) rating scale, the CPERS does not involvesighy measurements of

environmental conditions.

SECTION 2.3 - The Physical Environment in Environmetal Psychology Literature
The literature in environmental psychology addssoderable depth to the

understanding of the interrelationship betweenptigsical environment and social
formation. Indeed, one of the significant developtsen ECE research has been the
expansion of the concept of quality to include p®}ogical aspects of the environment,
such as emotional climate, teacher-child interastiand child-child interactions
(Dickinson, 2006).

These models hold that individuals interact witkitlenvironment in dynamic

ways, both acting upon the physical environmentadjdsting behavior according to
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sensory feedback (Bronfenbrenner, 1979). As Cobb4pdemonstrated through
observation of child play, humans are the only et exhibit the tendency to add form
and novelty to the environment. The environmensgcpology framework places the
child in an ecological context where the child doesjust develop but, through
interactions with nature, “evolves” in biology. Gohiews the biological context of
childhood as continuous, not dichotomized by tipens indoors or outdoors. The
evolution the child undergoes is the basis fortovigg and genius as an adult.

Children’s perceptions of the fixity of the phydieavironment relate to their
sense of agency in the world. For example, ECEhraaconstruct their classroom
environments to provision opportunities for leagn{ha Paro et al., 2009). Other aspects
of the physical environment are not modified aslgasuch as classroom walls, outdoor
play environments, or buildings, streets and nesghdods. One hypothesis is that the
degree of flexibility present in the physical elmviment and observed manipulation of
the physical environment by children are two congmis of ECE quality. For example,
Killeen et al. (2003) found that fourth- and fiftjnaders felt a great sense of ownership
when they contributed to permanent artwork displaytbeir schools. The construct of
ownership utilized by the study included territtitia control, personalization and
involvement.

Environmental psychologists conceptualize nature famdamental relationship
that occupants share with the physical environriewans, 2006). In a study with 337
children 6 to 12 years of age, Wells and Evans32@8und that nature provided a buffer
to stress, after controlling for socioeconomicistadnd stressful life events. The authors

hypothesized that the mechanism through which ediuffered stress may be social,
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suggesting that more access to nature createdappatunities for social play. They
also posited that access to nature might improgesoln another study with 500 college
students, Benfield et al. (2015) found that tho#tl wiews to nature had a higher course
grade at the end of a semester than those withsviea concrete wall. The students with
views to nature also rated the classroom resotnigker than did students in similar
rooms without views to nature.

Other important contributions from environmentayg®logy include research
on room organization, crowding and color. Maxwe{P907) study described above
found that classrooms with well-defined spaceheghysical environment corresponded
with child competence. Considering this findingality in the physical environment can
be construed as opportunities for challenge andosgnntegration. Based on an analysis
of several studies, Evans (2006) suggested thaitgies a better indicator than class size
for student outcomes. Several studies have alsershimat the color of walls has a
significant impact on occupant mood and behavi@nfiérulzaman et al., 2011).

Environmental psychologists often analyze the tistdables that influence
occupant outcomes. Evans (2006) suggests thatdlogge of controlling for social class
in studies relating outcomes to the physical emritent may confound contributions of
the physical environment due to the general cdlithg of poverty and environmental
quality. A corollary hypothesis is that poor chddrmay exhibit improved outcomes
when provided high quality ECE physical environnsdn¢cause they do not otherwise

have access to these environments.
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SECTION 2.4 — IEQ: Occupant Behavior Measures

IEQ refers to the ability of a building’s physia@lvironment to support the health
and happiness of its occupants (NIOSH, 2013). d@&fmition is inherently challenging
for researchers because the health and happinessugfants are phenomena that are
neither uniform nor static. The section on IEQ misdelow further investigates this
definition of IEQ.

This study is based on the theory that IEQ is hatearacteristic of a building’s
systems and enclosure that can be quantitativeasured and reliably predicted.
However, any definition of IEQ is tied inherenttymeasures of occupant behavior, of
which the building science literature employs sakéfrhe most common measure is to
ask occupants how they perceive IEQ using surveygerviews. Absenteeism is
another measure sometimes used to draw conclusiomg the healthfulness and
desirability of IEQ to occupants. Occupant perfong®is used also to assess the impact
of IEQ and takes the form of student outcomes ltosts and employee productivity in
work environments. This section reviews IEQ litaratrelated to surveys and
absenteeism. The use of occupant performance nesasubuilding science research is
illustrated in the studies reviewed previously acfon 2.1.

Surveys are sometimes used as a proxy measuréuaf HQ because they are
generally less expensive to implement than meagtine& actual conditions of air quality,
lighting, temperature and noise throughout a bogdin this diagnostic use, surveys can
form part of a system of building maintenance aptihasization where occupants help
alert building owners to issues that need atter{titamn et al., 2012). For studies

reviewed in the literature, surveys are used ppaty to create knowledge about how
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IEQ influences health and behavior — often in coofion with measures of the physical
environment. The intended use of occupant sungefienidamental to their development,
validity, implementation and consequences for gsesasor and occupants (American
Educational Research Association et al., 1999).

Many questionnaires of occupant perception of IEQetbeen developed and
employed in research. Peretti and Schiavon (20gwed the properties of several
surveys used in research and practice, as did Dyk@®8aird (2013). The Occupant
Indoor Environmental Quality (IEQ) Survey™ (Cenfter the Built Environment, 2004)
provided information about how the assessment wasldped. Specifically, test
developers employed cognitive interviews with sesebjects using a “concurrent think
aloud” methodology to investigate item comprehemgiagreus et al., 2004). This
online tool is the most widely adopted building I§Qestionnaire in the United States
with over 60,000 survey submissions. The Buildirsg$tudies Occupant Survey (Arup,
2015) is more common in the United Kingdom. Onlky Bhysical Work Environment
Satisfaction Questionnaire appears to have beegla®d with consideration for internal
reliability and construct validity (Carlopio, 1996urveys that are more recent do not
have evidence of construct validity, test-retebabdity, internal reliability or
consequential validity (Messick, 1995). This maydoe to the low stakes associated
with the surveys, which are designed often to mtgparticipants’ identity. Nonetheless,
these features of psychometric quality have impbee for interpretation of findings.

Occupant IEQ surveys typically have a set of itemgganized by domains such as
lighting, acoustics, thermal comfort, air qualityeaning and furniture. A semantic

differential structure is common for items, witldoval responses on a 5- or 7-point scale.
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Sometimes Likert-type items structured on a symimatyree-disagree scale are used, as
in the Physical Work Environment Satisfaction Qigestaire. For research, surveys are
typically anonymous with an online or paper forn&dmetimes occupants have the
opportunity to provide unstructured responsespmoapt, such as “Are there other
issues with the lighting?” Surveys are designedtglfy to target a specific space that
occupants predominantly occupy. One possible caortfimg variable in assessing
perceptions of IEQ is that the building, surrourgdiandscape and neighborhood of a
facility can influence occupants’ experiences @f térget space for the survey (Dutt,
2012).

An overview of how surveys are employed in theéitere is provided in
Frontczak and Wargocki (2011). The authors sumrednmmerous studies that asked
office workers about air quality, visual qualitiletmal quality and acoustic quality. The
review included studies that analyzed the inteti@tahips of survey responses, as well
as studies that linked responses to measuremetits physical environment. A detailed
example of a research design implementing occugapbnses is provided in Huang et
al. (2012). The authors varied the luminous, théand acoustic environment in a
controlled experiment. Participants reported satisbn with each domain as well as
overall IEQ satisfaction on a 4-point scale witdinal values of “Quite Satisfied,” “Just
Satisfied,” “Just Dissatisfied,” and “Quite Dissdied.” Findings from this study are
discussed in Section 2.6.

There are broader considerations regarding thenalé utility of self-reported
IEQ measures. For example, work environments arasimoted in place as has been

traditionally true. Especially for knowledge workethe physical and digital parameters
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of work vary by day, week or month (Davis et aD12). In this context, there may be
new features that affect perception of IEQ, sucthasiumber and type of regular work
locations. Another key consideration regarding fggception is that occupant opinions
are relatively unstable in time (Nicol & Roaf, 2005

Absenteeism is another measure conceptualizecatefrendent variable for
behavior. Schneider (2002) summarizes findings fseneral other studies of IEQ and
student performance that use absenteeism as amoeitbeasure. Shendell et al. (2004)
investigated yearlong attendance at over 400 dasss as a surrogate for student health.
Specifically, the authors suggest that higher Vatitn rates lead to less infectious
disease, which is quantified by attendance dataléttere is no evidence provided for

this reasoning, the significance of findings sug¢gése metric has good criterion validity.

SECTION 2.6 — IEQ: Models

School facilities are evaluated often by the rafithe cost of deferred
maintenance of a building to the total replacencest of the building. This metric does
not compare well to an educator’s perspective dtilmg suitability, primarily because it
fails to evaluate the building from the perspecti¥eomfort (Roberts, 2009). Although
financial metrics may be the dominant method fatradsing IEQ in practice, this review
focuses on conditions in the physical environmbat telate more directly to IEQ.

Practitioners are working together to conceptudkx@ across the various
domains which have often been independent in m&aodne manifestation of this is the
increase in design guides and research that E€ahblistically. ThePerformance

Measurement Protocols for Commercial Buildingsblished by ASHRAE et al. in 2010
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provides a framework for measuring IEQ in the domeaif thermal comfort, acoustics,
lighting and air quality (Hunn et al., 2012). Indéiibn to detailing measurements at three
levels of increasing sophistication, the standésd eompiles suggested limits for many
of the variables based on other widely adopteddstais. Methods for conducting
diagnostic occupant surveys are included in thdeajune.

A considerable body of research has illustrated semsory domains in the
physical environment interact to create IEQ. Thssdies all use some measure of
occupant physiology or behavior for validity. Maofythe experiment designs combine
effects of multiple dimensions of the physical @amiment and utilize factor analytic
techniques to understand correlations. Huang €2@1.2) revealed that of lighting,
acoustics and thermal comfort, lighting is the tesagnificant factor. This study used
controlled conditions with 120 subjects to estdbtisat both noise (A-weighted
equivalent sound pressure level) and operative ¢eatyre resulted in occupant
discomfort outside of a clearly defined range, whighting conditions could vary with
smaller impact on occupant satisfaction.

Hedge and Gaygen (2010) showed how environmentalitons of temperature,
relative humidity, volatile organic solids, carbdioxide and particulate matter are
linked. Temperature has a negative correlationl tm@asures except carbon dioxide. Lee
et al. (2012) found that, compared to temperatigieting and air quality, sound was the
most sensitive factor in college classroom leargngronments. Clements-Croome
(2013) summarizes several findings to suggest emngstelating acceptable temperatures

to occupant satisfaction with air quality.
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One tendency in the literature has been to identtggories for IEQ based on the
tolerance of measurements in each sensory domainzeétling et al. (2013) challenge
the notion that higher tolerances in temperatuceaanquality are related to higher IEQ.
Another IEQ research area that spans sensory densairtcupant controllability.
Examples of controllability include occupant cohtwbtemperature, air velocity, window
coverings, acoustics and privacy. Wagner et aD{20sed surveys to establish
perceptions of control over ventilation strategiesongst workers. They found that the
perceived effect of interventions to control thdaor climate was a good predictor of
comfort. Toftum (2010) concluded that, even whepesior IEQ can be achieved with
automated controls, occupants are more satisfieshwhey have the perception of
control over the physical environment.

As in the case of ventilation rate measures, ctlabitity can have a confounding
effect on a broad range of other measures of tigsigdd environment. Based on surveys,
Heschong (2003) reports that teachers expect ébleeto control the physical
environment of their classrooms. In a study by &eé Brand (2005), the authors
concluded that employees with greater control efgthysical environment were more
satisfied with IEQ and had higher job satisfactidsing a design that allowed subjects to
adjust temperatures, de Korte et al. (2015) fotmadl $atisfaction increased after the
temperature and lighting was adjusted by occufamts preset levels.

A position championed by de Dear (2011) is thataneewitnessing a paradigm
shift in the conception of quality in indoor envimoents. Instead of targeting steady-state
physical conditions that are within prescribed pasters, an adaptive model of comfort

is emerging that is organized around occupant obrifising the term “alliesthesia” to
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refer to that which we find desirable in our enwimeent, de Dear turns to psychological
processing to explain the relationships betweendmpiysiology and indoor physical
environments. In this alternative paradigm, instefldeing a product, occupant comfort
is a goal to be achieved through the agency obtisepant him/herself (Nicol & Roaf,
2005).

Lehman (2013) suggests an approach to IEQ basedrmory design. This
approach emphasizes the nonlinear relationshipdesteatures of IEQ and occupant
perception, using the “narrative” of the occupanaavay to design spaces. Using
neuroscience, Lehman describes the links betwestimeti sensory experiences for
occupants and how they combine to make buildingisalsde to occupants. Although
Lehman does not explicitly relate the physical emwinent to perception of IEQ, this
approach may help describe and unify the sometooasadictory findings of IEQ
studies.

The literature has struggled to form consensusa f&tandard index or metric of
IEQ, and some question if this is even possiblenfblloreys, 2005; Heinzerling et al.,
2013). A central problem is how the psychologi¢ates of satisfaction can be correlated
to measurable features of the physical environnigume. to the dynamic nature of
individual and contextual variables, surveys oféhgironment measure a moving target
(Nicol & Roaf, 2005). Occupant perception of IEQalso interrelated with the social
environment. Carlopio (1996) showed that the ptajgavironment had a moderate
correlation with organizational commitment. Newshetnal. (2009) showed that overall

indoor environmental satisfaction was linked toamigational satisfaction, a relationship
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moderated by compensation and management. Veiadh(@011) showed that lighting
quality could predict employee engagement.

IEQ models provide context for conclusions aboatriative importance of the
various domains of the physical environment, ad agethe relationship of IEQ to other
factors. Generally, the physical environment hasuah smaller effect on behavior than
factors such as individual differences, socioecanatatus or program quality. For
example, in Shendell et al. (2004), the authorsidioa significant correlation between
ventilation and school attendance; however, thecefiize was an order of magnitude
smaller than the role of socioeconomic status amdarders of magnitude smaller than
the effect of classroom type — portable or permanen

Klitzman and Stellman (1989) found that air qualéggonomic stressors and
noise were related more strongly to psychologial-eing than other physical
conditions like lighting. Schneider (2003) descsil®w the physical conditions of
schools are correlated with teachers’ dissatigiacind intent to change jobs. Using a
self-reported survey, Buckley et al. (2004) alsanit that the quality of conditions at a
school is a significant predictor of teacher ratantClausen and Wyon (2008)
performed a controlled study in an innovative desitat provided subjects with limited
choices for which features of the test environntkeay could change. Considering views,
different types of noise, air temperature and aalify, they found no clear pattern in
subjects’ selections. They suggest that subjeat@®gfions may play an important role in
forming IEQ perception and an improved design niay present all subjects with the

optimal test conditions before enforcing the reduldgQ measures.
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SECTION 2.7 — Summary

Researchers have studied the effect of the physisatonment on students and
employees from the traditions of building scierf€€EE and environmental psychology.
The building science literature provides stronglexce of the impact of IEQ on
occupant behavior and health. In ECE, the qualfithe physical environment is a
structural variable that mediates program quatitintrease child cognitive and
emotional development. The literature in environtakpsychology shows the
connection between features of the physical enwent and social formation.

IEQ is tied inextricably to behavioral assessmenftsccupant satisfaction;
however, it is theoretically a stable feature immeiin buildings. A strong pattern that
emerges across research in the physical environisiéme central role of occupant
control. In the context of building science, strawdence shows that occupant control
of building systems increases IEQ. In the cont&E©E, executive function in children
increases with quality in the physical environmeniggesting that greater opportunities
to interact with the surrounding improve occupautcomes. The trend towards occupant
engagement is clear in models of IEQ that recogthieemportant role of dynamic
environmental conditions for occupant satisfacteummarized by the concept of
alliesthesia.

Behavioral assessments are least mature in thdirogigcience literature. With
the exception of Carlopio’s tool from almost 20 rgeago (1996), building scientists have
not constructed occupant surveys that demonstratpsychometric qualities of
assessment tools employed by educators and psyisisldt may be that a focus on the

construct validity of occupant surveys may leaddéw knowledge about the structure of
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IEQ models. In this respect, the traditions of E&BHE environmental psychology have
much to offer building science. Similarly, smalltlsignificant and predictable gains for

children can be achieved through increased IEQuasrmtly understood by building

science.
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CHAPTER 3 - Methodology

This study hypothesizes that teachers are mordisdtiwith aspects of their
classrooms when there is higher quality in the may£nvironment. The predictor
variables were constructed of physical measuremakésn from the classrooms at two
early learning schools. In total, there were 23s1l@aoms in the study. The outcome
variables were constructed from a written survey&@ completed by teachers from
each of the classrooms. There were three teaahegch classroom, and 48 teachers
chose to participate in the study.

The study is a quasi-experiment in that it lackslcan assignment of teachers to
classrooms and schools. Instead, a conveniencdearap selected based on study
feasibility as well as a consideration of the aptited significance of findings when
weighed against the disruption required to progaaield study. Indeed, continuity of
care is a key feature of quality in early learngofpools, which requires that children
remain with the same teachers as they age thrdweghbrogram. The internal validity of
this study is marginal due to the lack of randosigsment; therefore, any findings are

not interpreted as scientific evidence but are sstige instead for future research.

SECTION 3.1 - Predictor Variable: Physical Environment

Data collection was from November 2014 through M&015. Both teachers and
students were assigned to the same classroomsAugunst 2014 to May 2015, providing
stability in the grouping structure of teachershimitclassrooms. The primary researcher
collected the data. A unique code was assigneddb elassroom to maintain teacher

anonymity. This code begins with A or B, dependimghe school site. For each
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classroom, occupied data was recorded from 7:30ymiil 5:30 p.m. the following day.
During a 2-hour window, the researcher relocatednleters, thus the sample is 22 hours
for practical reasons. The rooms are utilized gahefor early learning programs
between the hours of 7:30 a.m. and 5:30 p.m. Tbikdur block of time formed the basis
for occupied measures that were averaged over timgetypical day, children arrive in
classrooms from 7:30 to 8:30 a.m. and leave thenrfmw an hour in the morning for

gross motor play. Children typically eat lunch lve tlassroom and nap from
approximately 1:00 to 3:00 p.m. Classrooms beconeecupied between 4:30 and 6:00
p.m., by which point all children have left the soh

Access to the building occurred when all of thaletts were out of classrooms
and as teachers were leaving for the day. Occupeaburement in the classroom
included particulate matter concentration, backgdonoise levels, illuminance
condition, carbon dioxide concentration, air tenapere and relative humidity. Two sets
of meters allowed for measurements in two classsoocomcurrently. Measurements
included all 31 classrooms in the two schools,alth only the 23 classrooms with
teachers who completed the written survey formedittaset for the study. Exterior
environmental measurements were not colledteglire 3-1lillustrates the meters’ setup,
and Table 3-1 describes the equipment employed.

Unoccupied classroom measurements in the studydadlacoustic reverberation
time, illuminance and several observational iteReverberation time was measured
according to the “survey” method in Internationa@nization for Standardization (ISO)
3382-2:Acoustics — Measurement of Room Acoustic ParametBest 2: Reverberation

Time in Ordinary Room&008). While ANSI/ASA S12.60-2010/Par{ANSI et al.,
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2010) requires two speaker locations with threeoplsone ocations each, only or
speaker location and two microphone locations weeasl for practical reasons. Ro:
excitation was by integrated impulse response wikries oeightsine sweep
generated by computer software and produced byramdirectional peaker. A signi-
to-noise ratio that produced reliable results in t8@,3.000, and 2000 Hz bandwidi
was established with the software WinMLS (Mors@04). A typical setup for roon

impulseresponse measurement is showFigure 3-2

Figure 3-1: Occupied Measurement Meter

N

e

llluminance was measured at four locations in edafsroom relative t
luminaires, according t8tandard Measurement and Verification Plan for Lting
Retrofit Projects for Buildings and Building Si(Richman, 2012). Taken at night af
lamps had reached steady output, the two lardestiilance values were averaged

each classroom. The ratio of the largest to snmdlleminance values creed the
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illuminance ration metric. The lighting power dapf each classroom was estimated
based on the lamp type and number, and the nunitighting zones controllable with
switches was counted. In some cases, lighting zawees shared by two classrooms, in
which case the zone was counted as 0.5. The réseascorded these measurements
with the room observation checklist developed & project. An example of the data

collected with this tool is provided in Table A1 Appendix A.
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Measurement

Equipment

Protocol

Sound Pressure
Level

Particulate Matter

Temperature
(temp), Relative
Humidity (RH),
llluminance
Carbon Dioxide
Concentration

[lluminance

Room Impulse
Response

Observational
Measures

Larson Davis 824 Sound Level MeterOccupied Measure:

_Or_

30-second (sec) T-

Larson Davis 831 Sound Level Meterwave Alternans (TWA)

Lighthouse 3016 Handheld

Spectral Sound
Pressure Level (SPL),
Flat Weighting

Occupied Measure:

Nephelometer, 0.3, 0.5, 1, 3, 5, and 18-minute Interval,

micrometer (um) channels

Hobo U12-012 Temp/RH/Light

Level/External Input

Telaire 7001 C@Sensor

Minolta T-10A llluminance Meter

0.017 cubic foot 10-sec
Samples

Occupied Measure:
10-sec Interval Point
Readings

Occupied Measure:
10-sec Interval Point
Readings, Logging
with Hobo U12-012

Unoccupied Measure:
USDOE PNNL-21983,
Four Locations

Dell Laptop running WinMLS, RME Unoccupied Measure:
Babyface 22-Channel Audio InterfacelSO 3382-2, Survey

Lab.Gruppen LAB 500
Amplifier,and6-Driver

Omnidirectional Speaker

N/A

Method with Sine-
Sweep Excitation

Unoccupied Measure:
Study-Specific
Classroom Checklist
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Figure 3-2 Typical Room Impulse Response Measurement Set

I
it
I |
|

The observational checklist provided more targatéamation than did existin
observational measures. It was also faster to img@ie than tools like Maxwell’s (2(7)
Classroom Rating Scale, Tanner'009) Design Appraisal Scale fRtementary
Schools, and the USEPA(2012)IAQ Tools for Schoolaction kit.One compromise ¢
this approach is the loss of fidelity in observatibdataln the case of air qualit'
systemlevel features of the mechanisystem are important. As noted in 1AQ Tools
for Schoolsaction kit air intake location, cleaning protocols, airdid and mold contrc
are fundamental for IAQ. These aspects were ndidec in the preseistudy that
focused on featuresbservabldrom within the classrooms.

The observational checklist collected informatioattivas hypothesized to relz
to teacher perception of IE, based on the literature review. Color was codethe
presence of warm colors on wanishes. If one or more wall washue of red or oran,
in the opinion of the researcl, the room was coded +1. If alialls were neutral in colc

or were hues of blugyreer or purple, the room was coded &sFhe number of livi
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plants in each room was counted and recorded, ashe@anumber of spaces in which
children could “hide” from observation. Spaces tvatvided enclosure but not view
privacy, such as a space behind a translucentrscsege also counted. The presence of
an exterior door was coded, as was the abilitepagate the classroom from adjacent
learning spaces. The quality of views to the outdeas not coded because most
classrooms were very similar in views. There wése ao examples in the literature of
methodologies for quantifying view quality for raleely similar conditions.

Using construction drawings for the two schoolbeotmeasures like floor area
and fraction of flooring covered by permanent cavpere computed. The position of
window blinds was noted ordinally as open, pastialben or closed. The orientation of
windows in each classroom was coded as +1 for s@sl, south-, and southeast-
predominant exposures and -1 for other exposutesfraction of fenestration that was
protected by blinds or other solar shades was decbiTypically, doors with glazing did
not have solar protection and were included inéstgmate. The presence of a thermostat
that teachers could adjust was coded as +1, arabdence of this was coded as -1. If a
thermostat had been tampered with (e.g., coverddaypaper towel) or if furniture made
the thermostat inaccessible to occupants, it wdsaas 0.

For particulate matter suspended in the air, a elepieter estimated particle
counts for five diameter ranges or channels: 063aticrometers (um), 0.5-1.0 um, 1.0-
3.0 um, 3.0-5.0 um, and 5.0-10.0 um. Samples éveamnutes of 10-second duration
provided 253 data points for each classroom owefd @rhour occupied period. Because
health guidelines for particulate matter are ofiesvided as mass concentrationg.(g,

each number concentration,(gwe) Was converted tozssusing an assumed particle
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density ofp = 1.65 g/cr (gram per cubic centimeter), following Tittaresli al. (2008).
The conversion for each channel followed Heinsatoh@imbala (2003).

PT[(Dp)s
6

Equation 3-1. Cmass = Cnumber

An average mass particle diameteg, Was approximated for each channel for
use in the above equation by assuming the partigsbes evenly distributed by diameter
across the channel. In fact, particle distributigrdiameter is generally lognormal, with
more small particles than large ones (Heinsohn &laila, 2003). However, the
assumption of a constant frequency distributiorpiticle diameter simplified
calculations and was assumed a good approximatiegnto the relatively narrow channel
widths. The 3 for each channel was therefore determined byitsierhoment of a mass
distribution, which is proportional to the cubepairticle diameter. The lower and upper

particle diameters for each channel are represdmntedndh, respectively.

() ax ()

Equation 3-2. Dya-n) = Fax 5G4
l

The resulting mass average diameters for the fiamigels are 0.4238n, 0.8267
um, 2.420um, 4.238um and 8.26um. An estimate of respirable particulate matter
(PMz5) was obtained by summing the mass of all partictethe first three channels.
Inhalable particulate matter (R) was estimated by summing the mass of all five
channels. The average value of all samples wasfos®&M, s and PM,. The greatest
time weighted average 15-minute measurement wagyalserated by averaging three
contiguous samples.

Carbon dioxide mole fraction, temperature and nedadtumidity were measured

at 10-second intervals for 7290 samples. A 10-laserage was created for all three
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variables by averaging the samples. In additianagimum time weighted average 15-
minute carbon dioxide mole fraction was estimatgdveraging 90 contiguous samples.

Sound pressure level was measured in 2,640 30-daatmnvals across octave
bandwidths. These equivalent levels were A-weighatedl combined logarithmically to
create an equivalent sound pressure level ovepitshThe 1% and 99% sound pressure
levels were also selected from the 30-second sahaala. Reverberation times
calculated from computer software based on 20 dRaylevere averaged over the mid
frequencies to create an average time for a de@atd to decay 60 dB.

The fraction of time lights in the classroom wereduring the 10-hour period
was estimated using occupied horizontal illuminameasurements taken at 10-second
intervals at the ceiling, facing down. For eaclsstaom, a threshold illuminance was
estimated by investigation of the data, which wesiened to correlate with the lighting
condition. This is possible because lights aregdroff predictably during naptime.

A summary of all predictors measured for the stisdyrovided in Table 3-2. All

the predictor data is at the classroom level.
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Table 3-2: Predictor Variables in the Physical Environment

Variable Description Units
General
2
area Usable floor area of classroom ft*(square
feet)
color Predominant wall color of classroom cool or warm
extdoor Presence of a door to the exterior (ext) yes or no
carpet Portion of permanent flooring that is carpet ratio
Acoustic
acccontrol Ability to separate room from adjacent spaces yeso
r20 Reverberation time (rt) based on a decay of 20 dB seconds
Typical 4-minute (min) minumum unoccupied A-  dB (decibels)
bnllow weighted equivalent sound pressure level re 20uPa
(background noise level abbreviated bnl) (micropascals)
bnihigh Typ!cal 4-min maximum unoccupied A-weighted dB re 20uPa
equivalent sound pressure level
bnldelta Difference betweennl | ow andbnl | hi gh dB
A-weighted, equivalent sound pressure level (LAeq
laeq10 ; : . :
aed during a 10-hour (hr) occupied period bB e 20uPa
- i 0
I A V\_/elghted sound pr_essurellevel () of 1% thresholdOIB re 20uPa
during a 10-hr occupied period
A-weighted sound pressure level of 99% threshold
199 during a 10-hr occupied period dB re 20uPa
Temperature
temp10 Temperature (temp) averaged over 10 hrs from  Fahrenheit
measurements every 10 seconds (secs) degrees
th10 Relative humidity (rh) averaged over 10 hrs from ratio
measurements every 10 secs
tstat Condition of a thermostat (tstat) in the room ordinal
Lighting
. Number of controllable lighting zones in the :
switches numeric
classroom
orient Azimuth degree angle of exposure of classroom degrees

glarecontrol
Ipd
illum

illumratio

onoff10

windows (0° is North)
Portion of windows with protection from insolation ratio

Lighting power density (Ipd) Wattsft
Average high illuminance (illum) footcandles

Ratio between average high and average low
illuminance

Percentage of time lights are off during a 10-hiqee ratio

ratio
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Table 3-2: Predictor Variables in the Physical Environmentontinued

Variable Description Units
Air Quality
pgrams
Average mass concentration of respirable partieulat(micrograms)
pm2510 . .
matter (prs) averaged over a 10-hr period per n¥(cubic
meter)
Maximum 15-min time-weighted average mass
pm2515 concentration of respirable particulate matter aver pgrams/m
10-hr period
oM1010 Average mass concentration of inhalable part'CUIateugrams/rﬁ

matter (pmo) averaged over a 10-hr period
Maximum 15-min time-weighted average mass

pm1015 concentration of inhalable particulate matter aver pgrams/m
10-hr period
Carbon dioxide (Cg) concentration averaged over aloa.lrt.S per
c0210 . million
10-hr period
(ppm)
Maximum 15-min carbon dioxide concentration over
co0215 ppm

a 10-hour period

Visual inspection of time-series data plots forteaariable provided confirmation
of reliability and instrumentation. Appendix Kigure A-1throughFigure A-4contain
plots for two of the 31 rooms measured. Some oth&es on data measurements are as
follows. Data collection at room A28 for occupie@asures terminated at 17:09 instead
of 17:30 due to study limitations. For comparisathwether data, the measures were
extrapolated from the last record from the classromhich was already unoccupied at
17:09. Data collection for B19 began at 8:00 pmstaad of 7:30 p.m. on the day prior to
occupied measures, although this did not affecsthdy variables.

At room A27, PMo mass concentration spiked at 5:14 p.m. to 782 fidhis
level is a factor of 10 greater than the typicakle and it was not sustained. Therefore,
this data point was thrown out, since it was urjikbe level was caused by regular

activities in the classroom because most childeshléft the center and cleaning begun.
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In Room A88, the PMs and PMy mass concentrations peaked at 187 | ginal
2254 pg/m, respectively. By investigation, the data suggesse levels of suspension
were obtained from normal activity with a steadgmdpe in concentration from about
10:20 a.m. to 11:40 a.m. For this room, three addy®ntinuous data was available for
particulate matter, and, to understand better iagiiv the room, all three days were
investigated. Plots of these levels in Room A88pmoxided in Appendix AFigure A-5
Figure A-6andFigure A-7. At room B33, measures began at 8:00 p.m. andnated at
5:00 p.m. The C@meter appears to have turned off due to powerlg@ghp:45 p.m.,
and the remaining 15 minutes of measures werepotaged from the last recording.

Facility age was eliminated as a variable becacdseda was used instead to
represent the same test and was less likely toteeagdsumptions from non-
independence. Similarly, the items for acoustiagradlability and thermostat were not

used in the analysis because one of the schoolbtthadr no variance on the variable.

SECTION 3.2 - Outcome Variable: Teacher Satisfactio

The self-assessment used was based on the Ocdngaot Environmental
Quality Survey (Center for the Built Environmen®02). The researcher developed the
tool presented in Appendix C because a writtenesuwas necessary for broad
participation by teachers and the Occupant IndomirBnmental Quality Survey was
only available as a web-based tool. ltems relatezhtisfaction with the social work
environment were included based on findings inliteeature review. The Quantum

Workplace (2015) Best Places to Work survey gerdratpool of seven such items.
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Modifications to the items from both reference sywincluded item wording to
increase the item relevance for the target audie®emantic differential scales were used
for IEQ items, and Likert scales were used for orgational satisfaction items (Dykes &
Baird, 2013). These scales are ordinal which ptdgenations to statistical inferences.

A 6-point scale was selected for all items. Theraé&em pool was selected to result in
a questionnaire that takes less than 15 minutesrtplete. Items were selected to
facilitate aggregation into composite scores. Itanesaggregated often to improve
reliability of assessments (Cohen et al., 2013hl§ 8-3 summarizes the survey items.

Participants completed the survey at a staff-tngjrgvent on March 12, 2015 that
occurred at a facility other than the schools imedlin the study. All teachers were
expected to attend this training, and time wadtalibfor those who wanted to participate.
The target audience was the three teachers inagdahk 31 classrooms in the study, for
93 targeted participants. To protect confidentiakil teachers were provided with a
survey that included the consent form in the froatter. Those who did not want to
participate could still complete the survey witle tnowledge that it would be destroyed
if it lacked their signature on the consent formtdtal, 87 teachers received surveys, and
70 teachers returned them. Of those returned,at®ées consented to participate, and 44
of the consenting teachers were assignable tosardam included in the study. Teachers
were not paid to participate.

Participants are distributed across classroomsealmools based on age, teaching
experience, teaching position and length of tinsga®ed to the same classroom.

Participant characteristics are described in Ta8bleand Table 3-5.
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Table 3-3: Survey Response Items

Variable Name

Item

Classroom Size

Temperature Acoustics Classroom Views

Air Quality

sizepersonal

sizechild

sizeinterfere

viewcoworker

viewprivacy
viewnature

viewinterfere

bnlsat

stcsat

claritysat

accprob
accinterfere

tempcontrol

tempsat

tempchild

tempprob
tempinterfere

airsat

airprob

airinterfere

How satisfied are you with the amount of spacelakba for
your use and storage?

How satisfied are you with the amount of spacelakba for
children?

Does the classroom size interfere with your abtlitglo your
job?

How satised are you with the ability to ... see yoor
workers?

How satisfied are you with the privacy of your ciasm from
the outdoors and hallway?

How satisfied are you with the quality of view to nature?

Do the classroom views interfere with your abitibydo your
job?

How satisfied are you with the sound level in yolassroom?
(Background noise level abbreviated bnl.)

How satisfied are you with the ability to keep rofsom other
spaces out...? (Sound Transmission Class abbre\8at€d)

How satisfied are you with the ability for the crin to
understand you...?

Which of the following create noise problems...?
Do the acoustics interfere with your ability to ylwur job?

Which of the following can you personally control...?

How satisfied are you with the temperature for your
comfort...?

How satisfied are you with the temperature foratah’s
comfort...?

Check all that apply about the temperature...: [itegtscale]
Does the temperature interfere with your abilityltoyour job?
How satisfied are you with the air quality in yakassroom?

Which of the following contribute to odor problems...

Does the air quality interfere with your ability do your job?
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Table 3-3: Survey Response Itemsontinued

Variable Name

Item

Cleaning Furniture Lighting

Org. Satisfaction

lightcontrol
lightsat
lightprob
naturalsat
naturalprob
lightinterfere

furnadult
furnchild

furnadjust

furnlayout
finishes

furninterfere

cleanorg
cleanservice

cleandisplay
cleanprob

cleaninterfere

enjoy
team
invests
paid
purpose
quit
friends

ieqoverall

Which of the following can you personally control...?

How satisfied are you with the electric light inyaclassroom?
Check all that apply about the electric light...:

How satisfied are you with the daylight... in youastroom?
Check all that apply about the daylight...:

Does the lighting interfere with your ability to gour job?

How satisfied are you with the comfort of furnitdoe adults?
How satisfied are you with the comfort of furnitdos
children?

How satisfied are you with ... the adjustabilityfofniture?
How satisfied are you with the furniture layout...?

How satisfied are you with the colors and texture®

Does the furniture interfere with your ability to glour job?

How satisfied are you with the tidiness of yourssimom?
How satisfied are you with the cleaning servicgonr
classroom?

How satisfied are you with the wall display surfse

Which of the following are problems...?

Does the cleaning and organization interfere wathryability to
do your job?

| enjoy my work.

My team works well together.

My employer invests to make me more successful.

| am paid fairly.

| understand the purpose of my organization.

It would take a lot to get me to leave this job.

| have a trusting relationship with one or morensarkers.

All things considered, how satisfied are you wituy
classroom? (Indoor environmental quality abbrediage).)

Eight items on the survey were answered unanimalyss all participants and

were therefore removed from the data. All of theipgants identified as female. None

of the participants reported conditions that a#ddheir hearing; one reported sinuses
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that affected her smelling; and several reportecected vision. One participant reported
an astigmatism that affected her vision. Threehteecprovided write-in comments on a
multiple-choice item but did not check the box tiee item they listed. One such item
was “Which of the following create noise problen@@heck all that apply),” to which the
participants responded, “Adjoining bathroom, ottlassroom uses it and is loud during
our nap time” and “Kids on playground outside makése.” These were coded
respectively as “People in other classrooms” andttiOor noise.” A second item was
“Are there other issues with the lighting?,” to winione participant responded, “Want
shades on doors, too bright at nap times.” Thisaealed as “Sunlight is too bright at
times.” The researcher coded these write-in itesri§ they had selected the more general
item listed.

Data preparation included collapsing several itertssingle variables. Items
that listed control features or problem areas wersted, with the number of instances
“checked” reported into a single variable. For eplamthe item “Which of the following
can you personally control in your classroom (chaitkhat apply)?” was collapsed into a
single item as the number of items checked. Ingpecific case, “light dimmer” was one
of the choices. However, none of the rooms haverdinswitches for the ambient
lighting; therefore, the two participants who reedrthis feature were confused,
malingering, or referring to other lighting featsii@ the space. The target construct for
the item is the perception of control of the ligigti thus, the “light dimmer” item was

retained.
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Table 3-4: Participant Characteristics by Classroom Type

Classroom Type

Infant Toddler  Toddler Preschool
6 wks-1yr 1-2yrs 2-3 yrs 3-5yrs Total

hi <1 0 3 1 0 4
Eiggrizr?ce 1-3 L 3 3 L 8
(years) 3-10 5 3 2 5 15

>10 3 7 4 3 17
<30 4 6 5 3 18
Age 31-40 0 7 4 2 13
(years) 41-50 2 2 1 1 6
>50 3 1 0 3 7
<3 months 2 0 0 0 2
Time in 3-12 months 2 10 3 2 17
Classroom 1-3 years 3 4 5 2 14
> 3 years 2 2 2 5 11
Lead Teacher 2 5 6 5 18
Title Associate Teacher 4 7 1 3 15
Teacher's Aide 3 4 3 1 11

Total 9 16 10 9 44
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Table 3-5: Participant Characteristics by School
School A School B Total

Participants 21 23 44
1 Survey 3 4 7
ClasSI00mS 2 Surveys 6 5 11
3 Surveys 2 3 5
Total 11 12 23
hi <1 3 1 4
Eizgrilenr?ce 1-3 4 4 8
(years) 3-10 10 5 15
>10 4 13 17
<30 13 5 18
Age 31-40 3 10 13
(years) 41-50 2 4 6
>50 3 4 7
<3 months 2 0 2
Time in 3-12 months 7 10 17
Classroom 1-3 years 6 8 14
> 3 years 6 5 11
Lead Teacher 9 9 18
Title Associate Teacher 7 8 15
Teacher's Aide 5 6 11

SECTION 3.3 - The Predictive Model

The study hypothesizes that measures of the physigaonment can predict
teacher satisfaction with IEQ. The proposed madd&kla specific variable in the
physical environment to an outcome measure fronteheher survey. Survey items were
grouped into domain composites to improve religbiis illustrated in the literature

review, domains are interrelated; therefore, aséany hypothesis is that variables from
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the physical environment in one domain can prad@ther satisfaction in a different
domain. Teacher characteristics and organizatiset#faction are hypothesized to
mediate these relationships between the physiec@icament and perception of IEQ.
Finally, the physical environment is hypothesizegiedict global perception of IEQ.
Two IEQ composite scores were evaluated — ongdhgeted variables most related to
human physiology and another that included broatasures, such as furniture and
cleanliness.

The hypotheses of this study are at the classreesi &s the unit of treatment of
the physical environment. However, the theory qugdhe research design emphasizes
the role of individual differences on behaviorapenses to the physical environment.
Multilevel modeling with random intercepts at tlegol and classroom levels provides a
concise method for inferential tests of the nesk@d. However, the limited sample of
teachers at both school and classroom levels reddbis approach untenable. For
classrooms with more than one participant, onecagmbr would be to average the surveys
together, aggregating individual data at the ctamsrlevel for analysis. While this could
improve reliability, it also makes individual difiences such as age, gender, experience
and organizational satisfaction less meaningfueréfore, the study instead selected a
representative teacher from each classroom foratabysis. This allowed a multivariate
linear regression model comparison approach toafsbysis.

Teachers are grouped also by school; thereforeeguesponses will likely
exhibit nonindependence at the school level. Toreodate this structure, school was
included as a categorical predictor in both compactaugmented models. This means

each finding must be interpreted with respect &dtiect of school. Where school did
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not explain a moderate level of variance in teashkeres, it was omitted to improve
statistical power.

For the results listed in Chapter 4, the followstgps were consistent across each
domain. Teacher responses to each survey itend@main were converted mscores. If
items counted the number of problems, the scoreinvasted so that the effect directions
were similar. Survey items then were selected tim fa composite based on Cronbach’s
alpha values and inspection of Pearson’s corr@ldtibles. Cronbach’s alpha is a
common measure of item agreement that is used tftempport the internal reliability of
a set of items. It is similar to an average of imrelation coefficients where the
number of items proportionally increases alphaighlvalue of alpha, e.g. 0.7 or 0.8, is
not necessarily an indication that the items mesaawne-dimensional construct. One
risk in eliminating items to increase Cronbachjshal is that the construct validity of the
assessment may suffer (Cho & Kim, 2015). Therefooeyposites for this study are
formed based on judgment with consideration forrdseilting alpha.

The newly formed composite score was evaluategddoance explained by
school, classroom type, teacher age, teacher exyperiteacher organizational
satisfaction and the length of time the teachereas assigned to the classroom. In
general, only the variable school explained comaiale variance and was retained in the
compact model. Finally, each measurement in theipalyenvironment was added to the
model to evaluate its predictive power in a 1-degkefreedom test. The software
package R was used for all statistical calculatenms for preparation of figures (R Core

Team, 2012). An example model comparison follows.
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Compact Model Acoustic composite by + by, (schoo) + error

Augmented Model Acoustic composite by + by (schoo)
+ Iy (reverberation timg+ error

To test the final hypothesis, the composite scaresaggregated to form a global
IEQ score that was similarly regressed onto vaesibl the physical environment. A
summary of the variables in this project and thedtlyesized domains is listed in Table

3-6. Table B-2 in Appendix B follows a similar foam



Table 3-6: Study Hypotheses
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Domain Response Variable Predictor Variable Mediato

Size sizepersonal, area school, crtype
sizechild, orgsat, tenure,
sizeinterfere teachage

Views viewcoworker, area, color, school, crtype
viewprivacy, blindsopen, orgsat, tenure,
viewnature, glarecontrol teachage
viewinterfere

Acoustics accoverall, acccontrol, rt20, school, crtype
bnlsat, stcsat, bnllow, bnlhigh, orgsat, tenure,
claritysat, laeql0, I1, 199 teachage
accprob

Lighting lightoverall, illum, illumratio, school, crtype
lightcontrol, Ipd, glarecontrol orgsat, tenure,
lightsat, blindsopen, teachage
lightprob, onoffl0, orient
naturalsat,
naturalprob

Temperature thermcontrol, tstat, temp10, school, crtype
thermsat, rh10 orgsat, tenure,
thermprob, teachage
thermoverall

Air Quality airsat, airprob, pm2510, pm1515, school, crtype
airoverall pm1010, pm1015, orgsat, tenure,

€0210, co215 teachage

Furnishings  furnadult, area, color, school, crtype
furnchild, carpet, plants, orgsat, tenure,
furnadjust, hiding teachage
furnlayout,
finishes,
furninterefere

Cleaning cleanorg, carpet, plants school, crtype
cleanservice, orgsat, tenure,
cleandisplay,clean teachage
prob,
cleaninterfere

Overall IEQ  ieqoverall all measures in the  school, crtype

physical environmen

t orgsat, tenure,
teachage
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CHAPTER 4 - Results

SECTION 4.1 - Survey Findings

The preliminary dataset for analysis was formedfresponses on 45 survey
items by 44 participants. Teachers in the same raaswered similarly on the 38 survey
items related to IEQ, although inter-rater religpivas low. In rooms with 2 or 3
teachers, the intraclass correlation coefficiambftvay, consistency type) ranged from
0.31 to 0.83, with an average of 0.56gure 4-1shows how two teachers in the same
classroom responded on items using the scale dibdatisfied) to 6 (satisfied).
Classroom A18 demonstrated good agreement, withteatlass correlation of 0.83,

while classroom B97 had a poor intraclass cormaadif 0.31.

Figure 4-1: Classrooms A18 & B97 Teacher Agreement
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Figure 4-2illustrates the agreement between scores in dass with three
teachers. Classroom A19 demonstrated good agreewtbrdn intraclass correlation of
0.77, while classroom B12 demonstrated poor agreewi¢h an intraclass correlation of
0.41. The histogram of responses from two teadheRoom B89 presented Figure

4-3illustrates the low reliability of raters.
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Figure 4-2 Classrooms A19 & B12 Teacher Agreement
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Figure 4-3 Classroom B89 Teacher Response Histograms
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Analysis proceeded with the creation of three datawith 23 participants each,
seeded from the full dataset of 44 participantseW@multiple teacher scores were
available for a classroom, individuals were sel@ttased on job title. The first dataset
(survdatl ) was composed of Lead Teachers to the greatemttgxdssible and contained
5 Associate Teachers. The second datasetlgt2) contained mostly Associate
Teachers with 8 Lead Teachers. The third datasetigt3) included Teacher’s Aides
to the greatest extent possible, with the seconttetbeing Lead Teacher. This dataset

contained 11 Teacher’s Aides, 10 Lead Teacher®axsbsociate Teachersigure B-1,
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Figure B-2andFigure B-3in Appendix B show the distribution of each teathe
responses in each of the datasets. Due to thedquuxéor creating these datasets, if only
one teacher responded for a classroom, that téackeponses are used in all three
datasets.

The Lead Teacher dataseir(datl ) was selected for the remaining data
analysis. Compared to the other two datasetsngistently had the highest internal
consistency for items grouped by domain. Basedxpfoeation of variance within
classrooms described above, the Lead Teachersealded to provide responses with
more normal distributions. The compromise in sahgcprimarily Lead Teachers is that
variance at the individual level is lower, possiblyscuring mediating relationships
related to experience, age or organizational sefisih.

The Cronbach’s alpha of the 38 IEQ items is 0.928implified correlation table
of all 45 items is provided iRigure B-4of Appendix B. As described in Chapter 3, the
survey items are grouped theoretically in the dosaf size, view, acoustic, thermal,
lighting, air quality, furnishings, cleaning andewvall. The results sections below provide
detailed analysis on how the items were selectéorto composite scores for each
domain. Table 4-1 presents the final compositeescased for data analysis and the
reliability of the items combined to form the consfie. A single item at the end of the
survey,ieqoverall , serves as a measure of self-reported overalls&i{3faction. The
composite scores are also combined to create aibamlEQ measuraegT ) and an
IEQ score for just the sensory domains of acoudigisting, thermal comfort and air

quality (eqg.sensory ). The variance in composite scores explainedeasthool level is
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included in Table 4-1 for interpretation of reswtsd to describe the variance that
remains to be explained by predictors in the platgavironment.

Because scaled and centered scores are used thubdigé analysis, Table B-1 in
Appendix B presents raw scores for each compasipedvide an understanding of
absolute differences in teacher responses. Botle Bah and Table B-1 show differences
between schools in teacher satisfaction with atesarsize, acoustics, natural light,
furniture and cleaning.

Several of the composite scores shown in TablareXorrelated. Table 4-2
provides the Pearson’s correlations. Because alposites are self-reported perceptions
of IEQ, these relationships are less valuable fafeustanding relationship in the physical
environment than they are for investigating lafewtors in the perception of IEQ.

Some of the significant correlations in the senstoyains are plotted iRigure
4-4 1o illustrate the level of agreement between itéonseachers and to qualify the
statistical tests for the small and convenient $an#s suggested by the literature, there
is a correlation between the perception of theroatfort and air quality. However, the
other correlations, such as that between air quaititi acoustics, were not anticipated.
Also of note is that satisfaction in the sensorgndms does not predict overall
satisfaction. A common correlation with overall IE¥uld help explain the inter-sensory

correlations that are otherwise challenging torpriet.



Table 4-1: Composite Scores and Constituent Items
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. Variance
Composite ' :
# ofFi)tems) Survey Items (Xlor;]t;ag;s Attributable
P to School
) sizepersonal—, sizechild,
sizesat  (2) et 0.83 18%*
. K . .
dewsai (3)  yeweouorker viewprivacy 0.74 11%
bnlsat, stcsat, claritysat
accsat2  (3) o fljce' A At 0.66 17%*
tempeontrol—, tempsat, tempchild,
thermsat  (4) tempprob, tempinterfere 0.84 2%
airtot (3) airsat, airprob, airinterfere 0.73 0%
. lightcontrel—— lightsat,
lighttot — (2)  jightprob onse 0.19 5%
turalsat, naturalprob
naturaltot  (2) ‘? htintarforo o PTOD: 0.53 19%*
furnadult, furnchild,
furntot  (6) furnadjust, furnlayout, 0.87 21%*
finishes, furninterefere
cleanorg, cleanservice,
cleantot () cleandisplay,cleanprob, 0.85 2904*
cleaninterfere
enjoy, team, invests, paid,
orgsat  (7) purpose, quit, friends 0.80 1%
ieqoverall (1)  ieqoverall N/A 0%
) accsat?, thermsat, airtot,
ieg.sensory () lighttot, naturaltot 0.67 4%
sizesat, viewsat, accsat2,
ieqT (9) thermsat, airtot, lighttot, 0.84 16%

naturaltot, furntot, cleantot

* significant at thep < 0.05 level



Table 4-2: Composite Score Pearson’s Correlations
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Composite 1 2 3 4 5 6 7 8 9 10
1 sizesat )
2 viewsat 0’2*54 -
3 accsat? O.*50 0*'*58 -
4  thermsat 0.22 0.28 O'*Sl -
5 airtot 0.09 0.37 0;53 0;44 -
6 lighttot -0.01 0.29 0.30 0.31 0;47 -
7 nawatot 02 09 033 001 004 0.08 -
8 fumtot 047065 061 545 043 25 035 -
9 cleantot 2;?6 O*'EO 0'*45 0.16 0.28 0.02 0;47 9;14 -
10 orgsat 0.35 0.32 0.13 -0.32 -0.12 0.24 0;42 0.20 0.30 -
11 ieqoverall 0*'53 0'*52 0.22 0.07 0.20 0.260.26 0.18 0'*49 0.38
*p<0.05 **pn<0.01 *** n<0.001
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Figure 4-4: Sensory Composite Score Agreement
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To explore further the composite interrelationshifasble 4-3 is presented in a
graphical format that includes the number of sigatit correlations. For this purpose, the
significance level ip < 0.1. As expected, the two overall IEQ composéms show the
greatest number of relationships to other compasibees. In addition, satisfaction with

classroom size, views and furnishings are relatehgly to the other composites.
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Satisfaction with electric lighting and organizaiib satisfaction share the fewest
relationships with the other composite items.

Table 4-3: Composite Score Spearman’s Correlations

Composite Score 1 2 3 4 5 6 7 8 9 1M 12 13 Count

sizesat

©

viewsat

accsat2
thermsat
airtot
lighttot
naturaltot

furntot

© 00 N oo o B~ W N -
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p<0.1

SECTION 4.2 - Organizational Satisfaction Results

Seven survey items measure organizational satisfaclthough they appear at
the end of the survey, the results are providedrbehe IEQ items because
organizational satisfaction is hypothesized to ratedielationships with IEQ. The items
are reliable with a Cronbach’s alpha of 0.80, dhdra retained to form the composite
scoreorgsat  for use in analysis. A summary of the items anuedation is provided in

Table 4-4.
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Table 4-4: Pearson’s Correlations of Organizational Satisfagti Items

Survey Iltem Summary Variable 1 2 3 4 5 6
| enjoy my work. 1 enjoy -
My team works well together. 2team 0.33 -
My employer invests to make 3 invests 0.54 011 -
me more successful. *k
e : 0.52
| am paid fairly. 4 paid 0.38 0.05 -
I understa_md _the purpose of 5 purpose 0.51 032 031 046 -
my organization. *
It would take a lot to get me to , 0.45 0.56
leave this job. 6 quit ., 030 ,, 030 040 -
I have a trusting relationship 27 friends 0.52 0.52 0.48 0.10 0.45 047
with one or more co-workers. * * * *

Organizational satisfaction is correlated withsattion with natural light as
shown in Table 4-2. It is a moderate predictorhef dverall IEQ item. As discussed in
more detail belowgrgsat moderates other relationships between the physical
environment and satisfaction, although no feataféke physical environment predict
organizational satisfaction. Other individual leebhracteristics, such as age and length
of time assigned to same classroom, did not sitamfly mediate relationships between

composite scores and the physical environment.

SECTION 4.3 - Room Size Results

4.3.1- Survey resultsThree items on the survey targeted satisfactibim nwom
size. These wersgze personal  , sizechild  andsizeinterfere . The latter two items
were well correlated with a Cronbach’s alpha o8Ca8d combined to form the
composite scorsizesat . The items and correlations are provided in Tdbfe

Satisfaction with room size varies between sch@dshown in the distribution of scores
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in Figure 4-5and the means provided in Appendix B, Table Bdachers at School A

were more satisfied with their room size by 1.0ng®on the 6-point scale.

Table 4-5:Pearson’s Correlations of Size ltems

Survey ltem Summary Variable 1 2 3

How satisfied are you with the amount of

. 1 sizepersonal -
space available for your use and storage? P

How satisfied are you with the amount of 5 sizechild 053
space available for children? rxk
Does the classroom size interfere with yo - 0.73

1 . terf -
ability to do your job? "8 sizeinterfere 039 s

4.3.2- Measurement resultsFloor area is the only variable in the study ikat
hypothesized to impact teachers’ satisfaction wlilssroom size. The average area is
about 711 square feet at both schools, as showahle A-1, although the deviation at
School A is 3 times larger than the deviation did®&t B. This relationship is illustrated

in Figure 4-5

Figure 4-5. Size Composite Score and Area by School
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4.3.3- Findings.Data analysis shows that floor area is a good pr@dof
satisfaction with classroom size. The statistieats with significant results are listed in
Table B-2. When the size composite score was regtesntachool , ar ea and
interactionschool Xar ea, bothschool (p =0.029) and the interaction term= 0.053)
were moderate predictors, whideea was not p = 0.914). The analysis also shows area
is significantly more predictive of teacher sattsian at School B than at School A, as
well as in classrooms with younger children. Wheainteraction term is omitted from
the model, area is a significant predicie=(0.000) along with schoop(E 0.004). One
interpretation of the data is that teachers at 8lcBare dissatisfied with small
classrooms for infants (Classroom Type 0). The alezlationship between area and

satisfaction as well as the school interactiotlustrated inFigure 4-6

Figure 4-6. Area and Size Composite Score Overall and by Scbb

School A & B School A School B

Size Composite Score
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Figure 4-7shows the interaction of area and the size cortgpesore across
classrom types. When the size composite scorgisssed onto classroom type

(crtype ), area and interacticmea Xcrtype , area is a good predictor with classroom
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type and the interaction, both being moderate ptedi. This may be explained by the
fact that older children at School B have largasstooms.

When the size composite score is regressed ontcup@d background noise
level (bnllow ) andschool , bnllow is significant p = 0.018), with each A-weighted
sound pressure level (dB) increase lowering satisia levels by 0.17 standard
deviations. When the composite sceiresat is regressed ontamllow, school and
the interaction termnllow Xschool , the interaction is a moderate predicipe=(.068),
andbnllow Is not significant. These relationships are ptbiteFigure 4-8 When the
size composite score is regressed ontow , classroom typecftype ) and the
interactionbnllow Xcrtype , bnllow is significant p = 0.004), andrtype and the
interaction are both moderate predictqrs(0.10). This relationship is shownHigure
4-9, and all regression tests are listed in Tabled-Rppendix B. This finding suggests
that teachers may be more sensitive to backgroarse mn classrooms with younger
children. Reverberation time is also a moderatéipter of size satisfaction scores,
although reverberation time is strongly correlatgith area, which is hypothesized as a
confound that explains this result. Classroom tjigenot predict the size composite

score.



Figure 4-7: Area and Size Composite Score by Classroom Type
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Figure 4-8 Size Composite Score by BNL
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Figure 4-9: Size Composite Score by BNL and Classroom Type
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SECTION 4.4 - View Results

4.4.1- Survey resultsFour items on the survey asked teachers to report

satisfaction with views related to their classrogpace. Three items were selected to

increase Cronbach’s alpha from 0.70 to 0.74, argdtie composite scovewsat . The

items used ardewcoworker |, viewprivacy — andviewnature

. The view composite score

is not different between schools, with larger viac@at School B, as indicatedkigure

4-10
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Table 4-6:Pearson’s Correlations of View Items

Survey Iltem Summary Variable 1 2 3 4

How satised are you with the ability to
... See your co-workers?

How satisfied are you with the privacy2

1 viewcoworker -

of your classroom ...? viewprivacy 0.28 -

How satisfied are you with the quality 3 viewnature 0.50 0.66

of view to ... nature? * *k

Do the classroom views interfere with 4 viewinterfere O.*52 025 0.08 -

your ability to do your job?

4.4.2- Measurement resultsThe average classroom illuminance ratio was about
2.5 and did not vary by school, as shown in Tabl & Appendix A. The standard
deviation was 0.38. Despite large differencesghtling power density and illuminance
levels between schools, the ratio of the highedtlawest of four illuminance

measurements was relatively consistent.

4.4.3- Findings.With the view composite score regressed ontodhie between
average high and average low illuminarit@nratio) andschool , illumratio Is a
good predictor (p = 0.034), anchool is a moderate predictor (p < 0.10). This
relationship is plotted iigure 4-11 The interactionlumratio =~ Xschool was not
significant, and greater ratios of high to low miinance corresponded to higher
composite view scores. As listed in Table 4-2,dbeposite scoréewsat
(viewcoworker , viewprivacy ~ andviewnature) is correlated to the overall IEQ item,

also plotted irFigure 4-10



Figure 4-10 View Composite Score by School and Itemeqover al |
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Figure 4-11 View Composite Score by llluminance Ratio
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SECTION 4.5 - Acoustic Results

4.5.1- Survey resultsFive items are coded on the survey in the acodsimain
as described in Table 3-3. Score correlations wgented in Table 4-7. The first three
items pnisat , stcsat andclaritysat) create the composite acoustic scaresat2 )
that, together, have a Cronbach’s alpha of 0.66r0ad composite with all five items
also was tested with similar findings, generallyihg lower significance. Following
these preliminary tests, the three-item composés used for model comparisons.

Teachers at School A had significantly higher atou®mposite scores than those at

School B, as shown iRigure 4-12and Table A-3 of Appendix B.
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Table 4-7:Pearson’s Correlations of Acoustic Outcome Variable

Survey Iltem Summary Variable 1 2 3 4 5

How satisfied are you with the sound
level in your classroom?

How satisfied are you with the ability 0.69

1 bnlsat -

to keep noise from other spaces out..2.'.js fosat rxk )

for the hildren fo understand you..7% S0t 0.39 010 -
Wih of s OIOWIG UISRe 10 4 s 05203 09
;)k;)ilfgletg%%u;gﬁfjlgkt)%rfere with your Sﬁﬁg—rfere 0’2*58 016 0.21 O.*44 )

Figure 4-12 Composite Acoustic Score by School and Classroohype
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4.5.2- Measurement resultsTable A-3 in Appendix A summarizes the
acoustical measurements in classrooms. The avesageberation time was 0.43 seconds
and exhibited low variance across rooms. The urmeduA-weighted background noise
levels are higher than design recommendations dB3& 20uPa when the mechanical
systems were off and 48 dB re 20uPa with heat pumpsating mode. The average 10-
hour occupied A-weighted equivalent sound preskwe was 66 dB re 20uPa, with a
1% exceedance of 76 dB re 20uPa. These levelseeptable based on safety

guidelines.
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The schools differed significantly in every measexeept reverberation time and
the loud unoccupied background noise lemghigh . Figure 4-13shows the data
distributions for sound pressure levels. Schoad Auieter than school B as measured by
1% (1 ) and 99%109 ) exceedance levels, as well as A-weighted, egemtd 0-hour
occupied sound pressure levakg10 ). Classroom type did not correspond to scores,
although rooms with older children had higher o¢edgound pressure levels. One
notable difference between schools is that, with @xception, all classrooms at School B
are conjoined with an adjacent room without aceusgparation. At School A, rooms are
used frequently as paired units, although teadterseparate the rooms using double-
leaf Dutch doors. There is no significant differefietween the schools when the
mechanical system is presumably running, as measyrenihigh . On average,
difference between high and low unoccupied backggawise levels is a significant 5.6

dB higher at School A than School B.
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Figure 4-13 Acoustical Measurements Distribution
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4.5.3- Findings.Reverberation time was significantly related teaafp = 0.008),
a relationship illustrated iRigure 4-14 This presents an inherent confound in the
predictor variables that limits inferences fromulesinvolving these variables. With this
in mind, when the composite acoustic score (acts@2 regressed onto floor area and
school, floor area was a significant predictor (p.815), with school also reaching
significance. When the composite score was regilesst® reverberation time and
school, reverberation time is a moderate predigier 0.092), and school is a good

predictor.

Figure 4-14 Floor Area by Reverberation Time
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When the acoustic composite scarec¢at2 ) was regressed onto unoccupied
background noise level and schawljow reached moderate significange<(0.10).
This was also the case fatihigh. When the composite score was regressed onto
relative humidity and school, relative humidityaisignificant predictorny= 0.014), with
school being a moderate predictprq{0.10). Higher moisture correlated with higher

acoustic composite scores. Relative humidity was significant when included with
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classroom type as a regressor of composite scefativ®e humidity was also a moderate
predictor of the five-item composite acoustic sgatesatl ) in a model with school
included as a regressor. The consistency of thiBrfg suggests that the domains of
thermal comfort and acoustical satisfaction maynberrelated in occupant perception of
IEQ. This is supported further by the correlatidhe thermal comfort composite score

with the acoustic composite score, as describ&tigare 4-4and Table 4-2.

Figure 4-15 Acoustic Composite Score by Quiet Unoccupied BNL
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Occupied sound pressure level did not predict timeposite acoustic score,
although it did predict the itesicsat  (satisfaction with the ability to keep out noise
from other spaces) as a regressor witlool (p = 0.014). This relationship is suggestive
at School A, as illustrated iigure 4-17 Whenstcsat was regressed onkaeql10 ( A-
weighted, equivalent 10-hour occupied sound predswel),school and

laeq10 Xschool , the interaction of school and sound pressurd lggaes not significant.

Figure 4-17:1tem stcsat by Occupied BNL Within School
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SECTION 4.6 - Temperature Results

4.6.1- Survey resultsThe five items targeting occupant thermal comfort
combined into théhermsat compositetempsat , tempchild , tempprob  and
tempinterfere) , With the exclusion okempcontrol . The four items exhibit internal
reliability with a Cronbach’s alpha of 0.84, annease from the value of 0.76 for all five
items. The item correlations are presented in Tai8e

The composite score does not vary by school bus dagy bycrtype,

classroom typepE0.034), as shown iRigure 4-18 When thermal composite scores
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were regressed onto classroom type and schoo$rotas type remained a significant
predictor. When thermal composite scores were ssgreonto classroom type, school
and the interactioortype Xschool , the interaction was not significant. This maydoe
to a relatively strong trend in School B of gredbtmrmal satisfaction reported in

classrooms with older children. This is represemetigure 4-19

Table 4-8: Pearson’s Correlations of Thermal Outcome Variables

Survey Iltem Summary Variable 1 2 3 4 5

Which of the following can you
personally control...?

How satisfied are you with the

1 tempcontrol -

t t -
temperature for your comfort...? 2 €"P%® 0.02
How satisfied are you with the . 0.53
t hild -
temp. for children’s comfort...? 3 tempehi 0.08
Check all that apply about the 0.62 0.60 -
: t b -
temperature...: [inverted scale] 4 temppro 010 v«
Does the temperature interfere v 5 tempinterfere 0.00 O*.*54 O.*SO 0;50 i

your ability to do your job?

Figure 4-18 Thermal Composite Score by School and Classroomype

'
.

Thermal Composite Scc
0
|
Thermal Composite Scc
0
|
!

4
I I I I I I

A B 0 1 2 3

School Classroom Type

4.6.2- Measurement resultsTemperature and relative humidity were relatively
consistent across classrooms at both schools. FaBlan Appendix A includes thermal

comfort measurements at each classroom and shawtethperature at School B was
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more variable than at School A. This may be relatatie distribution of thermal
composite scores between schools shown in Figdr@although, as noted above, there
was not a significant difference in the score mdmata/een the schools.

4.6.3- Findings.Average occupied temperature did not predict tleenbal
composite score, nor did relative humidity, patate matter or carbon dioxide
concentration. While the data for predictors anttaoes both exhibit large variance,
there is little difference in the means, and thesyraxplain the lack of a result. Of note is

the correspondence of temperature variance witimilescore variance.

Figure 4-19 Thermal Composite Scores by Classroom Type Withitschool
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Figure 4-21 Thermal Composite Score by Color and Orientation
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When thermal composite scores are regressed ottitoal@ and classroom type,
wall color is a moderate predictqr € 0.066). As illustrated iRigure 4-21 cool wall
color is associated with higher scores. Thermalescalso varied by classroom
orientation. When the composite score was regresstedorientation and classroom
type, the orientation was significaqt £ 0.039). When the score was instead regressed
onto orientation and school, the orientation wasogerate predictop(= 0.052).
Teachers in rooms that face southward reportecehigiiermal composite scores than
those in rooms facing other directioR$gure 4-21lillustrates the relationship by

classroom type. These findings are summarized jmeAgdix B, Table B-2.
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SECTION 4.7 - Air Quality Results
4.7.1- Survey resultsThree items that target teacher satisfaction wiitlyuality
(airsat , airprob  andairinterfere ) are somewhat reliable with an alpha of 0.73.
Together they formed the composite air quality scaonot . Table 4-9 shows the

correlations between items on the survey.

Table 4-9: Pearson’s Correlations for Air Quality Outcome Itesn

Survey Item Summary Variable 1 2 3

How satisfied are you with the air quality .
. 1 airsat
in your classroom?

Which of the following contribute to od 5> airprob 045
problems...? [inverted scale] *

qu_s the air qual!ty interfere with your 3 airinterfere 0.65 042
ability to do your job? *x *

Teacher composite scores were similar between &had classroom type, as
illustrated inFigure 4-22 Theairinterfere item (perception that air quality interferes
with a teacher’s ability to do their job) was prdd moderately by the length of time
teachers had been assigned to the same room anmdav@sensitive to carbon dioxide
concentration than was the composite score. Howéwerfull composite represents the
respiratory sensory domain as a reliable compgsitee that shows similar relationships
with the physical environment.

Within the survey, teacher satisfaction with aialijy was related significantly to
several other domains. These are described irettt®s on survey findings, although the
itemsbnisat  (satisfaction with background noise level) anckat2 are strongly
related, which helps explain the relationship betwthe composite scores for acoustics

and air quality. The correlation suggest that theapes “sound level (quietness or
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loudness)” and “air quality” elicit a similar respse from occupants and may point to a

latent psychological construct.

Figure 4-22 Composite Air Score by School and Classroom Type
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4.7.2- Measurement resultsCarbon dioxide and particulate matter measured in
each classroom are described in Table A-2 of AppeAdMeasurement distributions by
classroom type are shownkigure 4-23 and measurements by school are shown in
Figure 4-24 The levels were within guidelines for quality tkvrespirable particulate
matter (pras) averaging 5.15 pgffrover 10 hours with a maximum 15-minute time
weighted exposure of 25.07 pginnhalable particulate matter (pghaveraged 25.90
pg/nt over 10 hours with a maximum 15-minute time weéghéxposure of 183.94
ng/nt. The mean carbon dioxide concentration of rooms ¥d®.8 ppm over 10 hours,

with an average maximum 15-minute time weightedoskpe of 850.4 ppm.
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Figure 4-23 Particulate Matter by Classroom Type
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Figure 4-24 Air Quality Measures by School
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4.7.3- Findings.Physical measures of air quality were relateddestoom type.
Teacher scores for air quality, therefore, werdyaea specifically by classroom type to
discover interactions. Linear models that contrbfier this showed no correlation, which
suggests that classroom type may not be a seramisund in the dataset for air quality,
although the collinear nature of classroom typeanduality make inferences more
speculative.

Classrooms with older children had higher relahivenidity measurements
(p=0.075), as illustrated iRigure 4-25 Classrooms with older children also exhibited
higher levels of particulate matter. Classroom tyas correlated significantly with 10-
hour particulate matter concentrations and modgratiéh 15-minute averages. These
relationships are shown Figure 4-23 The composite air quality score and the

airinterfere item were not dependent on classroom type.

Figure 4-25 Relative Humidity by Classroom Type
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Teachers who had been assigned to their classriessithan 3 months reported
higher scores for tharinterfere item (p=0.059). This phenomenon of score elevation

with length of assignment also was apparent irpteéminary analysis with 44 teachers
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and occurred in several other domains of the phaysiecvironment. The difference
betweenairinterfere andairtot  is discussed further in Chapter 5 with respettow
the items are worded. The data suggests that tmiédety of a space to occupants may
be an important consideration when assessing aetish with IEQ.

The composite air quality scorairfot ) was moderately predicted by carbon
dioxide particle concentration, both 10-hour anehdiBute time-weighted averages.
Including school as a predictor increases the sggmce of carbon dioxide concentration
as a predictor. The relationship of 10-hour averaybon dioxidef = 0.069) and school
to air composite scores is illustratedrigure 4-26 Theairinterfere item also was

correlated to carbon dioxide concentration, bottih\&nd withoutchool as a regressor.

Figure 4-26 Composite Air Score by CQ Concentration (10-Hour)
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SECTION 4.8 - Lighting Results
4.8.1- Survey resultsSurvey items related to lighting were not reliatéea
group, with a Cronbach’s alpha of 0.49 and low elations between them pairwise as

shown in Table 4-10. Based on relationships betvighting outcomes and predictors,
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the items are hypothesized to reflect two psycholdgonstructs that relate to electric
and natural lighting. Therefore, two composite ssare created for the lighting domain:
lighttot andnaturaltot, respectively . The variablegightsat  andlightprob
formediighttot ~ with a resulting alpha of 0.19. Variablesuralsat  and

naturalprob  combined intmaturaltot with an alpha of 0.53. The low number of
items for each composite contributes to these lalwes of alpha. The resulting

composite scores are illustratedrigure 4-27

Table 4-10:Pearson’s Correlations of Lighting Outcome Items

Survey Item Summary Variable 1 2 3 4 5 6

Which of the following can
you personally control...?

How satisfied are you with the

1 lightcontrol -

electric light in your 2 Lightsat -0.16 -

classroom?

Check all that apply about the

electric light...: [inverted 3 lightprob -0.290.11 -

scale]

How Sa'[ISfI.ed are you with the 4 naturalsat 0.95-0.20 027 -

daylight... in your classroom?

Check all that apply about the 0.36
daylight...: [inverted scale] 2> "awuralprob 0.14-0090.21 -, -
Does the lighting interfere wi 6 lightinterfere 0.06 -0.03-0.05 0.*50 0*.*54 ]

your ability to do your job?
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Figure 4-27. Composite Lighting Scores by School and Classrooifype
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4.8.2- Measurement resultsLighting measures in the physical environment
varied significantly between schools but not betwelassroom types. Electric lighting is
predominantly fluorescent tube lamps in both schaalthough the lighting power
density at School B is higher than at School A. predominant fixture type at School B
is recessed troffers with parabolic lenses. ScAamdes predominantly volumetric
indirect recessed troffers. The classroom lightmeasurements are summarized in Table
A-4 of Appendix A.Figure 4-28represents the lighting measurements by schoel. Th
distribution of window orientation, with south fag coded as +1, is also shown by

classroom type.
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Figure 4-28 Lighting Characteristics by School
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4.8.3- Findings.The composite electric lighting scolighttot , was regressed
onto illuminance ratio, and school with illuminanegio being a significant predictagp (
= 0.036). llluminance ratio was also significanthiut school included as a regressor.
This relationship is illustrated iRigure 4-29 There were no other significant

relationships between the electric lighting compeoscore and the physical environment.

Figure 4-29 Composite Lighting Score by Illluminance Ratio
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Natural light composite scores differ by schqot(0.040), with teachers at
School A being more satisfied. Floor area and skchigaificantly predict composite
natural light satisfaction; however, when the iatgion for school and area is included,
area is not a significant predictor. The distribatof scores precludes suggestive findings
on area and school as predictors of satisfactidimn matural light. This complicated
relationship is shown iRigure 4-30

When the natural lighting composite scofayraltot  , iS regressed onto
illuminance and school, illuminance is a significaredictor p = 0.004). However,

illuminance levels do not predict satisfaction il school, which is also a significant
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predictor p = 0.001). The bimodal dataset is depicteigure 4-31of illuminance

levels and satisfaction for each school.

Figure 4-30 Natural Light Composite Score by Area Within Schml
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Figure 4-31 Natural Light Composite Score by llluminance Within School
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Unoccupied quiet background noiseljow , predicts satisfaction with natural
light, both with and without school as a regresbtmwever, the interaction term is a
moderate predictor that makes background noisgniigiant. Figure 4-32shows the
effect of this interaction. This suggests that lgmokind noise has a different impact at

School A than at School B. The evidence suggegtsehibackground noise levels may



93

lower teachers’ satisfaction with natural light.dddition, when the composite

naturaltot IS regressed onto organizational satisfactionbafay , organizational
satisfaction§ = 0.010) and background noise levgls=(0.001) are both good predictors.
As background noise levels decreased and orgamizsditisfaction increased, natural

light satisfaction increased.

Figure 4-32 Natural Light Composite Score by BNL Within Schod
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The effect of noise from the classroom mechanigstiesn is conceptualized as
the difference between unoccupied high and low dqurassure levels. The 4-minute
average is used for this calculation, which is @ment in thebnllow andbnlhigh
variables. The variablenidelta  is constructed from the background noise levels as
follows.

bnidelta = (bnlhigh — bnllow )

When the natural light composite is regressed bmitelta andschool |,

bnidelta  iS @ moderate predictop € 0.057), as illustrated iRigure 4-33 In addition,

whennaturaltot IS regressed ontanidelta , school andorgsat , bothorgsat (p =



0.058) andbnidelta  (p = 0.064) are moderate predictors. All lightingt$esre

summarized in Table B-2 and Table B-3 of Appendix B

Figure 4-33 Natural Light Composite Score by Background Noisé®elta
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SECTION 4.9 - Furnishings Results

Furniture items are reliable with a Cronbach’s alph0.87. Based on high

correlations, all items are included in the comf@oRirniture scoreyrntot

94

presented in Table 4-2, the furnishings compositdso significantly correlated with

satisfaction in classroom size, views, acousticsanquality. The broad IEQ composite

score,eqT, also is related to the furniture composite score.
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Table 4-11:Pearson’s Correlations of Furniture Outcome ltems

Survey Item Summary Variable 1 2 3 4 5 6
How satisfied are you with the turnadult i
comfort of furniture for adults?
How satisfied are you with the : 0.46
comfort of furniture for children?2 furnchild i
How satisfied are you with .. the3 furnadiust 0.64 0.75
adjustability of furniture? : *hk  kkk
How satisfied are you with the 0.57 0.52 0.74

. 4 furnlayout -
furniture layout...? Fr Rk ok
How satisfied are you with the - 0.48 0.48 0.53
colors and textures ...? 5 finishes 0.28 ~, L i
Does the furniture interfere with : 0.53 0.50 0.59 0.70 0.57

ot . 6 furninterfere -

your ability to do your job? *x * ok kkk ok

Teachers at School A report significantly higherséaction with furnishings than

those at School B, as illustratedrigure 4-34

Figure 4-34 Furnishings Composite Score by School

Furnishings Composite Sct

School
Color was a significant predictor of satisfactipn=0.011). When the furnishings
composite score was regressed onto wall color enola$, color was a moderate

predictor p = 0.077), as plotted iRigure 4-35 Cool colors related to higher scores. In
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addition, when the furnishings composite score rggsessed onto carbon dioxide levels

and school, both variables were significant prexigtHigher carbon dioxide

concentrations predicted lower furniture composaeres, as illustrated Figure 4-36

A summary of these tests is provided in Table Bx@ &able B-3.

Figure 4-35 Furnishings Composite Score by Wall Color
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Figure 4-36 Furnishings Composite Score by Carbon Dioxide Carentration
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SECTION 4.10 - Cleaning Results
Items in the cleaning domain are reliable with arach’s alpha of 0.85. The
items were correlated as indicated Table 4-12it&ths were included in the composite
scorecleantot . Cleaning composite scores are significantly higlt€School A than at
School B. Classroom type does not predict satisfaetith cleaning. Scores are

described irFigure 4-37

Table 4-12:Pearson’s Correlations of Cleaning Outcome Items

Survey ltem Summary Variable 1 2 3 4 5

How satisfied are you with the tidine
of your classroom?

1 cleanorg -

How satisfied are you with the . 0.42

) . . 2 cleanservice -
cleaning service in your classroom? *
How satisfied are you with the wall , 0.64 0.58

. 3 cleandisplay -
display surfaces? *k o kk
Which of the following are 0.380.54 0.62
4 cleanprob o x -

problems...? [inverted scale]

Does the cleaning and organization
interfere with your ability to do your 5 cleaninterfere 0.530.520.530.58

** * *% *%
M ~
job?

Figure 4-37. Composite Cleaning Score by School and Classroonype
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When the cleaning composite scatieantot
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, Is regressed onto school and wall

color, color predicted satisfactiop € 0.021), as illustrated iRigure 4-38 When the

composite is regressed onto school and illumin#eas, both predictors are significant.

Higher classroom illuminance values are assocwattuhigher scores as shown in

Figure 4-39

Figure 4-38 Cleaning Composite Score by Wall Color
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Figure 4-39 Cleaning Composite Score by llluminance
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Area is also a predictor, but the effect is nohgigant when the interaction with

school is included as a regressor. When the clgaromposite scorejeantot

,is

regressed onto area, school and interaeties Xschool , school p = 0.009) and the
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interaction termd = 0.019) are significant, but area is n@t(0.109). Reverberation
time is a predictor, although this is hypothesitetie confounded with room area.

Figure 4-40Qillustrates the composite cleaning score regresaaareverberation
time (p = 0.045) and schoop(= 0.002), where both predictors were signific&ihen
cleantot was regressed onto the 10-hour carbon dioxideerdration and school,
carbon dioxide = 0.058) was a moderate predictor, and schoolargsod predictor(
=0.001). This test is illustrated Fagure 4-41 A similar result was obtained for the 15-
minute carbon dioxide concentration. These modelsammarized in Table B-2 and
Table B-3.

Figure 4-4Q Cleaning Composite Score by Reverberation Time
School A School B
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Figure 4-41 Cleaning Composite Score by Carbon Dioxide Concération
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SECTION 4.11 - Global IEQ Results

4.11.1- Survey resultsThis study uses three scores to represent gl&igal |
satisfaction. The most basic is from the last itanthe surveyieqoverall , which
reads, “All things considered, how satisfied ara woth your classroom?” The semantic
differential scale for this item is coded 1 througland all participants responded at the
levels of 4, 5, or 6, as listed in Table B-1. Thieeo two global IEQ scores are
composites created from the domain composite stbhatsre described in the sections
above. A broad global scorieqT , combined all the domain composites by first
converting them to z scores, thereby providing egegght to each. Therefore, this
broad global score combined nine domain compogte3) survey items, listed in Table
4-1. The third measure of global IEQ quality taegethe sensory environment,
ieg.sensory . This score was created from the five domain caites:accsat2
thermsat , airtot , lighttot andnaturaltot . Thereforejeq.sensory  represents 14

survey items. Score distributions are presentdedgare 4-42

Figure 4-42 Score Distribution for IEQ Overall Measures

[—

1.0

0.0
1

Item ieqovera

-1.0

Sensory IEQ Composite Score
Broad IEQ Composite Score

Schoo Schoo Schoo

None of the global IEQ scores differed significgrietween schools, although
the broad IEQ compositegT, was most differenta(= 0.066). The score distributions

are shown irFigure 4-42 The overall IEQ item is significantly correlatedth ieqT (r =
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0.48) but not witheg.sensory  (r = 0.32). When the itenaqoverall ~ was regressed
ontoieqT andschool ,ieqT was still a significant predictop(E 0.024). This suggests
that when answering about overall classroom satista, teachers include considerations
beyond just the acoustic, lighting, thermal angiragory conditions. Because the two
composite global IEQ scores share five domain camg® they are significantly related
to each otherr(= 0.89). Table 4-13 lists the correlations betwdenthree IEQ survey
scores, anérigure 4-43illustrates the relationship between the itegoverall  and
both IEQ composite scores.

Table 4-13:Pearson’s Correlation of IEQ Scores

IEQ Item Variable 1 2 3
All things considered, how satisfied are yoy

) ieqoverall -
with your classroom?
Composite ohccsat2 |, thermsat |, airtot . 0.32
. 2 lieq.sensory -
lighttot , andnaturaltot
Composite obizesat |, viewsat , accsat?2 |,

posite: . | 0.48 0.89

thermsat , airtot , lighttot , haturaltot , 3 ieqT * - -

furntot , cleantot

Figure 4-43 Item ieqoverall by IEQ Composite Scores
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Each of the three global IEQ scores were testecefationships with teacher
characteristics including age, experience, lenfiissignment to classroom, title and
organizational satisfaction. When the IEQ ovettaln was regressed onto organizational
satisfaction composite score and scho@kat was a moderate predictqr £ 0.086).

This test is listed in Table B-3. Other teachemrabgeristics were not correlated with the

Scores.

4.11.2- Findings.Of the three global IEQ scores, the broad comeasit was
related most to measurements in the physical emwviemt, while the single item
ieqoverall  showed the fewest relationships. For tests wijtverall , orgsat was
included in the compact model ashool was not. This is becausssat was a good
predictor ofieqoverall , while scores did not vary significantly betweeh@ols as
discussed above. When the it@gpverall is regressed ontogsat andplants , both
orgsat (p =0.023) angblants (p = 0.049) are significant predictors. Similarly, @vh
ieqoverall  is regressed ont@mrpet andorgsat , carpet IS a moderate predictgp €
0.076), andrgsat is a significant predictor (p = 0.050). There a0 a relationship
between thermal comfort and tlegoverall item. Whenieqoverall ~ was regressed
ontoorgsat and relative humidity, relative humidity was arsfgcant predictor | =
0.043). These tests are summarized in Table B-Zrabte B-3.

Findings for the two composite IEQ scotesr andieq.sensory  are discussed
together. When the sensory IEQ compositesensory, was regressed onéeea and
school , area was a significant predictop & 0.021). When the broad IEQ composite,
ieqT, was regressed onéeea andschool , botharea (p = 0.005) andchool (p =

0.036) were significant predictors. When the intéoa term was included in the model
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forieqT , it was not significant. The bimodal nature ofoil@rea at School B and the
corresponding difference in teacher satisfactidpshdescribe this result, since both

scores and area within School A do not vary as hidéis is illustrated irFigure 4-44

Figure 4-44-Area by IEQ Scores Within School
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There were several relationships between acoustidsomposite IEQ scores.
When the sensory IEQ compositg,.sensory,  was regressed onto quiet unoccupied
background noise levelsnflow) and schoolpnilow was a moderate predictqr £
0.074). While this relationship is present at S¢i#ga group of low scores at school B
in rooms with high unoccupied, A-weighted backgmuoise levels around 45 dB re 20

1 Pa makes the effect more pronounced, as illustiatéigure 4-45 There is a similar
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relationship to the broad IEQ composite. When tihramositeéeqT was regressed onto
quiet unoccupied background noise levels and scha@w was a significant predictor
(p = 0.046). WhereqT was regressed onto quiet unoccupied backgrourse hevels

and school, including the interactionlow Xschool , only the interaction term was a
moderate predictop(= 0.083). This suggests stronger differences batveehools in the
effect of background noise levels on teacher satigfn. That the average A-weighted
bnllow of School B is a significant 4.6 dB higher thaattbf School A is a consideration

in interpreting this result.

Figure 4-45Unoccupied Quiet BNL by IEQ Scores Within School
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The relationships between teacher IEQ satisfa@mhquiet unoccupied
background noise levebfllow ) are similar to those of loud background noiselev
(onlnigh ). The average A-weighteghinigh measurement at School A is about 1 dB
higher than at school B, an insignificant differeras noted in Table A-3. When the
sensory IEQ composite scotey.sensory, is regressed ontmlhigh andschool ,
bnlhigh is a moderate predictgo € 0.057). The interaction ehlhigh Xschool is not
significant when added to the model. When the bi&&d composite scorésqT, is
regressed ontianlhigh andschool , bnlhigh is a moderate predictop € 0.084), and
school is a significant predictop(= 0.046). However, wheagT is regressed onto
bnlhigh , school and the interactiobnihigh Xschool , onlyschool and the interaction
term are significant. This suggests that the bamkagl noise of mechanical systems has a
bigger negative impact on teacher IEQ satisfacioBchool B than at School A. This is

illustrated inFigure 4-46

Figure 4-4%Unoccupied Loud BNL by Broad IEQ Score Within Sclool
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Reverberation time is related to IEQ satisfactaithough this finding may be

due to the confound of area with reverberation tiviiben the broad IEQ composite
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score,eqT, was regressed onto reverberation time and schothi;t20 (p = 0.030)
andschool (p = 0.018) were significant predictors. Higher rdazation times were
associated with higher scores. When the sensoryctiEqposite scorégqg.sensory,
was regressed onto reverberation time and schothiyta0 was a moderate predictqr (
= 0.089).

There was no effect of particulate matter concéiotna on IEQ composite scores.
The suspended dust in classrooms varied most bgroam type. When the effect of
classroom type was included in the regressionetivas still no effect on teacher scores.
Relative humidity predicted the sensory IEQ comjgostore and was a moderate
predictor of the broad IEQ composite score. WiagRensory  was regressed onto
rh10 andschool , rh10 was significant withp = 0.033 as illustrated iRigure 4-47
WhenieqT was regressed oniol0 andschool , bothrh10 (p = 0.090) andchool (p =
0.085) were moderate predictors. These tests axeded in Table B-3. This suggests

that the sensory IEQ composite score may be lesstise to differences between

schools than the broad IEQ composite score.

Figure 4-47-Composite Sensory IEQ Score by Relative Humidity
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The average high electric lighting levels in a stasm correlate with teacher
satisfaction, with more illuminance matched witgher scores. The two schools were
significantly different in illuminance levels, withchool B measuring on average 30.9
footcandles more than School A, as described ineAdpx A, Table A-4. When the
sensory IEQ compositeg.sensory, was regressed onto illuminance levels and
school,ilum (p =0.099) andchool (p = 0.064) were both moderate predictors. When
the broad IEQ compositegT , was regressed onto illuminance levels and schiool,

(p = 0.015) andchool (p = 0.004) were both significant predictors. Thesstg are listed
in Table B-3 and illustrated iRigure 4-48 The broad IEQ score was more related to
classroom illuminance levels than was the sendb@y dcore, suggesting that items
related to satisfaction with area, size, cleanimgdjfairnishings are impacted by lighting
levels.

Higher illuminance ratios in classrooms relatetiigher teacher IEQ scores for
both IEQ composites. When the sensory IEQ compadsiteensory , was regressed
onto illuminance ratio and schodiymratio was a significant predictop & 0.014).
When the broad IEQ compositegT , was regressed onto illuminance ratio and school,
illumratio (p = 0.018) andchool (p = 0.038) were both significant predictors. These

tests are listed in Table B-3 and illustratedrigure 4-48



Figure 4-48 |lluminance and Illuminance Ratio by IEQ Scores Wthin School
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is a significant

correlated witheqT , although this was not significant with schoollutzd in model.

The fraction of permanent carpet in rooms predlutssensory IEQ composite score with

school included as a regressor. For the broad IiQposite, carpet is a moderate

predictor. In both cases, a greater fraction ofrfa@rent carpet corresponded with lower

IEQ satisfaction scores. These findings, listedable B-3, may be the result of another
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variable confounded with carpet type, such as raoa or classroom type. These

confounds are illustrated Figure 4-49

Figure 4-49 Confounds with Carpet
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SECTION 4.12 - Summary

The teacher survey generated the outcome measutedstudy with items
combined to form composite scores for each donfdiese composites also were
combined and further analyzed as a measure of lgieQa All of the statistical tests are
listed in Table B-2 of Appendix B. Table B-3 alseludes the output of statistical
analysis from the R software employed. A summartheffindings that represent strong
patterns in the data is provided in Table 4-14aniged by domain composite score. As a
measure of the internal structure of the survegh @@mposite score also is compared to
the itemieqoverall in this table using Spearman’s rho. Results reggfohe
correlations calculated in Table 4-2, with view,esand cleaning composite scores

strongly related to the iteiagoverall



Table 4-14: Composite Score Summary
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Spearman’s rhopj

Composite Notable Predictive Tests 10 iegoverall b
Score [significance:p < 0.10 & p < 0.05] value)
sizesat area + school, bnllow + school, 0,517 (0.011)
bnllow + crtype + school X crtype

viewsat illumratio + school 0.531 (0.009)
area + school, bnllow + schoo]

acesatz  pihigh + school, th10 + school 0.238 0.274)

thermsat color + crtype, orient.factor + crtype 0.057 Q.795)

. c0210 + schoolc0215 + school,

airtot onoff10 + school 0.157 (0.486)

lighttot illumratio + school 0.219 0.316)
illum + schoolbnllow + school,

naturaltot bnllow + schook bnllowXschooal, 0.364 (0.088)
bnllow + school+ orgsat, bnldelta + orgsat
color + schoo] co210 + schooal,

furntot 0215 + school 0.252 0.247)
areat school + areaXschool,

cleantot color + schoo) co210 + school, 0.492 (0.017)
c0215 + school
area + schoo carpet + school,

. bnllow + schoolbnlhigh + school,

1€G-SENSOTY1um + schooal, illumratio + school, 0.3970.067)
rh10 + school
area + school, carpet + schooal,
bnllow + school,rh10 + school

leqT bnlhigh +school + bnlhighXschool 0.576 (0.005)
illum + schooal, illumratio + school,
color + crtype

ieqoverall orgsat, plants + or gsat 1.000 (N/A)
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CHAPTER 5 - Discussion

As with other places of employment, the physicaliremment of early learning
schools impacts the behavior of occupants. Follgwie framework presented in
Chapter 1, this study contributes to the literatumesarly education and IEQ in several
ways. As detailed in Chapter 4, findings show thggical environment does predict
teacher satisfaction scores with IEQ on a self-#teploassessment. Further, the study
suggests that organizational satisfaction may nediisfaction with IEQ. A third
contribution of this study is insight into the eddility and validity of the survey tool

developed for this study in assessing IEQ, as ntlyrenderstood in the literature.

SECTION 5.1 - Physical Environment and IEQ Satisfation

The study strongly suggests that the physical enmient predicts teacher
satisfaction with IEQ. The picture that emergesnfibe findings shows complex
relationships between overall satisfaction andstattion with various sensory domains.
Additionally, measurements from one domain in thggical environment often
predicted IEQ satisfaction in a different domaihisifinding supports Humphrey's
(2005) observations regarding the complexitieoahing a unitary IEQ index that

would be applicable for various populations andedént building users.

SECTION 5.2 - Organizational Satisfaction and IEQ &tisfaction
Structural and symbolic variables are intertwin€tryan et al., 2014). This
study suggests that classroom features such asaaside as important to occupant

satisfaction as the temperature. In addition, #meegal composite score, which



112

aggregates satisfaction with furnishing and fingsshe predicted by several domains in
the physical environment, suggesting that the iligh&nd background noise can
influence perception of the general accommodatim@sclassroom. Similarly, the broad
IEQ composite score was predicted by more measuntsnrethe physical environment

than was the targeted sensory IEQ composite score.

SECTION 5.3 - Survey Structure and Discussion

Preliminary analysis with all 44 participants sugfgel that teachers’ satisfaction
scores were dependent on teacher characterisitds as organizational satisfaction, age
and length of time teachers had been assignea teattme room. While these teacher-
level characteristics were moderately predictiveahe items in the final analysis with
23 teachers, the relationships were not as suggestibroad in effect on satisfaction
items. The sample selected of 18 Lead Teacher$ @sgistant Teachers intentionally
excluded teachers with lower titles who also gdheraported lower scores. In addition
to the loss of power, this loss of variance in esanay be one reason teacher
characteristics were less suggestive of scordsifinal analysis.

Teachers with less organizational status may resgdferently to interventions
in the physical environment than teachers in metaldished positions. For example,
Teacher’s Aides may be more satisfied if their lasm assignments change more
frequently than would teachers with more tenuree Gbrrespondence between
organizational satisfaction and IEQ satisfactisoauggests that interventions in the

physical environment may improve employee engagéfoeteachers with less status.
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Grouping behavioral items into composite scoremigmportant feature of this
study. Correlations between teacher responseshanghiysical environment tended to
remain when the items were grouped with other itdfos example, illuminance was a
strong predictor for theaturalsat ~ item on the survey, which is aggregated into
naturaltot  that also correlated to illuminance. This compostgrouped further into
the broad composite IEQ scorT , which is also predicted by illuminance. In costra
no emergent relationships are obvious becausegoéggting items. Therefore, the
composite score did not appear to create a morgaecmeasure of occupant behavior
as predicted by the physical environment.

An important feature of the study methodology &t ttems were excluded to
improve the predictive power of the physical enmirent. In addition, five of the
composite scores included an item that was wordeeftect occupant performance as
opposed to occupant satisfaction. For examplédiéheairinterfere was worded
“Does the air quality interfere with your ability o your job?” while the more typical
itemairsat was worded “How satisfied are you with the airlgyan your classroom?”
In the case of air quality, these items appeardxktmeasuring different yet meaningful
psychological constructs based on the predictivegpof the physical environment. The
fact that selection based on Cronbach’s alpha eéted three of the eight “performance”
items is further evidence that item wording is Bportant consideration is structuring
IEQ satisfaction items.

When analyzing the agreement of different teacimetise same classroom,
another issue arises concerning the definitioreldlility. Reliability can be defined in

the sense of inter-rater reliability, where theu®of analysis is how well different
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teachers agree in assessing the same classroorarenent. Alternatively, a focus on
intra-rater agreement considers how well a spefcher observes differences in a
classroom environment based on individual charetites. While subtle, this distinction
is analogous to the discussion of the dual purposespant surveys serve in the
literature. Surveys can view occupants as a diagniostrument for fine-tuning building
systems or, alternatively, target human behavidh the physical environment
conceptualized as a mediator of behavior. Regarditg analysis for the present study,
the decision to select teachers to represent olass, instead of averaging teacher
scores, is based on the latter approach of organtbie analysis around occupants, as

opposed to environmental control systems.

SECTION 5.4 - IEQ Weightings

Heinzerling et al. (2013) reviewed the literatuve ¥arious weighting schemes of
occupant satisfaction with sensory domains. Theyéal weightings by creating a model
that links items within a survey assessment to esoér by using multivariate
regressions, with overall satisfaction as the auteoneasure. For comparison to their
findings, a similar model is presented in Table thdt regressed thegoverall  item
onto the sensory domain composite scoreg@ht2 , airtot |, lighttot  , naturaltot
andthermsat . The column for lighting includes both compositeres for electric light
and natural light used for this study. In conttagthe Heinzerling et al. study, results
show that lighting was more predictive than acasstf the overall IEQ item on the

survey. Acoustics and air quality had approximasegjyal weight. Satisfaction with



115

thermal comfort was correlated negatively to odeatisfaction in the multivariate

model.

Table 5-1: Coefficient Comparison for IEQ Overall

Thermal
Acoustics IAQ Lighting Comfort

Heinzerling et al. (2013) 0.39 0.20 0.29 0.12
0.20,
Current Study 0.09 0.09 0.20 -0.06

SECTION 5.5 - Study Limitations

The study is a quasi-experiment that does notarsgom assignment. Samples
are based instead on convenient groupings of gaatits, which demonstrated strong
non-independence. This violates a fundamental gssomof many statistical tests used
for data analysis — namely, that samples are ratydeshected from a population and are
independent.

The study has a small sample size and employs wegbles in statistical tests,
and therefore, some of the findings are very lilglg to chance. There are 38 outcome
items on the survey for IEQ, and many of these wested for correlation to the physical
environment individually. At the 0.05 significanievel used for the study, at least one of
these tests would result in a Type | error. Whetliragito this consideration the number
of variables in the physical environment used mgtudy, the likelihood of false positive
findings is strong. For this reason, findings arggestive at best and can be interpreted

as guidance for future research.
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SECTION 5.6 - Implicationsfor Building Users

In this study, many of the classrooms were scoye®l &r 3 teachers. The
consistency of different raters is sometimes evatliavith a Fleiss Kappa test that
returns 1 for total agreement and 0 for no agreénvéhen treated as raters of an
objective domain, teacher performance was margyithl Fleiss Kappa of around 0.40.
Using surveys as efficient ways to measure therenwient has a proven record of
accomplishment, although it is clear that such irgggdhave significant “noise” from
individual and group differences.

One of the questions this study asks is whethesuineey tools can be
conceptualized instead in the tradition of respens@atervention, where they are viewed
as one feature of a larger program that seekstteoptimal outcomes at the individual
level. With the maturity of wirelesses sensor neksdor commercial market, the
concept of individualized comfort settings in ogaces is within reach. Anecdotally,
one of the most sensitive sensory domains, acassitreated commonly with
earphones that selectively and wirelessly creaiedscapes for occupants.

Researchers can conceptualize occupant surveysggea construct in
themselves, as opposed to indicators of the physiearonment. While safe limits for
the physical environment are a basic responsitofityesigners, precisely describing
target tolerances for each sensory domain maydsengoortant to occupants than
understanding the impact of change across sensongids. For example, models of IEQ
guality could conceptualize the rate of changeeimssry domains as opposed to target
ranges for each domain. Higher quality IEQ envirents may be imagined to respond

faster or slower to occupants' behavior and expredssires.
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Study findings suggest that satisfaction with thggical environments cannot be
reduced to measurable variables in the physicat@mwent. Instead, the way teachers
use their classrooms in a social context is théway to appraise their satisfaction with
their classrooms. The practical opportunity sugegest that building users and designers
are as accountable to building occupants as treetoasudgets. More tenuously,
designers have reason to suspect that engaginginsdiscussions about how they would
like to interact with their sensory environment lcbiranslate into increased program

outcomes, be they productivity, learning, salesatisfaction.

SECTION 5.7 - Implicationsfor Designers

This study shows that engineers and architectaddress teachers’ satisfaction
with IEQ through design. Specifically, occupantvays present a key strategy for
improving IEQ. As demonstrated by the survey degwetbfor this study, the value of
responses is strongly related to the selectionnnding of survey items. In addition,
items can be grouped meaningfully into compositgestand retain much of their
predictive power for quality in the physical enviroent. While it may be impossible to
create a useful score related to combinations wabkes in the physical environment, the
perception of IEQ appears to be more unitary, witimposite scores better reflecting

satisfaction in the sensory domains.
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CHAPTER 6 - Summary

This project compared physical measurements frassoboms at two early
learning schools to teachers’ self-reported satigfa with IEQ. Forty-four teachers
participated from twenty-three different classropmigh some teachers reporting on the
same classroom. Physical measures included un@xztapd occupied sound pressure
level, reverberation time, occupied carbon dioxadd particulate matter concentrations,
occupied temperature and relative humidity, andnihance levels at one position at the
ceiling. Various characteristics of the rooms wietuded such as floor area, floor
covering, wall colors and the ability to separaie toom from adjacent spaces.

Teacher characteristics such as time assignec tsatme room, organizational
satisfaction and school assignment all mediatsfsation with the classroom IEQ.
Findings show that unoccupied background noisddeuliminance levels and floor area
in the classroom are good predictors of overalstaition. Other predictors include
classroom orientation, the color of the walls andrage carbon dioxide concentration.
An overall satisfaction score that combined seveeakory domain composite scores was
related strongly to the single survey item “Allngs considered, how satisfied are you
with your classroom?”

Satisfaction with classroom size was predictedidgrfarea and unoccupied
sound pressure level. Satisfaction with views waslipted by illuminance ratio, and
satisfaction with acoustics was predicted by unpmmibackground noise levels, noise
level of mechanical equipment and relative humidityermal comfort was predicted by
classroom orientation and wall color, while satisitan with air quality was predicted by

carbon dioxide concentrations. Satisfaction withekectric lighting was predicted by
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illuminance ratio. Satisfaction with natural lighgi was predicted by average illuminance
and several measurements from the acoustic doaiisfaction with furnishings was
predicted by wall color and carbon dioxide concatiin, while satisfaction with

cleaning correlated to illuminance, wall color aratbon dioxide concentration.

The survey tool revealed strong correlations betvgadisfaction levels of
different sensory domains, such as temperatur@aemdistics and lighting and air quality.
Self-reported satisfaction with overall IEQ wasatetl to a broad composite score that
combined 30 other survey items, supporting constraldity of the tool. This broad
composite score exhibited more significant relafops to measures of the physical
environment than a targeted sensory IEQ compositee s

The study does not feature random assignment axassivenient samples that
demonstrated strong non-independence. The study redatively small sample size and
employs many variables in statistical tests, aedeiore, some of the findings are very
likely due to chance. Nonetheless, findings arensfty suggestive that differences in the
physical environment correspond to satisfactiotnWlHQ. This intuitive finding lends
support to the theory that quality in the physe@avironment affects program outcomes.
The study also confirms that organizational satisfa mediates satisfaction with IEQ),

suggesting that the reverse may also be true.
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