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Summary

Low ventilation_rates (VRs) in schahave been associated with absenteeigogrer academic
performance, and teacher dissatisfactdfe measured/Rs in 37 recentlyconstructedor renovated
and mechanicalblentilatedU.S. schoolsincluding LEED and EnergyStarertified buildings using
CO, and the steadsgtate, buildup, decay andransient mass balaneeethals. The transient mass
balancemethod bettematchedconditions §pecifically,changes in occupancgnd minimizedbiases
seen in the other methods. During the school diayshangeates (ACRs)average®.0+ 1.3 H', and
only 226 of classroomsnetrecommendedninimum ventilation rates HVAC systems wershutoff
at the school. daglose and ACRsdropped t00.21+ 0.19 H'. VRs did not differby building type
althoughcostcutting and comfort measures resulted in low VRs and potentially impaife@.l VRs
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were lower in schools that used unit ventilatorsradiant heatingin smaller schools and larger
classrooms. The steadystate, build-up anddecay methods hd signiicant limitationsand biases
showing the need to confirrthat these methodare appropriate. Findings highlight theneed to
increaseVRs and toensure that energy saving and comfort measures do not compromise ventilation
and IAQ.
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Practical Implications

Occupancy patternia school classroomsere dynamic, an¥Rs derived using methodkat account

for changesin“occupancy over the school daye mostapplicable In nearly all classrooms, VRs

were below the minimum recommended guidelines. VRs depended on the HVAC type and operation,
but not whether the buildinggas designatedas a conventional or “high performariceLower VRs

were foundin classroomsusing unit ventilators,radiant heatingsystems, andometimesenergy
recovery units;/and in smaller buildings dayer classroomsAir change ratetell to very low levels

in the evening.and early morning when HVAC systems were cfhutAdditional ventilation, better
design and operation, and education regarding ventilation is needed.

1 | ntr oduction

The importance ofventilation has long been recognized as a determinant of comfort, health,
productivity and=everall indoor environmental qualiie@) [1]. While critical for assessing and
interpretinglEQ;«relatively few studiebave adegatelymeasurd ventilation rategVRs) or othewise
characterizé theventilation design oftsdy buildings [2]. In schoolbuildings low VRs have been
associated with higher rates of absenteeipogrer performance oacademic testsand teacher
dissdisfadion [3-11]. The £hool environmenis particularlyimportart given that childremepresent a
vulnerable and' susceptible population. Beyond ventilation isfa€sproblemsin schoolsinclude
water damagechipping paint, odorsand inadequate, deferrec&nd outsourced maintenang®2].
Given concernof energy consumption anth a lesser extent, IE@Q number oschool districts have
begun toconstruct new schools and renovate old schib@lsmeet energy and environmental targets
such asthe US Green Building Council’'s Leadership in Energy & Environmental Desige)LE

standardq13]. In addition to saving energy, "high performance” buildingsy improve learning
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ability and test scores, contribute to staff retention and employee satisfaction, reduce distraction
enhance learning. However, the current understanding of the linkage between ventilation and school
health is incomplet¢ll, 14, 15]. Many studies have reported g@oncentrationg4, 8, 1623], a

simple indicator related to crowding and ventilatiéor which upper limits from 1000 to 1500 ppm

have been suggest§tb, 17, 24]. While less frequently reported, VRs should meet minimum targets
specified in codeand standardgl7]. More broadly, @search is neededatidentifies building design

and operational elements that most directly affeehealth, learning and productivity of students and
staff.

This paper reports o€0; levels andVRs measured in thEnvironmental Quality and Learning in
Schools(EQUALS) study, which is investigating IEQ in conventional and high performéree
LEED- and EnergyStacertified) buildings The selectedschoolswere constructedr renovated
within the last 15 years, and the sample was balanced between LEED, Enel@&Stand
conventional buildings.While school environments are receiving increased attention, this study is
innovative ineemparingVRs in conventional and high performance buildings, compasegeral

methoddor estimaing VRS, and exploringactors thatmight explain the variatioof theresults

2 M ethods
2.1 School selection and recruitment

Schoos eligible=for the study wereonstruced or renovagd within the past 15 yearsserved
elementary age childremnd had multiple classrooms at each grade leval.addition, wedesired
comparable mumbers of high performance buildings and conventional builtuifghngs clustered
within schoal districts, andkept distanceswvithin a day’s drive of our Ann Arbor/Detroit team
(primarily for_logistical reasons, although proximity also lkeelgnsure a similar clima}e Schools
were identifiedfrom the U.S. Green Building Council’'s LEED Projed#ectory [25] and the US
EPA’s ESdatabasg26]. Conventional buildings were found byamininglarge or growing
school districts in‘the study region. District and school websites, news repsrkool openings and
bond issues, and historical aerial photographs on Google Earth Pro were searched it@mtevest

construction histories.

Recruitment materials that described study objectivesnaetthods ere emailed to school district
administrators. Priority was given to districts with at least two schools meeting selection criteria.
Follow-up phone calls and emails expkdstudy details, confired the number of schools matoh

our criteriathatwere able to participate, secuwrelistrict-level approvad, and obtaird permission to
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contact schoagpbrincipals(heads) Schools and districts were promised anonymHgachparticipating
school district completed a letter of agreement that named the patrtigi schoolgindidentified an
individual to receive study results on behalf of the district. After receiving pernmsssjpically with

an official introduction by the distridevel contact, we began a rolling coordination of field visits with
schooladminjstrators. Using emails and phone calls, we introduced the study to school saboig)st
obtained endorsemexrom the principal and building services directdetermined dates and times
for school visits, identified four classrooms per school for inspection and monitoqugsted teacher
email lists*for-an~online survey, and confirmed otsteidy details. Classrooms were selected by the
school’s prineipal*and typically were dispersed throughout the schiibilstudy elements complied
with our Institutional Review Board, including informed consent of the teachersipeattig in the

survey.

Field work was conducted fro@ctober2015 to April 2016. One to three schools were scheduled per
week during regular school daysin the same weekwe visitedschools in the same distridhus
simplifying ceoerdination and scheduling. Schools were visited fordawthreedays Typically, the

team would arrive: early Tuesday morning, deploy indoor and outdoor sampling equipment, conduct
walkthrough/and “other assessments (described next), and retrieve equipatentVednesday
afternoon. 8owfalls closed four schoolslesignated aS19, S21, S2@nd S30¥or a portion of the
scheduled sampling period; in cases, sampling was extended to a third day.

2.2 Walkthroeugh inspections, | EQ measurements, occupancy log

In each scheol, walkthrough inspections were completed in four classrooms, comn®rieayea
gymnasiums, .cafeteriasnd hallway9, mechanicalareas and adjacent outdoor areas. School and
classroom sizeand volume were measured. Information regarding the design, operation and
maintenance’ of the building and ventilation system was obtained by visual inspection and via
engineering documentsWhen possible, & visually inspected HVAC system filters and classified
classrooms as being served by clean (n=107, 73%), dirty (n=15, 10%) or very dirty filters (n=R5, 17%
Teachers were asked to complateacupancy survey that indicated the number of students and adults
present througheut the school day.

Instrumentationste monitor IEQ was deployed in the four classrooms simultaneously atuleagt

two regular (occupied) school daySimilar instrumenationwas placedn the school grounds or the
building roof. CO, concentrations were measured using infrared sensors (C7632A, Honeywell Corp.,
Morristown, NJ) calibrated with zero air and a certified,@fas (1,011 ppm, Scott Specialty Gases,

PlumsteadPA). CG levels, temperature and relative humidity were recorded continuously using
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miniature loggers (HO8 and U10, Onset Computer Corporation, Bourne, $8Ksors were calibrated
quarterly The averagabsolutedrift was<4% for a 1000 ppm readingnly one unit exceeded a 10%
change.CO, levels exceeded the instrument range (2500 ppngtflarast several houns 5 ES and 2

LEED buildings, typically in several classrooms in each building (S03C2, S11C1, S11C3, S11C4,
S12C1, S12C4, S13C1, S13C4, S23C1, S23C2, S23C4, S24C1, S24C2, S24C3, S24C4, S30C2,
S30C3). (ACRsfor these periods were estimated usingtthesientmass balance simulatisnith the

valid data subset, as described below.)

Three schoalsvere selected for an-gepth analysis of COlevels, occupancy trends, building and
HVAC features that together influence VRs. 3ébuildings which havedifferent types of ventilation
systemsdo net typify the buildings within a category. The fgshool (S14)s a conventiona2-story
building (7395 Af,)22 classrooms).Classrooms feature large (partially openable) windows on two
walls, 1** floor classrooms have openable outside doors, and each classroom has a vertical unit
ventilator (UV; maximum rated flow of 755 L™ minimum outside air (OA of 151 L §"). Other
areas are served:by small cental handling units AHUs). Heatis also supplied by baseboard
radiators. Two=teachers disabled the U¥ their classrooms:niroom 104 for noise and comfort
reasonsand in room 107for odor reasons, but the outside da@s leftopen for ventilation, weather
permitting. The Second scho@B22)is a smaller (4970 M 22 classrooms) LEED (silver) certified
building. Thisuis,the only buildingtudiedthat useddedicated outdoor air systems (DOAS®ne
DOAS, equipped.with an enthalpy wheel and geothermal heating coil, provides c@udiwh 100%

OA to each classroom (nominally 179 £)s A second DOAS supplies natassroom areas. Each
classroom has=a=geothermal heat pump to meet temperature needs using recirculated classroom ait
(nominally 354 L'8). Return air is recycled through the heat pump or ducted back to the DOAS
energy recovery unitRU). The thirdschool (S12)is a mediunsized ES building (5388 m, 25
classrooms).. Three AHUs thi ERUs service the buildingAHU1 coversmostclassrooms; AHU2
covers first_floor_offices, the library anithe remaining classrooms; and AHU3 services the gym,
cafeteria and“kitchen. AHU1 and 2 are ddatt variable air volume\(AV) systems with terme
boxes at each elassroom. On inspection, these systems appeared to be operatisg mdypgthe
ERU wheelswas inactive, OA dampers were closetl sensors reported that AH@And 2 were
drawing only 378:and 590 L'sof OA, respectively. These schols are further describeih the
supplemental informatiors().
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2.3 Determination of ventilation rates

VRs were determined in each classroom using, @® a tracer gaslassroorrspecific parameters
(volume, graddevel and occupancy)and four methods detaileglsewherg27. The firstusedthe
“steadystate”method [28-30], thenaximum CQ concentratiorfassumed to be the steashate level)
over the school day, the room volunamdthe CQ generatiorratefor the 2 h prior to the COpeak
For children,grade, levekpecificgeneration ratewere basewn the Dubois equatioi2g, height and
weight data frem"U:S. representative growth charts, and an activity level of IT4 Nikese rates
ranged from,0.47 L min™ persoft for prekindergarten children to 062 L min™ persort for 6"
graders. For adults, the G@eneration rate (0.442 L mirpersion®) wasbased on height and weight
data for women_of age 20 to 70 years from NHANES 120 and an activity level of 1.7 MET,
appropriate for/a teacher walking about the classrodine secondVR methodusedthe “decay”
(“step-down”) method 28 , 29] thdittedthe exponentialike decrease in COconcentrationafterthe
classroom wagmptied. The third methoddetermined ACRs in the morning usittge “build-up” or
“step-up” method=B1 ] anda nominal period from 08:00 to 12:00. cfual start andtoptimeswere
allowedto varysby=+ 1 h so as to maximize the concentration change over the pEnmdteadystate
concentratiorequired by this method ag determined using botthe midpoint method31] and an
implicit methodthat numerically solve thebuild-up and steadystateequations simultaneously [27].
The implicit method improves stability atetter addresseariable occupancand nonideal shapes
of the CQubuild-up curve. Fourtha transient mass balan¢simulation)methodwas used foboth
occupied and unoccupiegeriodsthat fitted the VR by minimizing the sum of squares between
observed andwsimulated GOconcentrations. This methodsed 15 min averages for GO
measurementandCO, generation rateslérived fromteachefreportedoccupancy datap generalized
reduced gradient solvesnda numerically efficient formulation based on a futhyxed mass balance
model In addition to the VR, the replacement air concentratigg) @0d the children’s metabolic
level (MET) werefitted within constraints (30 ppm < G < 450 ppm, and 1.2 MET < 16). The
sensitivity of'results to key parameters was determioedach method.

VRs were determined for four occupied periods: two complete school days (08:00 to 15:00p and tw
mornings (08:00 to 12:00); and for two unoccupied periods: evenings (18:00 to 24:00) and early
morning (24:00 to 06:00). Sometimes slightly different times were used given the fogfss@mpler
deployment and retrievalor if CO, levels went offscale Estimaés usedl15-min average
concentrations andl0O0 ppm as the nominal outdoor €@oncentration (confirmed by outdoor

measurements)
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2.3.1 Dataanalysis

All hand written and teacher survelata were doubleentered and confirmed Teacheireported
occupancy data werreduced to ,in averages. At leagt h of valid data in eaclperiod were
required to comput®Rs. For the transient mass balanceethod a minimum model fi{R? > 0.25)
was requiredmostvalues were much higher)CO, trends in each classroom were ploftedpected
to identify possible anomaliesnd riods with CO; levels exceeding sensor ranges wexeluded.
The atdoor-air<flow rateper person (¥, L s' persoi) was calculated for occupied period
(separately for steadstate,build-up andtransient mass balanoeethods) using botthe averagand

maximumoccupancy in thelassroom

Descriptive and-statistical analyses were compatest averaging the VR ando\ata for the same
classroom measured on different days. Possible differences in school characbgristiesol type

were examined=using Gkguare tests for categorical variabbesd KruskalWallis (KW) tests for
continuous variablesDifferences in ©, levelsandACRs by school type and other variablesre
tested usinglANOVA and KW testd he betweenr and withinschoolvariance was apportionesing
random effects models and balanced samples, and testgy F tests.The fraction of classrooms that
exceeded current' minimutdR recommendatiorfor classrooms 7.1 L s' persoft using default
occupancysandsfleor areq$7]) was determined. These analyses were performed using SAS, Excel
and R.

3 Results
3.1 School and“classr oom characteristics

The 37 schoolsincluded both suburban and urban school distiittsouthern Michigan, northern
Indiana, northernmand southeastern Ohma] aastern lllinois The samplencluded10 conventional,
15 ES and12"LEED buildings. Three buildings designed but not certified LEED criteria were
placed in the LEED grouB4,S33, S34).Most buildingswere new constructigrinowever ten were
full renovations of older structure3hetypology and other aspeat§éthe schoolwvaried considerably
e.g., configurations included bars, groups, wings, courtyards and pdte sampleincluded 21
multistory buildings and 16singlestory slabon-grade construction.No portable classroomwere
studied All buildings used mechanical ventilatiohi3 relied on central AHE four relied solely on
classroom U¥, and two usedraAHU and UV mix. One school (S22) used a central datid
outside air system (DOAS) and individual UVs to heat and cool individual classroNeerly all
classroomg94%) had exterior walls and windows, aadubset had doors to the outs{@4%) oran
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adjoining restroom (36%). Teachers were able to open windows in most classroomsa({B&yh
few teachers reported opening windows. Under 10% dfl#ssrooms had heaters, fans or window air

conditioners. @aracteristics of the buildings and classro@mesdescribed in the Sl

A few school characteristics differed byildingtype. The average size of conventional sch@86Q
m?) was largerthe LEED (7463 nf) and ES §766 nf) schools, anthe average area of classrooms in
LEED schools(87wnf) was smallethan those in conventional (94yand ES 96 nf) schools ES and
LEED schoolssweresmore likely to be in agricultural areas and near highwiys ES schools used a

wing typology, while conventional and LEED schools predominantly used bar and grouped forms.
3.2 CO; concentrations

Distributiors of the school day median and maximurs-min CO, concentrations among thHi47

classrooms arghown in Figure 1.The nedian CQ level during the school dagxceeded @00 ppm in
28% of classrooms, 300 ppm in9%, and 2000 ppm in 4% of classroomBeak(154min averagg
concentrations exceeddd00 ppmin 36% of the classroomsand 2000 ppm in 19%Median CO,

levelsin ES and LEED schoolsere higher, but not significantljhan those irconventional schools
Maximum CQg. levels diffeed significantly, andLEED schools had the highest levé/NOVA and

KW p-values=,0.012 and 0.027, respectivelyCO, measurementwill be affected bythe number of
studentsclassroomnsize and other factors, and in most cakesot represent steadyate levels.

Figure 1. Left: Probability plot showing distribution of maximum and median Gfdcentrations
across classreomsRight Box plots of median concentrations by building type. Frormirb CO,
data for thes6ccupied portion of two school dayBox plots show 18, 25" 50", 75" and 9¢
percentilesdiamond indicatethe mean.
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Two buildingsFinthe same schoobmplex hadhe highesCO, concentrationsnjediars from 2001 to
2156 ppminiclassroomsn school S23, and 1505 to 2056 ppmS24. CO, levels exceedethe
sensorange by about 11:00 each mornings23, and slightly later in S24rhese small schookhare
similar designs | S23is agoldevel LEED-certified building with 10 classrooms and 240 studets,
single doubldeaded corridara large opercentralcommon spageand high clerestory windowshat
can beopenedfor cross ventilatiorduring the warmer monthsA geothermal heating and cooling
systemsuppliesradiant floorsandwaterto-air heat pumps in each classrqaand wo small(944 L $

) ERUs ug 100%0A anddesiccantheelsto supplythe ceiling plenum. Based on 25 persons
each classroom aritie rated aiflow, the mechanicalsystemprovides 7 L s persoff. Based on
CO, and transient mass balanoethod,the VR across the four classroomaseraged (+ standard
deviation) 1.9#02 L s* persoff, among the lowesh the samplepossibly due teloggeddesiccant
wheelsor filterspduct leaks, oother failures.In shool S24 whichwas slightly smaller (8 classrooms,
158 grade B studentspnd designe@but not certified}o the silver LEED level VRs average®.3 +
0.8 L s' persoft. Thesebuildings had among the lowegRsin the study.

The variation.of ' median and maximum €@easurements mostly resulted from sckoedchool
variation (72%of the total variance of the maxima) as compared to-t@omom variation within a
school (28%). Themodestwithin-school variation is unsurprising since many HVAC design and
operational factors are shared across classrooms in a school. This can apfuysekenls usingVs
(S02, S03, S14, S17, S18, S21, S30) where greater differences;ifev&® may result since air

between classrooms is not shared and systems may operate indepeholeathgr,this may be offset
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sinceclassrooms within a school often have similar sizes, occupancy patterns, ventilation equipment
and other commonalities. The exampdetowillustrate the diverse situations founithin and across

schools.
3.3 Examplesof conventional, LEED and EnergyStar buildings

Figure 2 showsCO, trends monitored simultaneously four classrooms o& conventional school
building (S14). The PKK classrooms (rooms 104 and 1@&howedsimilar trendsbut differentCO,

levels in both rooms, teachers had disabled the UVs, but the outside door in room 107 was left open
The grade 13 classroomgrooms 211 and 2163lso showed large differences CO, levels were
correlated to/VR#figure inse), and diys and classrooms witho\below 22 L s* persoit (rooms 104

and 216day 2"oenly) hadhe higher CO, concentrations At the end of the school dagVAC systems

were shubffland VRs fell to very low levelsin evening (18:06- 24:00) and early morning (24:60

06:00) periods=Simulatedand observedO, concentrations matchedosely. VRs varied over a3-

fold range insthseclassroomsand were particularly lowin room 104(UV disabled no openedioors

or windowg showing the influence of occupant behavioes®&tsfor other classrooms in this building

were in the middle range acrdbe 37 schools

Figure 2. Observed and simulated £€dncentration trends in four classrooms in a conventional
school (S14)" Iset tables shows ACRs determined using transient mass balance method and teacher
reported occupancy for four periods, and persopdb¥days 1 and 2, based on maximum occupancy.
Observed (red.circles) and simulated data (colored areas)-ana Everages. Monitored Dec.-18,

2015.
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In LEED-certified building S22, C®levels in classrooms fluctuated considerably over the day, bu
remained below 1500 ppm and generally below 1250 ppm (Figure 3). Simulateve@ fitted

most measurements with exceptions of room 207 on day 1 when levels did not match a spike in
simulated levels.due to a brief increase in the reported occupglmeyudents for 15 min after lunch),

and room"205 on'late afternoon of day 2 (no change in occupancy was reported). Based on room
volume and rated DOAS airflow, the ACR wad 8*. Based on the transient mass balance method,
ACRs across the four classros and two days averaged 2.0.8 hi'. The lower value obtained using

CO, methods is not surprising since full mixing is assumed and the rated DOAS aimiigwbe
optimistic. Stilksthese classrooms had some of the higimet moreuniform VRs in the ample (\
averaged #.+.1:61 s' persof). While additional applicationshouldbe examined, the DOAS in

this school"proied higher and more consistent ventilation than in most of the other schools evaluated.

Figure 3. C@strends in four classrooms in a LEKRrtified building (S22). Monitored Jan -2P,
2016. Otherwisesas Figure 2.
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Classrooms in sehool S12, the ES building, had some of the highele@&s (above 2000 ppm in
three of four.classrooms) and lower VRsd@mge of 1.%1.2 L ' persoit and only 1.1+0.5 L s'
persofi excludifig room 207 on a separate AHU) in the st(Rigure 4). In room 218, CQlevels
exceeded the sensor range, and ACRs were derived by fitting the morning period only. THisreroce
yields very high peak levels of G@2600 and 6000 ppm on days 1 and 2, respectively). The three
classrooms served by AHU1 (rooms 115, 118 and 218) showed similar trends and levejs a$ CO
well as low VRs« In contrast, room 207, semrate AHU2 thaprimarily serviced low occupancy
spaces had much lower C®levels and higher VRs. In this school, day time,d€vels were
sufficiently high and VRs sufficiently low that GQevels at the start of the following day remained

above 800 ppm, well above dabr levels.

Figure 4 "CE; trends infour classrooms in anrergyStar school§12. In room 207,day 2
simulatiors did not achieve the minimum?Required (0.25). In room 218, CO, levels exceeded
instrument range, anliCRs and \4 areestimated foDay 1 usingthe 08:00 to 1:00 periodand for
Day 2 using th@8:00 to 10:15 periodCO; scale isexpanded Monitored Dec. 8, 2015. Otherwise

as Figure 2.

This article is protected by copyright. All rights reserved



CO2 (ppm)

CO2 (ppm)

3500 ~ 3500

A. S12C1-Rm 115 @DAY1 Sim. 1B. S12C2 - Room 118 @DAY1 Sim.
1-oooeooo....... Day& ACR Vo _ ________ BEVE Sim. o Day& ACR___ Vo . OEVE Sim.
3000 / BDAY2 Sim 3000 / ,
] Period (h") (Ls"per!) o = ] Period (h") (Ls"per!) GDAY2 Sim.
] OMORN Sim. g_ h oMORN Sim.
2500 J---momoooeood Dayl 068 1.57. ... . oObserved CO2 | & 2500 }----------o-------Dayl 035 a1 . o Observed CO2
] - 8 ] Eve 0.08 -
2000 1 S 2000 ] Morn_ 0.10 - 0 ©
1500 --- 1500 ]
1000 4 -4 1000 -
500 +H+——rrtr—— Tt 500 "ttt
9 11131547 1921.23 1 3 5 7 9 11131517 19 21 23 9 111315171921 23 1 3 5 7 9 11131517 1921 23
Time (hr) Time (hr)
3500 3500 1
C. S12C3 Room 207 aDAY1 Sim. 1D. $12C4 - Room 218 BDAY1 Sim.
3000 J oo i Day.& ACR___Vo ________. BEVE Sim. 3000 oo Day& ACR_._Vo. . __| BEVE-Sim.---
Period (h') (Ls"per) BDAY2 Sim. € ] Period (h") (Ls"per’) ©DAY2 Sim.
2500 oo b Dayl - 1.50...3.07 . . ___. OMORN Sim. & 2500 N aCEEEs RERERE Day1..0.75.-.1.38.... OMORN-Sim. -
Eve 0.02 - © Observed CO2 | & 1 Eve 0.05 o Observed COR
2000 +----cccmmeeo o] Morn__0.09 - e O 2000 5 ,,,,,, .44“““““““"',"' o
Day2 1.85 3.78 ] 2Rav>  0.09
© ] P,
1500 ---0----o- M A 1500 +-- 0 R -
¢ o eV SRy, ] i &9
1000 F-4 &\ [ Ry~ - B - 1000 }-4 T ———————————
@ N @y, ORISR o 194
500 1 500 ++————r——""——+—r——r——F+————t——r
9 111315171921 23 1 3 5 7 9 11131517 19 21 23 9 111315171921 23 1 3 5 7 9 11 13 15 17 19 21 23
Time (hr) Time (hr)

3.4 ACRsduring occupied periods

The three buildings and 12 classrodmcussedn the previousection demonstratmany differences

with respect toVRs, building and HVAC elements operating practicesind occupancy patterns.
Occupancy in=the: classrooms was highlynamic, e.g., teachers typically arrived before students,
students and teachers I&dt lunch, and both small and large changes in the numbers of students (and
sometimes adults) occurred throughout the school Nayerthelessrigures 2 to 4demonstrate the fit

that can be(achievedetweenobserved and predicted GQevels e.g.,R?* exceeded 0.80 imost
classrooms. Discrepancieseemed taesultfrom incorrect occupancy information, e.ghe timing
reported byteacherswvas offset(Figure 2B) brief occupancy spikethat were notrecorded Figure

3D), or patternssnot recalleatcuately (Figure 4C). Other issues include small changes in,d€Yels

during theunoccupiecearly morning period, which increased the uncertainty of the VR esfnaae

high CG, levels that exceed the sensor range.

ACRsin classraomsacross the 37 schoodse summarizedn Table2. Mears and mediansfor the
transient mass balanamethod did not showstatistically sgnificant differences by school type
(conventional, ES or LEED), whether a school was new or newly renovated, wheth& fiéfs
were cleanor dirty, whether the building was 1 or 2 stories in heigtby buildingfloor area per
student ACRs averaged 5. +1.5 K' for classrooms irthe $x schools using UV§threeconventional

and three ES), were significantly lower compared tthoseserved by central AHUs2(0 +1.3 H
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p=0.01) Smaller schoolsysingarea, number of classrooms, or student enrollm&sb had lower
ACRs (mediars by school sizéertileswere 13, 1.7 and 2.0'h KW p=0.®; means did not vajy The

14 schools withERUs had slightly but not statisticalljower ACRs (median of 15 H?) thanthose
without (19 h', KW p=0.19. Finally, thelarger classrooméy ared hadlower ACRs (mediars of

1.9, 2.0and 13 hH* for volume tertiles divided by 238 and 267, mespectivelyKW p<0.001 means
also varied p=0.003).

Ventilation rates per: person,,Vdepended on the method and the occupancy assumption. 1Table
summarizesgresults and Figuresbowsdistributions and compi@ons among building types. For
comparison to ventilation guidelines, the maximum occupancy is most relevangjvitgésa lower
(more conservative) estimate op,Vand the steadsgtate,build-up, and transient mass balanééRs
averaged B # 2/0)39 + 1.8 and 5.5+ 38 L s persoft, respectively. Scatterplots contrasting the
methods showed generally good agreement with some outliers (high values from theststieady
method) and correlation coefficients from 0.74 to 0.87. Compatriagsient mass balanead steady
state methodsythe mean absolute deviation was I'2krsoit, and the mean absolute relative error
was 26%. Thergeadystate \p will be overestimate if the steay-state concentration is not achieved,
this was seen in relatively few cases. In addition, the steiadly \6 is sensitive to both the OA GO
concentration (a 10% increase to 440 ppm increased the meay 8%0) and the assumed metabolic
rate @ 10%increase in the children’s rate increased the meaby\8%). There was no difference in
the mean @f median oWy building type, although classrooms in ES buildings had a wider range of

values ana larger number of classrooms with rates below 3 pessort (Figure 5, right panel).
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Ventilation Rate Percentie

Method Unit Mean Stdev Min 10 25 50 75 90 Max n

ACR Steady-state 1/h 1.22 0.60 0.27 051 0.76 1.06 1.60 2.06 292
Buildup

Implicit Cs 1/h 1.25 052 019 051 078 1.31 166 193 218

Midpoint Cs 1/h 1.05 094 0.01 0.22 047 082 1.30 2.00 7.19

Transient mass balance

Occupied 1/h 195 132 025 0.70 1.04 1.75 257 3.24 9.50 112
Unoceupied 1/h 0.21 019 0.00 0.05 0.10 0.16 029 0.39 1.43
Decay 1/h 0.15 0.13 0.01 0.04 0.0/ 0.11 0.18 0.32 0.73

VO Steady-state
Mean occupancy./s-person 5.63 270 187 253 3.64 556 6.96 8.41 17.65
Maxweccupancy L/s-person 3.81 1.99 098 154 229 3.38 4.79 6.47 1161

Buildup_(Implicit Cs)
Mean occupancy/s-person 573 248 110 239 426 584 7.11 8.45 18.02
Max occupancy L/s-person 3.92 1.77 0.78 179 252 391 4.89 5.64 13.06

Transientimass balance
Mean occupancy./s-person 10.07 6.91 198 3.14 5.68 9.14 12.13 15.83 47.07
Max.occupancy L/s-person5.51 3.83 0.85 1.65 289 5.17 6.83 8.97 27.36 112

Tablel. Summary of exchange and ventilation rates using the four methods. Based on 37 schools,
147 classroomsand 2eday averages in each classroom if available (decay ACR uses one day).

n=number oficlassrooms.

Basal on transient mass balance results, only 15% of the classrooms met the recommended minimum
ventilation rate of 7.1 L5 persoft for school classroomgl7]. Even lower rates have been found
elsewhere, e.g., ddetermined using the steadiate method averaged 3.6 £ persoft across 70

elementary sehoels in the southwest US tested in 2008-9 [ .

Figure 5. “Left: 'Probability plot of personal ventilation ra¥esacross classrooms (basedtmmsient
mass balancmethod, maximum or average occupaacyl 2day average in each classroonRight

Box plots showingVo by building type (based orransient mass balanamethod, maximum
occupancy, and 2-dagear). Box plots show1d", 25" 50" 75" and 98" percentiles diamond

indicateshe mean.
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3.5 ACRsduringunoccupied periods

During unoccupied periodsACRs determined usingransient mass balanand decaymethods
averaged OR + 049 H' and 0.15 + 0.13 'h respectively, and were highlyorrelated (Spearman
r=0.87 Table.l)..Transient mass balanc&CRs werebelow 0.1 F in 32% of the classrooms.
Statistically significant differencesn median (but not meam\CRs wee observeddy school type
(medianACRs*were0.12, 0.16 and 0.1%* in corventional, ES and LEED schools respectively.
Median (but not meanACRs were higher in lassrooms withUVs (median of 0.19h™) than
classrooms Wwithotit (0.12hKW p=0.05), suggestg some leakage from these unithenshut off
However, the magnitude and practical significance of thdg&erences aresmall. ACRs during
evening and _early. morningvhich werefar lower thanthoseduring occupied periods, refleeflVAC

shutdown and,suggest “tight” buildings.

Severalfacility managers indicated that HVAC systems were sifiutmmediately at the end of the
school dayalthough they recognized that both teaching staff and maintenance staff were Ktiligwor
in the building. As’shown in Figure 4, several buildings never “cleared” the &0umulated during

the day, aresult of low VRegflectingHVAC system shutdown and “tight” building envelopes.

SinceHVAC systemswere shupff at theend of theschool day, VR estimates based on,@@@asured
after midafternoon do not apply to the occupied portion of the d&ys, neither decay rate nor
transient mass balang€CRs for the unoccupied periagply tothe school day.
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3.6 Calculation method and applicability

VRs depended on the calculation method. During occupancy, ACRs average@l6Lh (average +
standard deviation) for the steasiate method, 2.+ 05 H' for the buildup method (implicit
approach), an@.0 + 1.3 h* for the transient mass balaneseethod(Table 1) While ACRs from
steadystate_sandtransient mass balanamethods were correlated (r = 0.76), other measures of
agreement showed large differencegeadystate ACRs were consistently lower (mean bias of 0.76 h

1), the averagesrelative deviation between the two methods was 44% (and often mudharighamly

29% of estimates agreed within 25%. The low ACRs given by the sgtattymethod refleet that
steadystate conditions were not reached and that occupancy varied. Each of the methods showe
reasonable dago-day agreementand transient mass balanceeadystate and buildip ACRs on
consecutive [days had Spearman correlation coefficients of 0.70, 0.67 and 0.58, respectively. The
transient mass balan@eCR for consecutive days differed by 22% (median absolute relative change),

the smallest among the metts.

Build-up ACRs using the implicit approach to estimate the stesaaly concentration were correlated

to bothtransient mass balangé€CRs (Spearman r=0.79) and steatigte ACRs (r=0.79). Like steady
state ACRs,build-up ACRs were consistently lowdhan thetransient mass balano®CRs. In
addition, build-up=ACRs can be sensitive to the time period considered. Selecting the lowest
concentration in_the 07:00 to 09:00 period and the highest concentration in the 11:00 to 01:00 period
tended to "increasthe buildup ACR as compared to using fixed periods; the use of longer periods
(e.g., thefull school day wasinappropriate since occupancy and fncentration®ften decreased

in the afternoon, contrary to this method’s assumptions. blild-up ACR depends on the steady
state concentration, which was estimated using the room volume and flge@Dation rate, which in

turn depended.on occupancy. Overall, this method had moderate sensitivity to the tode peri
selected. ln.contrast, theild-upmethod using the midpoint approach was very sensitive to the times
selected, gave'negative i@ nearly 25% of the cases, resulteciarge range of ACRs (0.01 to27h*

before cleaning), \anthe correlation betwee®CRs for consecutive daysvas low (r=0.14). This
method failed due.to the “nddeal” CO, curves seen in most classrooms that resulted from changes in
occupancy...Campared to the midpoint method, the imgigitd-up methodvasmore robust, though

it requires some additional data (butyotwo CO, measurements).

4 Discussion

This study presents new data regardd@ levels andvRs in 147 classroom®f 37 school buildings
in the EQUALS study. Because the buildings were relatively new and LEER%bdildings were
This article is protected by copyright. All rights reserved



disproportionatelyrepresentedthe sample is not representative. Mgashools are older thus
maintenance and operatadissuessuch as water lealdHVAC problemswill be more common.

Elevated CQ levels in schools are common. As examples: In 28 schools in California, the median
peak (15min average) C@concentration was 1390 ppm across 107 permanent classrooms, and 2060
ppm acrossi 55 _portable classroof@; in 22 schools in ldaho and Washington, 45% of 434
classrooms had“CQevels above 1400 ppm (assuming an outdoor level of 400 ppm; the -toeoor
outdoor increment:was reporteld]; lower levels were reported in 10 public schools in New York
State where the median G@oncentration was 799 ppm and only 20% of 44 classrooms studied had
peak (5min) levels exceding 1000 ppm{19; and in 88 Danish classrooms in 88 different schools,
mean levels‘exceeded 1000 and 1500 ppm in 70% and 20%, respectively, of roonj2agst€D,

levels are often‘higher in naturalgntilated schools. As examples: in 73 classrooms in 20 schools in
Porto, Portugal, median levels exceeded 1000 ppm in 86% of clasd@#ma the United Kingdom,

8 of 14 classrooms in 7 schools had means above 150J2igmand in France, CPOlevels in 50
classrooms in=17 naturallyand mechanicalkyentilated schools averaged 1400 and 1000 ppm,

respectively|23:

VRsin schoals have beastimatedisingsteadystate[3, 8], decay[32], build-up [33]and simulation
[5, 25, 34]ymetheds These studies, as well as the present analysis, Stadfew classrooms net
recommended minimunvRs, highlightingthe gap between desigar code guidelines and actual
building perfermance. Overall, VRs in conventional and high performance school buildings did not
differ. This is not surprising given theany differencesamong schooldoth within and between
building types, €.g.ES buildings were typically sprawling singf®or buildings while conventional
buildings were multistory anith more urbarlocations Beyondlocationand building typologyresults
may have beemffectedby operating practicesoccupancy ratesand weather. Costsaving factors,
particularlyinsthe.ES buildings, appear to be &ey driver of differerces inVRs between building
types. The"desire for astsaving appears to ba primary motivation forboth ES certification and
inappropriate practicesuch asdblocking outside airinlets instructng teachersot to openwindows,
and the premature shutdown of mechanical systems.

We observedleaning maintenanceand other pollutarémitting activities being conducted in the
afternoon whemVAC systems wereff, which could lead to high concentrations given the Ad®Rs
andinfiltration rates This is an issue iboththe heating season studiadd inwarm weathewith air
conditioner ussince ACRswill be low tosaveenergy andnfiltration ratesmayfurtherdecreasgiven

small indooroutdoor temperaturdifferentias [35] Maintaining HVAC operation during these
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activities and pssibly using a(morning) pre-occupancy purgeould be beneficial. Schools have
limited operating budgets andéh many cases, cleaning, maintenance (including HVAC system
maintenance) and other functions have been outsourced to third parties. Thistheylifait local
knowledge and the ability to control building system operation. It is importanhdoree that
ventilation issufficientin all spaces Thismay be less obvious in buildings using radiant heating or
other types of systems that can previdermal comfort with lovDA flow rates. The low VRs and the
inappropriate, practicesoted, which alsoincluded occupant behaviors such dsabling classroom
ventilabrsrsuggest that that€ility managersteachersandprincipals do not understand the need for
adequate ventilatioand the benefits of additional ventilationith respect to children’s health and
academic performance

Overall, our findings show the need to improve the understanding of the importance of ventilation.
The research comomity should better communicatethe need for adequate ventilatiom school

authorities, building managers, building occupants, and the broader professional community.
4.1 Limitations

Several conditions apply to ougsults First, each classroorwasassumed to ba singlewell-mixed
zonethat could be'characterized by measurementsanial, busingle location.CO, concentrations

at representative locations shoblel confirmed to differ by less than 1J28]. Second, lie transient
mass balangesteadystate and decay methods assdrtteat CQ levels in replacement air fCare
known. BasingCO, level in replacement air o®A measurements does not account gossible
differences inconcentrationgn different portions of the building (e.g., due to contamination of intake
air) or intentionally or unintentionally circulated air from contaminated indoor spate36]. Third,
build-up method.need the steadstate concentration, which was estimated using two methods
Fourth, the decay, buHdp andtransient masbalancemethods requir€O, measurements over a long
enough period to observe meaningful concentration clsartbis wasrarely an issue Fifth, while
ACRswere derivedvhenCO; levels exceeded instrument rangeiich occurred o subset oflays

in seveal classroam, these estimates may halager uncertainty, althoughmobust statistics(e.qg.,
medians)are unlikely to be affectedSixth, VRs vary over time (including variation within the day
and across“seasons) and from classramotassroom which suggeststhe need toutilize longer
duration and seasonal sampliegobtain representative result¢Rs measuredn cold weathemay be
well below those in spring and faeasons.Seventhasnoted only recentlyconstructedr renovated
and mechanicallyentilatedbuildings in the US. Midwestwere studied, thus the sample may not be

representative o$choolbuildings in the country or elsewherdighth, the different ACR methods
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were not compared to “aeference” method, such as use of injected tracer gdseslly, this study
focused onVRs and did not addressther critical domainsof IEQ, such agollutant levels, thermal

comfort, lighting, occupant perceptions awbustics

5 Conclusions

Ventilation rates (VRsS) in most classrooms thre 37 recently constructed or renovated school
buildings studiedell below minimum recommendeguidelines Designation as conventional or
“high perfarmanee” (EnergyStar or LEEDUilding was nota determirant of CQ concentration®r
VRs. Instead;VRs were governed bythe specificbuilding andHVAC systemdesign maintenance
and operating practice®perating schedule, teacher behaviand other room-and schoolevel
factors. Lower VRs were observeth classrooms&and schoolsisingUVs and radianheating systems
as compared,to thossingcentral AHUs or DOAS and in smaller buildings ardrger classrooms.
In all buildings, air change rates fell to low leveleenHVAC systems were shuafff. Systems were
often and inappropriately shutdown during cleaning and other poHetanting activities in the
afternoon, andeverabuildings did not clear the previous day’s accumulation 0f.CO

VRs estimat@using CQ as a tracer gadepended stronglgn the methodised which has not been
well recognized'in the literature. Of the methods evaluatedrdahsient mass balanoeethod using
teacheireported,occupancy data proved flexible and performed weklhccommodatedhe variable
occupancy.seéen in classrooms, andld estimateéVRs during both occupied and unoccupied periods.
VRs derived from théouild-up decay or steadgtate methods had more limited applicatigielded
lower estimatesand results werefteninconsistent unstableor not relevant to the occupied portion of

the day.

Ventilation is a key determinant of IEQ aagotentialy importantfactor affecting health and learning
in schools. _The gudy results which represent conditions in relatively nemad mechanically
ventilated elementary.S. school buildingsshow the need for additional ventilation in most buildings,
better design and, operating practices, and education regarding the importanodlatioreto the

school and building community.
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