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Abstract

Ventilation sandards for commercial buildings set a minimum requatgdoor air
ventilation rate per occupant to contnatloor levels of pollutantsicluding bioeffluentdrom
occupants and their activitiemd/or a minimum ventilation rate per unit floor area toti@in
indoor levels of pollutants from the building and products used in the buildmgever, few
data are available to indicate the relative importance of controlling ocetglatedor
building-generated pollutants with ventilatioAn experimental fality was designedhat
allows theindependentontrol of ventilation per occupant and ventilation per floor darea
simulated office environmentwo studies were conductedteasure the impact of either
occupanbr floor-area based ventilation sepaigt Thirty-two subjectsvereassigned to
groups of four and eadroupexperiencd two differentblindedventilation scenarios
different sequencesvith four groups participating in each studsachtest conditiorlasted
four hours and each group exigerced two conditions per dan a self-paired study design
The order of presentation of test conditipday of testing and gendererebalanced
Temperature, relative humidigndairflow rateswere controllecandlogged continuously.
Particle number atcentrations, size resolved particle mass concentrationsa@{ozone
were logged continuoushphortterm integrated measurements of volatile organic
compounds were collected during each sesdiba.subjectsveresurveyedising online
instrumentgo assess perceived air qualityAQ), sick building syndroméSBS) symptoms
anddecisiormakingperformanceThe resulting datevereanalyzed using statistical models
Neither changing the ventilation rate per person nor changing the ventilation réteper
area,n the rangeand for the duratiotested herehad consistent statistically significant
effects on PAQ or SBS symptontsowever,moderatgeductiors in eitheroccupambased
ventilationrateor floor-area based ventilatioatehad a significant athindependenhegative
impact on a range of decisionaking measure3.hese results provide compelling evidence
thatchanges iroutdoorair ventilationrateinfluences human performance even when PAQ
andSBS symptoms anenaffected The results for occup&based ventilation agree with
previous workthat measured the relationship betw@&@y concentration and decision
making performance in an office settjngith CG; levels modified by injection of pure GO
The results for arebased ventilation represdiie first controlled human study showing a
statistically significant reduction in decisionaking performance as a function of decreased
ventilationrate per unifloor areaof office spaceFurther study should focus on quantifying
the influence obutdoa air on cognitive functioracross a widerange of ventilation settings
to identify the optimal ventilation rate for occupancy &ordfloor area.



Objectives

This project is part of a larger study designed to provide a stronger scientific basis for
ventilation standards that balance energy efficiency with provision of acceptable indoor
environments for occupanfBhe specificobjective of thigrojectis to measuréduman
outcomes including perceived air quality (PAQ), sick building syndrome (SBS) symapt
and decision making performanas affectedndependentlyy eitheroutdoorair ventilation
rateper occupantr outdoorair ventilationrateper unitof floor area in an office
environment
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Introduction

Californiads Titl e bephbvidedhqlargerokasninimhnaventilasionb ui | di n

rate (VR) per occupanodr a minimum VR per unit floor area (California Energy Commission
2008). The ASHRAE ventilation standard for commercial buildings requires provision of a
minimum VR per occupar@ddedto a minimum VR per unit floor area (ASHRAE 2010). The
intent of both standards is to assure that the VR is sufficient to maintain acceptable indoor
concentrations of occupagenerated pollutante(g.,bioeffluents personal care products,
pollutants fran human activitiesand acceptable indoor concentrations of pollutants emitted
from building materials, furnishings, and the products used in buildingsapp®achs

rational given that people and buildings Aothsources of pollutants. However, theailable

data for determining the relative amounts of ventilation needed to serve these two parposes
extremely limited.

Laboratory studies completed decades ago in conditions with occupantsiasihant

pollutant source, but with minimal informat on other sources, found tH2AQ diminished as
VR per occupant decreased (Janssen 1992). Most of the more recent research has been
performed in offices. This research indicates that, on average, higher VRs per person are
associated with improved PAQ,decedSBS symptoms, and improved work performance
(Seppanen et al. 1999; Fisk et al. 2009; Sundell et al. 2011). However, these studies did not
examine whether VR per floor area was also associated with 8B symptomsand
performanceA small laboratoy stud/ (Kajtar et al. 2006) found significant degradations in
PAQ, and in some aspects of work performance, whenl€&@ls were increased to 3000 ppm or
higher by injecting pure C£nto the air with other factors remaining constaftrecent
laboratorystudy Satish et al, 20)Xounda significantdecreasé decisionmaking

performance, buto effect onSBS symptoms, when ultrapure €®Was added to increase €O
concentrations to 1000 or 2500 ppm, relative to a base case witat @00 ppnsuggestinghat
CO; should be considered a contaminant and not just a surrogate for other bioeffluents
Measuring human outcomes related to either exposure to ocsu@amssions or exposure to
buildings émissions requires a highly controlled test environmentcuafully separates the
two pollutantsourcesand allows for independent control of each soultc&ould be very

difficult to examine the relativemportance ofrentilation per occupant anantilationper floor
area during intervention studies condudtedleld settings, because neither occupancy nor the
building-related sources of pollutants can be controlti other factors (i.e. building type, age,
contents, occupant density) held constant or balanced

Laboratory studiesan separately vary VR peccupant and VR per floor area aghble
precisely controlled/R and environmentatonditionsfor studying the relationship between VR
and its impact on occupani®he study design can be balanced to cancel out effects of factors
other than VRs that magffect theoccupant outcome3he main disadvantage of laboratory
studies is that thegre a simulation diield conditions and one can never be certain of how
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representative the results areactualfield conditions.However, his criticismalsoappliesto
intervention studies in small numbers of buildings in field settings, since the buildings in the
field studies may not be representative of the larger building stock.

This projectused human subjects in a controlled environmeesigned to simulate recently
renovated opespace office. The resuligere expectedo provide data relevant to ventilation
requirements in offices, although the resulting data on benefits of ventilation per pepsn

floor areawere expected tbe more broadly applicabl€his report provides details on the study
design, data collectiomndfindings related to sources of pollutants in occupied spaces, and the
impactof each pollutant source on SBFAQ anddecisionrmaking performance.

Study Method s

Overview

The experimera design for this studgarefully separateoccupangenerated¢dhemical
emissiondrom building-generated¢hemical emissions. Th#esignuses an adjacent pair of
ventilated and conditioned roatocated within a larger thermaligonditioned buildingEach

room isapproximately 21 fwith a 2 m ceiling heighandis served by a dedicated and precisely
controlled heating, ventilation and air conditioning (HVAC) systlatprovidesconstant room

air circulation withcontrolledoutdoorair ventilation.One oftheroomns (test room)s set upto
achieve very low buildingelated emissions and used as the test room where occupants are
located during the experimeniishe adjacent roor{source roonis set upto simulate a recently
renovated office space with newlgfurbished walls, doors, ceiling and floors and furnished with
office cubicleschairs, desks;omputers and a printer.

Thetwo roomsare connected by ducts and flow control valves to allow for differenésrik air

in thetest roomfrom thesource roomfrom outdoosand from recirculated test room aihe

effects ofvaryingVRs per occupant to modifgccupanigenerated chemicalkposuresretested

by manipulaing theflow rates ofoutdoorair and recirculated air supplied to ttestroomwhile
mainiining alow and constanfraction d air from the renovated officd.he effects of varying

VRs per floor area to modify exposures frdmilding materiat and office equipmerdretested

by manipulating the fraction autdoorair flowing to the test roonthat first passethroughthe
source roomwhile maintaining a low and constant concentration of occupant pollutants using a
high flow of outdoorair.

Groups of four subjectsachwere exposed to specific test conditions or ventilation scenarios
during wo 4-hour sessions conducted during the same day. Four days of testing were completed
to studyeffects of changing VRs peccupant and an additional four days of testing was
completed to studgffects of varying VRs pdtoor area The human outcomes meaed during
eachtestinclude 1) perceived air quality (PAQ), 2) sick building syndrome (SBS) symptoms,

and 3) decision making performan@etails of the methods are provided below.
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The following sections provide details on the recruitment process, exgreal design and
scheduling, design and operation of the test facility, measurement of environmental conditions
during testing, measurement of human outcomes during testing, and methods used for data
analysis.

Subject recruitment

A detailed human subjexprotocol was prepared and submitted ta imerence Berkeley
National Laboratoryl(BNL) Institutional Review Boar@RB). The protocol was reviewed and
approved by the IRB prior to recruitment and interaction with subjects.

Theinitial goalwasto recrut 48 adult subjectawith equal number of males and femalesving

a typical level of known or suspected common sensitivities, while excluding subjects with
special health concernEhe female populatiowas expected to be more sensitive to changes in
exposures that affe®AQ becausdemalegypically have a better sense of smell. Females and
those who selfeport allergy are known teportmore SBS symptomshus, they may be more
sensitive to changes in exposures related to SBS symptoms. Moguldions are known to
have decisiormaking performance thaarieswith aboveaverage sensitivity to the
environmental conditions in this research project.

Given these recruitment goals, the study subjeeterecruited primarily from University of
California staff and studentwith secondary recruitmeftom LBNL interns The recruitment
process resulted in a numbersoibjects not directly associated with the University of California
or LBNL, but most subject&ereuniversity studentsr collegeage adlts. Children were
excluded from recruitmenttecausehey are not representative of office workénglividuals

with cardiovascular disease or serious respiratory disesisgs as chronic obstructive
pulmonary disease and asthmerealso excludedindividuals with these diseases are not know
to have increased sensitivity to the factors tested in this paoetheir inclusionmay
complicateinterpretation othe results from the small sammgsubjectsSubjectswith no sense
of smell and those who osider themselves highly sensitive to chemicals (uncommon in general
population ananight bias results of a small studyjere also excluded\llergic sensitization is
highest in young adults, is only slightly associated with income, and is increased talgdera
those with greater than a'18rade education (Arbes et al 200Based on these considerations,
our primary target populatiorcéllegeage adultswas expected to hayevalencef allergy

that istypical of, or slightly higher thanthat of thegeneral population.

The participatingsubjectsveredivided into eight study grougsa sed on subjectsdé a
and the objective of balancing gender in each group. Each group consikiad safbjects and

two alternatesThealternategone male ad one femaleyverescheduledor each day t@nsure

full participationin case of neshows Ultimately, only 39 subjects were recruited because

several of the alternates were able to return for multiple days if they were not needed as
replacements.



Eachstudygroup participaté for one full day and during that dalyeyexperiencd two of the
test conditions summarizéstlow.

Experimental Design and Scheduling

This study compareshuman outcomeduringtwo separaters of experimental condition¥he
experimentalmatrixis illustratedin Figurel. The first experimenises a combination olutdoor
air and recirculated test room air to vaing concentrations of compounds related to occupant
generategmissionswhile maintainingconstant and lowoncentrations of compounds related to
building materiakemissions (conditions and2). These two settings are udedmeasure the

effect of VR peroccupantThe second experimenses a combination @utdoorair and ai

from thesource roonto vary the concentration of compounds related to the office sphide
maintaininglow and constant concentrations of compounds related to occupant emissions
(conditions3 and4). These settings are used to measure the effeeryihg VR per floor area.

Eight groupswith four subjects in each groupere scheduled to participate for one full day each.
Four groups participated in the study of occupant generated pollutants and four groups
participated in the study of building gentad pollutants. Theests were scheduled for Thursday
through Sunday during two consecutive wedkeekend days were used to facilitate scheduling
for the subjectsand breaking the study into two weeks allowed for balancing the experimental
designfor dayof the weekIn addition to balancing the groups based on gender as discussed
above, the study wadsobalanced for the day of the weahd the order of treatmefitablel).

Occupant VR experiments were conducts Thursday and Friday of each week and floor area

VR experiments were conducted on Saturday and SuRdayexample, the first Thursday and
Friday of the studyGroups 1 and 2xperienced thhigh peroccupant VR scenario (low

bioeffluent concentratiopgluring the morning session and low fpecupant VR scenario (high
bioeffluent concentration) during the afternoon session with both sessions experiencing high per
floor area VR (low concentration of office source pollutants). The following Thursday and

Friday, Groups 5 and 6 experienced the same conditions but in the opposite order.
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Figure 1. Matrix of experimental conditions, indicated by the bold numbers, where two
conditions were used each day of testing to represent either per person ventilation
(conditionsl and?2) or floor area based ventilation (conditidghand4).

Subjects arranged tlme@wn transportation to and from the lab on their scheduled day. All four
subjects in each group followed a schedule during each day of the study. The schedule is listed in
Table2. Subjects were asked to arrivelae lab at 8:30 AM to review and sign the consent forms
and get oriented to the study. If a regularly scheduled participant did not show up on time then an
alternate of the same gender was selected in his/her place. Prior to entering the test office,
subpcts were given a unique identification code in the forim falkkee-mail address to be used

during all online surveys and simulations.

Table 1. Balanced exposure to test conditions
Test condition during AM and PM sessions

Subject Group Experiment Date AM PM
Thursday, 10/4/2013 1
Friday, 10/5/2013 1
Saturday, 10/6/2013 3
Sunday, 10/7/2013 3
Thursday, 10/11/201: 2
2
4
4
S

Friday, 10/12/2013
Saturday, 10/13/2012
Sunday, 10/14/2013
' Referto Figure1 for definition of test conditiona n d
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Table 2. Schedule of activities for one day including an AM and PM session

Minutes
Time after start Activity
of session
8:30-8:50AM Arrive at LBNL for orientation andsign consent form
9:00 Enter office and select a desk
9:50-10:00 501 60 Perceived air quality and symptonmsurvey (full survey)
10:0010:50 601110 Stretch bre&k if needed and free time in office at desk
10:5011:00 110120 Perceived air quality and symptomsurvey (short form)
11:0011:10 120130 Orientation to decision makingsimulation survey
11:1012:50 1301230 Decision makingsimulation survey
12:501:00PM 230240 Perceived air quality and symptonsurvey (short form)
1:00-2:00 Exit office for lunch and bathroom break
2:00 Enter office returning to same desk
2:50-3:00 501 60 Perceived air quality and symptonmsurvey (short form)
3:00-3:50 601110 Sretch break if needed and free time in office at desk
3:504:00 110120 Perceived air quality and symptonsurvey (short form)
4:004:10 12G'130 Orientation to decision makingsimulation survey
4:105:50 130230 Decision making simulationsurvey
5:50-6:00 2301240 Perceived air quality and symptonsurvey (short form)
6:00 Subjects leavedffice, sign attendance car@dnd are dismissed

Subjects were allowed to take their personal items including backpack, books, laptops,
cellphones, snacks and waieto the test room with thenSubjects were asked to refrain from
using strong fragranceAfter entering the test room, subjects selected a deskeingtheir
space for the day. They were allowed to use the laptop provided on each desk or their own
computers. Subjects were instructed to follow the schedule and a popup reamrbterlaptop
screerwas used to remind subjetb complete the surveys (described later) using the laptops
provided.

Subjects were monitordtiroughout the dathrough a windw in the test roopand they could
always contact a responsible individual by ringing a bell from inside the room. Subjects were
encouraged to remain in the room for the full session but if restroom breaks were needed, they
would ring the bell and be ested to a facility in an adjacent building.

After completion of the morning session, subjects exited the test room and had lunch in an
adjacent building while conditions were being set for the next session. The afternoon session
followed the same scheduds the AM sessigrending at 6:00 PM when subjects exited the room
and signed their attendance card for compensation.



Design and operation of the test facility

The experimental facility illustrated by the schemati€igure2 wasused to achieve

independent control of the floor area VR and the occupant VR for the study. The schematic
shows two adjacent rooms connected by a series of ducts and flow control valves. The test room
on the left of the schematic $pasely furnished witiour small aluminum desks, ergonomic

office chairs (no fabric or foam), laptop computers and occup@htswallsand ceilingof the

test roomare finished with fully curedlatexpaintand the floor is finished witkinyl that is

more han twoyeais old Older materials are known to have significantly lower chemical

emissions compared to new materialpstutant emissions in thiest roomareprimarily from

the occupantand their belongings

Thesourceroomlocatedadjacent to theest roomwasused to creata constant stream ofdoor

air thatsimulatedarelativelynew or recently renovatezpenoffice spaceThe source room

space wasreated by estimating the loading factor for different materiafg.g@iaym3space)

used ina typical open office plan (Carter & Zhang, 2007) and then scaling the simulated area of
the space to achieve a minimum fleareabased VR, while maintaining a high occupaased

VR for the four subjects in the adjacent room when all the outdoor aicheameled through the
source roomT he materialsfurnishing and equipment (computers and printer) in the source
room wereat least 30 days old prior to testing to avoid the high and rapidly changing chemical
emission ratekom new materials, furnishingand equipmenfThe steady state concentration of
office and building related pollutants was controlled by the constant outdoor air flow through the
source room.

The four test conditions illustrated Figurel were created by setting the specific flows in the
facility to the values listed iable3. The total flow (L/s) through the source room (line 1) was
held at 41.50 maintain a constant concentration of office relggelilutants in the exhaust from
the source roonThe total flow through the test room (line 5) was maintained at 48 L/s
continuously to provide a constant-fiww through the room at all times.
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Figure 2. Schematic othetestfacility with theoccupiedest room on the left artie building
relatedsource room simulating a recently renovated open office space on the right.

Conditionsl and2 simulatethe impact of changing théR per occupant in an office space
without changng theVR per unit floor areaCondition1 represented the case with a high per
occupant VR and a higloor-areabased VR. It is achieved by closing line 4 (no recirculation),
adjusting line 2 to 5.7 L/s and then adjusting line 3 until the total test airoflow reaches 48

L/s. Condition2 represents the case with a IMR per occupant and a higfR per floor arealt

is achieved by closing line 2 then adjusting line 4 to 47 L/s for the first hour of the test then
reducing line 4 to 34 L/s with Line 3 pdted to achieve the target total flow of 48 L/s in line 5.
The initial plan was to provide the same fraction of air fromsthwerce roonfor both conditioriL
andz, relative to theutdoorair VR, but the occupanteemselves provided significant amoun

of VOC emissions. To keep from exceeding our target VOC concentrations during co@dition
the flow inline 2 was seto zero. The reason for using the high recirculation for the first hour of
condition2 wasso the condition with low air change ratete test roonwould still achieve
steady state within the same time period as the high VR condition. This is described in more
detail in the Results (sd-igure5 and associated text)



Table 3. Ventilation Test ©nditions andrargetAir Flow Settings (L/s)

TestCondition Line 1 Line 2 Line 3 Line 4 Line 5
1 415 57 Balance Off 48
2 415 off Balance 34 48
3 41.5 5.7 Balance Off 48
4 415 415 Balance Off 48

TLine 4 was set to 47 L/s dag the first hour of conditio@ providing almost full recirculation so that the steady
state concentration of bioeffluent and occupant based pollutants was reached over the same time period as condition
1. This is describetlurtherin the report (se€igure5)

Conditions3 and4 simulatethe impact of an increase R per floor area with no change UR

per occupantCondition3 is the same as Conditidnwith high VR with respect to both
occupancy and floor aseCondition4 represents the case with higR per occupant and low

VR per unitfloor-area. It was achieved by closing Line 4, closing the exhaust from the source
room and opening Line 2 until 41.5 L/s flow is achieved then adjusting Line 3 until th8dota

in Line 5 reaches 48 L/s.

Theoutdoorair intake(Lines 1 and 3) arBom an outdoor air supply that idtéred with an

efficient filter to maintain low particle concentrations and passed through activated carbon to
remove ozone and other outder VOCs. Particle concentrations have not been significantly
associated with the study outcomes in prior research. Ozone chemical reactions with some indoor
pollutant sources or with some types of indoor chemicals can produce reaction products that may
degradePAQ and increase SBS symptoms. These processes and the potential reaction products
are considered part of the buildinglated VOCsSome laser printers emit ozone and most laser
printers emit ultrafine particles (UFP) (Maddalena et.al., 2011). Efiere, a laser printer was

installed in thesource roomand programmed to print on a repeating schedule to prosieeant

levels of officerelated ozone and UFP

Measuring Environmental Conditions during Testing

Ventilation Rate

Flow rates in the diffeent duct lines connecting the rooms and supplyiatgloorair, occupant

air recirculationand/or airfrom thesource roonwere measured continuously, logged every 30
seconds (APT, The Energy Conservatory, Minneapolis, MN) with venturi flow meters (accurac
~5%) and used to calculate acti¥&tsin the test room. Because these flows are the most
important variable in this study, the ventfiows were checked using a tracer gas decay method
when the test room was unoccupied and a @@ss balance when thesteoom was occupied
using typical CQ generation rates for adult males and females performing office work.

To check flows with the tracer gas methods $8s released instantaneously in tim@ccupied
testroomand/or source room, or injected continulgLet a known rate. The continuous

9



injections were used to investigate leakage between the adjacent rooms and mixing of the air
streams while the instantaneous release was used to measure tracer gas decay curves and
subsequerdir change rate (B in eachroom. Miran SapphlRe® Model 250B infrared gas
analyzers were used to monitor the tracer concentrations in real tirexehiange rates for the
ventilation settings (conditiork& 3, 2 and4) in each room were computed from curve fitting to
the exponentiaflecay in Skconcentration

The CQ mass balance estimate of air change rates were conducted as described in Mudarri
(1997) excluding the first hour of testing to allow the room to reach stgadisconditions
Occupancy and activity was constant durgagh session with the activity similar to typical

office activity. As a result, C&generation was assumed to be constant over the duration of each
session. C@generation is a function of energy expenditure and the ratio of energy expenditure
for femaledo males given the same activity is 0.76 (Mudarri, 1997) for adults. Therefore, the
total CQ generation rateHRco», L/s) for each session was estimated as

oY minue 0 mWnye O ™o Q)

where0.005(L/s) is the typical C§&generation rate for males during office activityjs the
number of males in the test room dhds the number of females. The average measured CO
concentratn in the test room and an estimate of the outdogr €@@centratior{380 ppm) was
used along with the session specificf@neration rate to calculate the appaenthange rate
(h%) in the test room during each session.

Volatile Organic Compounds (integrated samples)

VOCs were collecteérom both thesupplyand return line for the test roonsing multibed
sorbent tubeslhirty-minutesamples were collected a flow rate of approximately 120 mL/min
using a variable speed multead peristaltic pumallowing for the simultaneous collection of
two VOC and two aldehyde sampl&ample flow was monitoread each line at least two times
during each sampling eveasing aBios DryCal airflow calibrator Samples were sealed in
Teflon capped sleeves andrad on blue ice until returned to tle and then transferred to
a-20 °C freezer for storage until analysis.

Glass thermal desorption (TD) tubes (0.6 cm ©D7.5 cm lengtl) contained a sorbent bed
consisting of 2 partby volume ofCarboPackB 60/80 meah backed with 1 pa@arboPackX

60/80. The TD tubes were conditioned prior to each use by helium purge (~ 30 cc/min) for one
hour at 300°C in batches of 10 tubes. Conditioned tubes (analytical blanks) were routinely
analyzed to confirm target VOCs wdyelow method quantification limits.

VOC samples were analyzed following U.S. EPA MethodsIFfOSorbent tubes were thermally
desorbed for analysis by gas chromatography/mass spectromet§CMaS) using a
thermodesorption autsampler (Model TDSA2; Gstel), a thermodesorption oven (Model
TDS3, Gerstel), and a cooled injection system (Model CIS4; Gerstel). The cooled injection
system is fitted with a Tengxacked glass liner (P/N 013240D5-00; Gerstel). Desorption

10



temperatures of 25 °C with a Gmdinute delay followed by a 60 °C/min ramp to 250 °C and a 4
minute hold time were used. The cryogenic tngsheld at-10 °Cduring initial
desorption/cryotrappingnd then heated within 0.2 minutes to 270 °C at a rate of 12 °C/s,
followed by a 3minute hold ime.

Analytes were resolved on a GC (Series 6890Plus; Agilent Technologies) equipped with a 30
meter HR1701 14% Cyanopropyl Phenyl Methyl column (Model 1902133; Agilent
Technologies) at an initial temperature of 1 °C for 0.5 minutes then ramped@at@5

°C/min, to 115 °C at 3 °C/min and finally to 250 °C at 10 °C/min, holding for 10 minutes. The
resolved analytes were detected using an electron impact MS system (5973; Agilent
Technologies). The MS was operated in scan mode. All compoundsheveéiL (< 1 to

several ng) were evaluated by library search using the NIST spectral library. Multipoint
calibrations were prepared from pure standards for common indoor pollutants and used to
guantify target compounds. All pure standards and analytesreferenced to an internal
standard (~120 ng) oftiroma4-fluorobenzene. The concentration of qualitatively identified
peaks was estimated based on the {otalcurrent responses using toluene as a surrogate
standard. Total volatile organic compound wdenitified as the total ion current between hexane
and hexadecane and reportec&sduene equivalent concentration.

Volatile Organic Compounds (real -time measurements)

During theinitial setup anaalibration phase of the test facility and the first tegth occupants,
a realtime TVOC analyzer (ppbRAE 3000, handheld photoionization detector) was used to
confirm that the concentration of VOCs was in the expected range. The TVOC analyzer was
important because is showed that the contribution of occupaM®€ concentrations during
the high bioeffluent condition (Conditid?) was relatively high. This reseltlin a change to our
initial plan to have a small fraction of air from teeurce roonduring conditior2. The ppbRAE
does not provide identificationf VOCs and quantitative analysis could not be conducted
immediately so to prevent VOC concentrations from being higher than our target range we
turned off line 2 (flow from thesource roomduring conditior2. The results from the reéime
TVOC measurenmd were used to make final adjustments to the flow lines for the test
conditions.

Low Molecular Weight Carbonyls

The target analytes in the aldehyde analysis included formaldehyde, acetaldehyde and acetone.
Higher carbomumber aldehydes were quantifiesing the VOC method described above.

Samples of these low molecular weight carbonyl compounds were collected and analyzed
following ASTM Test Method D 51982 (ASTM, 1997). As with the VOCs, the air samples

were drawn directly from theeturn and supply ties for the test roonSamples were collected

on commercially available silica gel cartridges coated withdhdtrophenythydrazine

(XPoSure Aldehyde Sampler; Waters corporation). Samples were collec&@lfunutes at ~ 1

L/m usingthe variable speeahulti-head peristaltic pum®Bample flow was monitoreid each

11



line at least two times during each sampling ewsimig aBios DryCal airflow calibrator
Sample cartridges were capped and stored on blue icdloe freezer until extraction.

Cartridgeswere eluted with 2 mL of higjpurity acetonitrile into 2 ml volumetric flasks and the
eluent was brought to a final volume of 2 ml before analysis. Extracts were analyzed-by high
performance liquid chromatography (HPLC) (1200 Series; Agilent Technolagigg) a C18
reverse phase column with 65:35 H2O:Acetonitrile mobile phase at 0.35 ml/minute and UV
detection at 360 niwave length Multipoint calibrations were prepared for the target aldehydes
using commercially available hydrazone derivatives of fod®layde, acetaldehyde and acetone.

Acetic Acid

Acetic acid was collected ithe source room initially to determine the need to include acetic acid
in the study. Samples were collectbd same way as the carbonyl samples but collected on
silica gel sorbentubes (P/N 22655; SKC) and extracted using 5 mL of 18 mOhm deionized
water, filtered through a 0.22 micron membrane. Samples were collected freputice room

for 60 minutes at ~ Lpm usinga variable speed peristaltic pun§amples were stored in sahle
plastic bags a20°C until extraction and analysis.

Extracts were analyzed by ion chromatography (IC) (ICS 2000; Dionex) equipped with an
autosampler (AS40; Dionex), hydroxide ion generator (EluGen cartridge, P/N 058900; Dionex)

and a conductivity detéar. Samples were safated on an AS11 column (P/N 044076; Dionex)

at a flow rate of 1.0 ml/min. The column was
inject samples. A gradient of hydroxide ions was generated starting at 0.20 mM for 2.3 min.

before increasing to5100 mM at 12.0 min, then to 35.00 mM at 15.0 min. A multipoint

calibration ranging from 0.287 mg/L (of extract) to 52.363 mg/L was prepared from a 1.000g/L

acetate ion chromatography standard (P/N 13669; Fluka) andssddo quantify the instrument

resmpnse.

Particulate Matter

Particlenumber concentrationgsere measuredear the test room exhauBtealtime size

resolvedparticle countsveremonitored using MetOne® Optical Particle Counter Modet@3I7

in six channels: >0.3,>0.5,>0.7,>1,>2,ance>;. Thi s i nstrument has a
of about 50% for 0.3 em particles, so particl e
particle (UFP) counts were measurezhr the test room exhawsting a watebased

condensation particle coter (TSI® WCPC). The WCPC counts particles >6 nm. The sample

inlet has a cyclone witha cotf f di a meso samplimgfrandge is@pproximately 0.006

3.0mm. UFP counts were recorded at engute time intervalThe difference between the

WCPC and tk >0.3mm particle number concentration from the MetOne provides a rough

estimate of the ultrfine particle number concentration.

Ozone
Concentrations of @were monitored usingreattime gas analyzer (2BTech® Model 205)
collected from near thiest roon exhaust. The gas analyzesscheckedprior to use andero
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offset of the instruments were determined in the laboratory by sampling with sonu®ber
attached to the sample inlet. The offset values, which range between ppd, were subtracted
fromthe dataThe instrument failed during the experiment but initial results indicate that O
remained near background for all conditions tested.

Carbon Dioxide

CO, wasmeasuredising an EGM4 nondispersive infrared analyzer (PP Systems International
Inc., Amesbury MA) in both the supply and the return line for the test room. The supply line
provides information about background £®@hile the return line provides a measure of indoor
CQO,in the test roomThe EGM4 is a high precision C{analyzerwith accuacy better than 1%
used to record concentrations at omaute time intervalThe analyzer connected to the supply
line failed during the study so backgroufaitdoor)CO, was not measured.

Temperature and Relative Humidity

The indoor air temperature anglative humidity were monitored at multiple locations within the

test room and surrounding anesing temperature/relative humidity débggers. The data

loggers also function as storage devices for sample flows and concentration measurements from
otherinstrumentsTemperature and humidityeremeasured with calibrated sensors and logged
every30 second§APT, The Energy Conservatory, Minneapolis, MN).

Measuring Human Outcomes

During each session,webbased survey instrumerAgpendix) was usedo assesPAQ and
intensity of SBS symptonand a wekbased simulation (Strategic Management Simulation,
SMS) was used to assess decigiogking performancel he schedule of activitieuring each
sessions providedin

Table 2. The first survey administered 50minutes includeadditional questions related to
medical history and demographide survey is computdrased and resulessecoded for the
test condition and time point during thest.During unscheduled periods, subjestsrefree to
read, study, or engage at their desk in any-aisruptive activity. During the lunch break,
subjectdeft the roomfor one hour while the conditions in the test room were adjusted for the
next session

Questionnaire Data for PAQ and SBS symptoms

At three times during eadessionafter approximately And2 hoursand then at the end of the
sessionparticipants completed a short weéssed survey (approximately 5 minutes or less). The
surveys asked @it environmental perceptions, health symptoms, and, only in the first survey

that each participant completed, demographic variables and allergic health conditions. All
guestions provided an option of Ano answer .o

A Acceptability ofthe indoor air quality: a-part question, with the first response a
choice between acceptable or unacceptable, and then, depending on the initial choice,
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aratngonapoi nt scale ranging either from Aju
acceptoablfe oin fujacste pt arbéleyy t o Acompletely

A Acceptability of odors in the room, with the same possible responses as for the
guestion on acceptability of indoor air quality.

A Thermal comfort in the room, with seven categories of reggaagging from much
too cool to much too warm.

A Current severity ofdur health symptoms, each on addint scale, andlsowhether
the participant had each symptom before arriving for the study. The symptoms were:
dry, itching or irritated eyes; headwa; unusual tiredness or fatigue; and congested
nose.

Demographic data gender, age, smoking status, and education.

Prior diagnosis of several common allergic conditions, and if they currently had
asthma.

Simulation Measuring Decision -Making Performanc e

The current study usednaethod designed to assess complex cognitive functioning in ways more
relevant to the tasks of workers in buildings than the tests of simulated office work generally
usedin indoor environmental studi€e.g., proofreading textadding numbers) (Wargocki et al.
2000). A computebased program called the Strategic Management Simulation (SMS) test
collects data on performance in decision making under different conditions. The SMS test has
been used to st udy cidionmakingralpilidies of diferent gregs, YOGs6 s d e
from house painting, stress overload, head trauma, etc. (Breuer and Satish 2003; Satish et al.
2006; Satish et al. 2004; Satish etZz®08; Swezey et al. 199&8MS testing is available for
research by cordct with State University of New York Upstate Medical University, and for
commercial applicationgia Streufert Consulting, LLC.

The SMS measures complex human behaviors required for effectiveness in many workplace
settings. The system assesses botlclaginitive and behavioral responses to task demands, as
well as cognitive and behavioral components commonly considered as executive functions. The
system and its performance have been described in prior publications (e.g., Breuer and Satish
2003; Satislet al. 2004; Swezey et al. 199Buring the SMS, articipants are exposed to

diverse computegenerated situations presenting realrld equivalent simulation scenarios that
aredesignedo match realvorld dayto-day challenges. Several parallel scermere available,
allowing retesting individuals without bias due to experience and learning effects. Participants
are given instructions via text messages on a-fusgrdly computer interface, and respond to the
messages using a drojpwn menu of possibléecisions. All participants receive the same
guantity of information at fixed time points in simulated time, but participants have flexibility to
take actions and make decisions at any time during the simulation, as in the real world. The
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absence of requements to engage in specific actions or to make decisions at specific points in
time, the absence of stated demands to respond to specific information, the freedom to develop
initiative, and the freedom for strategy development and decision implemerabdareach
participant to utilize his/her own preferred or typical action, planning, and strategic style. The
SMS system generates measurement profiles that reflect the underlying deasiog

capacities of the individual.

The computer calculates SMferformance measuresadjusted (linearizedaw scores, based

on the actions taken by the participants, their stated future plans, their responses to incoming
information, and their use of prior actions and outcomes. The validated measures of task
performance vary from relatively simple competencies such as speed of response, activity, and
task orientation, through intermediate level capabilities such as initiative, emergency
responsiveness, and use of information, to highly complex thought and acte@sgee such as
breadth of approach to problems, planning capacity, and strategy. The primary facttwesrand
definitions ageported for the SM&nd included irthe current experimeiatre

A Basic Activity Level (number of actions takesimple competengy
Applied Activity (opportunistic actionsimple competengy
Focused Activity (strategic actions in a narrow endeav@mple competenqy

Task Orientation (focus on concurrent task demérglsple competengy

Do 3o P Do

Basiclnitiative (development of new/creag activitiesi intermediate level
capability)

A Informationmanagementopenness to, and search for informatonl ability to use
information effectivelyl intermediate level capability

A Breadth of Approach (flexibility in approach to the tagkighly complex thought
and actioi

A Basic Strategy (number of strategic actiortsghly complex thought and actipn

The raw scores assigned for each measure are linearly related to performance, with a higher
score indicating superior performance. Interpretatidrased on the relationship to established
standards of performance among thousands of previous SMS participants (Breuer and Streufert
1995; Satish et al. 2004, Satish et al. 2008; Streufert et al. 1988; Streufert and Streufert 1978;
Streufert and Swezey 88). Percentile rank®lative to the normare calculated through a
comparison of raw scores to the overall distribution of raw scores from a reference population of
more than 20,000 U.S. adults, ages 16 to 83, who previously completed the SMS. Tineeefere
population was constructed nomndomly to be generally representative of the job distribution
among the adult U.S. population, includiogjlege students, teachers, pilots, medical residents,
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corporate executives, hormeakers, and unemployed. The pamtile calculations for individual
participants are not further adjusted for age, gender, or education level.

Data Analysis

Environmental Data

Measured flows imuctsli 5 (Figure2) were logged continuously (3econd interval) along

with CO,, ozone, ultrdine particle number concentration (>6 fir8 nm range), size resolved
particle number concentration (>0r&, >0.5rm, >0.7nm, >1.0nm, >2.0nm and >5.01m),
temperature and relative humidity. Because the conditions in the test room were influenced by
occupants and needed time to reach stedale the average and standard deviations are
calculated separately for the first hour and the final three hours of each session.

Volatile organic chemical and aldehyde concentrations were measureteastegrated

samples over a specifsamplingperiod. Adehyde and VOC samples were collected from both
the supply line and the return lif@ the test roonduring each session. The supply line provides
a measure of the pollutant concentrations in the air entering the tes{inotuding outdoor air,
source oom air and recirculated test room aiuf)ile the return line provides a measure of the
pollutant concentration inside the test room. The VOC and aldehyde measurements were
collected at the migboint of each session for conditiohs2 and3. Four replicae VOC
measurements were collectaddifferent timesluring conditiord and reported individually and
as the average (x standard deviation). Because conditiad no recirculation from the test
room, and conditio2 had no air from theource rooma conparison of the measurements from
the supply and return lines for these conditions provide an indication of the relatitrédoution

of occupant and office related emissions for VOCs and aldehdyes.

Strategic Management Simulation Data

The SMSdata reflectwo diverse treatment conditions across different subjects and multiple
response variables. The data prowséparateesults forthetwo differentexperiments (occupant
VR scenario anfloor-area VR scenari@dnd do not permit an overall analysis acralssubjects
andtreatment conditions. Consequentiata analysis (within subjects) for each of the measures
wasseparated, generati®® subjectswith selfpairingacross treatments, i.4.6 subjects per
treatment cellvith each subject tested for twdfdrent conditionslt is important to notéhat
even with wellcontrolled research, data analysisI6rsubjects often does not generate
statistical significance unless thdferencesetween responses to treatment conditionsaage:
Results are repted on the basis of data provided under the designdisted inTablel and
summarized as

1 Occupant VR- Subject Groups 1,2,5 and 6

1 Floor Area VR- Subject Groups 3,4,7 and 8
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Rawscoresand rank percentilegre reported for each of the SMS variables that vieckidedin
this research. Comparisons anadebetweerconditionsl and2 and then separately for
conditions3 and4, with eachcomparison having = 8 treatments.e., 16 subjects each in a
within-subjects design witil5 degrees of freedonStatistics are calculated for each group with
analysis ofvariance (within subjects) techniqu@fie SMS analyst and programmer were blind
to the experimental design angreonly providedinformationas to the day ahtime that a

given condition was used but not the actual condition.

Questionnaire Data

Data on acceptability of air quality and of odor were analyzed with dichotomous values

(acceptable or unacceptable), and also with continuous values. For eadangtigstcontinuous

scale used for analysis ranged frefto +7, with-7to-1 1 ndi cating the range
unacceptablumccteptfalbdreloy and +1 to +7 indicati
acceptabl eo to fAcompl adzerbdata sauesomptheselstales. 6 Ther e

Acceptability of air quality and acceptability of odor, with dichotomous values, were compared
across study conditions using a test of proportions, and then modeled using random effects
logistic regression models. Cmmuous values of these outcomes were compared across
conditions using paired (matchedkests, and then modeled with repeated measures linear
models (withclusters of subject and time).

Data on severity of each of the four symptoms were analyzed wiiiiedichotomous values
(symptom present/not present), or with continuous values ranging from 0 to 7 (score=0 if no
symptom was reported; otherwise set at the reported value ftoff) IResponses in which the
symptom had existed previously were excluttedh theanalysis for that symptonworsening

of preexisting symptoms was nidétermined or analyzl.

The acurences of each type of symptom wemmpared as dichotomous values across study
conditions using a test of proportions, and also in randorsteflegistic regression models.
Continuous values of symptom severity were compared across conditions using-pestecnd
also (because of expected skewed distributions) the nonparametric Wilcoxon signed rank test
(requiring no assumptions about distitions of the data), and then modeled with repeated
measures linear models (with clusters of subject and time).

Results

Environmental conditions in experimental sessions

An overview of thecomplete study is provetl inTable4 showing he schedule and ventilation
conditions for each time period along with observations about subject activities. The time period
for the experiment was started five minutes after subjects entered the test room.
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One subject logged othe SMS simulation before completion and a secuigjectdid not have

time to complete the simulatipbut in both cases the responsible individual contacted the SMS
programmer and confirmed that enough of the simulation had been completed to preafde rel
results. Several subjects needed to be escorted to the restroom before completion of their session
and the time was noted.
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Table 4. Timeline of Study with Conditions, Seating Location and Notes for Each Experiment
Seding Locatiort
Date Start Stop Day Session Conditon SE SW W N Notes:

4-Oct12 9:05 9:55 Thu AM 1 3 4 2 1
10:05 12:50 Thu AM 1
14:05 14:55 Thu PM 2
15:05 17:50 Thu PM 2

5-Oct12 9:05 9:55 Fri AM 1 3 1 4 2
10:05 12:50 Fri AM 1
14:05 14:55 Fri PM 2
15:05 17:50 Fri PM 2

6-0ctl2 9:05 9:55 Sat AM 1 2 3 1 4 Subect3logged oSMS

at12:10& went to restroom

10:05 1250 Sat AM 1
14:05 14:55 Sat PM 4
15:05 1750 Sat PM 4

7-Oct12 9:05 9555 Sun AM 1 4 1 2 3
10:05 12:50 Sun AM 1
14:05 14:55 Sun PM 4
15:05 17:50 Sun PM 4

11-Oct12 9:05 9:55 Thu AM 2 2 1 4 3
10:05 1250 Thu AM 2 Subject 4 to restroom 16:00;
] ) Subject Aid not completeSMS;
14:05 14:55 Thu PM 1 One subject completed extra
15:05 17:50 Thu PM 1 survey

12-Oct12 9:05 9:55 Fri AM 2 4 2 1 3 Al SMS freeze at 10 minute.
10:05 12:50 Fri AM 2 Restart;Subject 3 to restroom &
_ ) _ 12:15 Subject 3 completed extr.
14:05 14:55 Fri PM 1 survey; Subject 3 to restroom ai
15:05 17:50 Fri PM 1 15:25

130ct12  9:05 9:55 Sat  AM 4 4 1 2 3 Subect3torestroomat12:15

Subject 1 to restroom at 16:40

10:05 1250 Sat AM 4
14:05 1455 Sat PM 1
15:05 17:50 Sat PM 1

14-Oct1l2 9:05 9:55 Sun AM 4 2 3 1 4
10:05 12:50 Sun AM 4
14:05 14:55 Sun PM 1

15:05 17:50 Sun PM 1
"Two desks were placed along the south wathe test roomvith one desk each on the north and west walls.
Subjects were aggied numbers randomly and seated themselves. Seating leeaitanted here.

The tracer decay test in the source room found thaiutaoorair flow reading in thdéine 1
venturi flow meter (see Fig 2), supplying continuousdoorair through the soge room, was in
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good agreement with ther change ratéh™) that was estimated using thracergasdecay
methodwhere the ratio o&ir change rate determined with tventui flow meter tothe rate

determined byracer decayir change rate (B is 0.® + 0.02. In additionthe steadystate Sk
experiments conducted with a continuous source girsfhe source room confirmed thie

ventuii flow meters controlling the mixing of air from the source room to the test roond{ict.,

2 venturi in Fig 2)are in good agreement with the tracer gas measurement. The ratio of the flows
in Line 2 relative to Line 5 compared to the measured SF6 concentration ratio for the source and
test room are within 6% + 3% was also confirmed that leakage into the testwmdrom the

source room or from outside whslow instrumental detection

For the test room, all thresr change ratéh™) estimationmethods (C@mass hlance, tracer

decay and ventuflow reading) were used for each conditeomd the results ahownin Figure

3. The ratio of thair change ratéh™) based on the venturi flow readings relative to the
measureair change ratén™) in the test roonwas 1.40 + 0.17 and 1.45 + 0.12 for the 8&cer
decay andhe CQ mass balance, respectively under the conditions of high ventilation including
conditionl, 3 and4. This indicates that the venturi flow measurementsutfloorair ventilation
during the experiments were biased high by a factor of 1.42 + 0.21a@teal flows were lower
than indicated by the ventyiriFor the low ventilation conditior®), the venturand CQ mass
balance measurements agreed while theti@Eer decay still indicates a slightly lowaar

change ratén™) than the venturi. Theetay measurements were done when the test room was
unoccupied while the COnass balance results were collected simultaneously with the ventur
measurements during the actual experiments. However, the mass balance estimates are subject to
uncertainty relad to small differences in energy expenditoyesubjectsluring the day (C®
generation ratehotentially leading t@rrors in the estimate air change ratén™) at low

ventilation. Therefore, the SF6 tracer and,®ass balance estimatesaif changeate(h™)

were combined resulting inalibrationfactor for the flow venturi reading of 1.25 £ 0.28 during
condition2.

The venturi measurementsaitdoorair ventilation in the test roomvereadjusted according to
thecalibrationfactors describedmmve to povide corrected (actual) flow$he targeflows and
actual ventilation flows during each session are summarizédarl Reference source not found.
for each time period. The Source to Test Room flow is represent@tel®/in the test facility
schematic (Fig. 2). Recirculation referditte 3 and Total refers tbhne 5. The target flow for
Total was always 48.1 L/s. The flow through the source room was constant odardhien of
thestudy at 41.5 (L/s). Ventilation flows assmmarizedn terms ofthe occupant basedR and
the floorareabasedVR for each conditionn

Table5. The original plan had a small amountsolurce roonair (2.8 L/s) transferred to the test
room during the lowentilation scenario (Conditia2) with the goal oproviding the same

apparent floor area based ventilation rate for both Conditemd2. However, the real time

VOC measurements found that the total VOC concentration in the test room increased beyond
our target concentration indicating that occupant generated VOCs could be an important
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contribution to indoor pollutant levels during periods of low ventilation. To better distinguish
between occupant borne VOCs and office borne VOCs, we elected tofttine 66w from the
source room during Conditidhrepresenting complete ventilation of the floor area based
emissions.

The temperature and humidity in the test room during each stage of the stligtedri@aTable

7. Theoverall average temperature and relative humidity during the full study were 22.5 °C (+
0.12) and 40.4% (+ 1.0%), respectively. The temperature and RH were consistent across all
conditions and within each condition as illustraieéigure4. The values measured over the

first hour of the session differed by less than 1% from the values measured over the remaining
three hours of the session. Average temperatures and RH are within 0.6% and 3%, respectively
across all conditions.

Verification of Air Flows

3.5 4

2.5

ACH
N

1.5 -

0.5

Condition 1 Condition 2 Condition 3 Condition 4
Test condition setting (1 - 4)

mCO2 mVenturi mSF6

Figure 3. Quality assuranceeststo confirm ventuir flow readings Theair change rate (H
estimates in the test room based tbhthe mass balance of bioeffluer€(Q,), 2) the
calculatechir change rat (H') from the actual @nturireadings (Venturij)and3) the
estimatedair change rate () from the tracer gas decay curi&) areshownfor
each of the foutest conditions
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Table 5. Actual ventilation flows for each conddn

OccupantbasedvR (L/s/person)  Floor-areabasedvR (L/s/nY)

Condition Average Stdev Average Stdev
1 8.47 0.03 5.62 0.06
2 2.57 0.24 N/A*
3 8.39 0.06 5.48 0.04
4 8.41 0.09 0.77 0.01

'Flow from source room to test room was turned off during GiamoR to distinguish between office
borne pollutants and occupant borne pollutants during the low ventilation test.
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Table 6. Target and Actual Ventilation Flows (L/s)

Source to Test Rodr Recirculatio TotaP

Date Start- Stop Session Cond Target Ave Stdev Target Ave Stdev Ave Stdev
4-Oct-12 9:059:55 AM 1 57 54 0.68 off 33.8 0.3
10:0512:50 AM 1 57 40 0.01 off 33.9 0.2
14:0514:55 PM 2 off 472 381 05 38.9 0.5
15:0517:50 PM 2 off 340 291 1.7 39.0 0.3

5-Oct-12 9:059:55 AM 1 5.7 3.9 0.01 off 34.0 0.3
10:0512:50 AM 1 57 39 0.0 off 33.7 0.2
14:0514:55 PM 2 off 472 376 0.3 384 0.3
15:0517:50 PM 2 off 340 276 03 388 0.3

6-Oct-12 9:059:55 AM 3 5.7 4.0 0.02 off 33.5 0.3
10.05-12:50 AM 3 5.7 4.0 0.02 off 33.2 0.2
14:0514:55 PM 4 415 29.2 0.03 off 33.8 0.2
15:0517:50 PM 4 415 29.2 0.03 off 34.0 3

7-Oct-12 9:059:55 AM 3 57 40 0.01 off 34.4 0.3
10:0512:50 AM 3 57 40 0.01 off 33.8 0.3
14:0514:55 PM 4 415 29.3 0.03 off 33.9 0.2
15:0517:50 PM 4 415 29.3 0.03 off 33.9 0.2

11-Oct12  9:059:55 AM 2 off 472 378 03 384 0.3
10:0512:50 AM 2 off 340 297 03 388 0.3
14:0514:55 PM 1 57 40 0.01 off 33.9 0.2
15:0517:50 PM 1 57 40 0.01 off 33.9 0.2

12-Oct12 9:059:55 AM 2 off 472 372 1.8 38.4 0.7
10:0512:50 AM 2 off 340 274 03 38.3 0.3
14:0514:55 PM 1 5.7 4.0 0.01 off 34.0 0.2
15:0517:50 PM 1 5.7 4.0 0.01 off 34.0 0.2

130Oct12  9:059:55 AM 4 415 28.1 0.13  off 33.9 0.4
10:0512:50 AM 4 415 28.2 0.03 off 334 0.2
14:0514:55 PM 3 57 40 0.01 off 33.4 0.2
15:0517:50 PM 3 57 40 0.01 off 33.5 0.2

14-Oct12  9:059:55 AM 4 415 28.4 0.04  off 33.3 0.3
10:0512:50 AM 4 415 28.4 0.03 off 33.2 0.2
14:0514:55 PM 3 57 40 0.01 off 33.8 0.2
15:0517:50 PM 3 57 40 0.01 off 33.8 0.2

" The target and measured flow rates (L/d)rie 2 during each sessionThe target and measured flow rates (L/s)
in line 4 during each sessiohThe total measured flow rate (L/s)line 5 during each session where the target flow
was always 48 L/s.
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Table 7. Environmental Conditions during Testing

Temperature (°C)

Relative Humidity (%)

Date Start- Stop Session Cond Ave Stdev Min Max Ave Stdev Min Max
4-Oct-12 9:059:55 AM 1 226 0.07 223 228 43.0 0.38 422 436
10:0512:50 AM 1 227 0.08 224 229 414 0.59 40.3 428
14:0514:55 PM 2 226 0.08 223 228 398 0.12 394 40.1
15:0517:50 PM 2 228 0.13 226 23.2 39.3 0.22 38.8 39.9
5-Oct-12 9:059:55 AM 1 223 0.17 220 226 41.7 0.69 38.8 425
10:0512:50 AM 1 227 0.07 224 228 41.1 0.38 40.3 42.0
14:0514:55 PM 2 224 010 222 226 39.7 0.32 39.0 40.6
15:0517:50 PM 2 226 010 224 228 394 0.27 38.7 40.0
6-Oct-12 9:059:55 AM 3 224 019 220 226 415 0.44 404 423
10:0512:50 AM 3 228 0.20 224 233 40.3 0.71 38.9 41.7
14:0514:55 PM 4 225 0.08 223 227 379 055 37.0 388
15:0517:50 PM 4 224 010 221 226 39.2 0.30 38.6 40.0
7-Oct-12 9:059:55 AM 3 224 014 220 226 40.3 1.07 375 418
10:0512:50 AM 3 226 0.13 221 22.8 406 0.36 39.9 41.7
14:0514:55 PM 4 226 0.08 224 228 386 051 37.3 395
15:0517:50 PM 4 225 0.07 223 22.7 393 0.14 38.9 39.7
11-Oct-12  9:059:55 AM 2 223 020 21.8 22.7 40.3 1.09 36.9 415
10:0512:50 AM 2 226 0.06 224 227 40.2 0.39 394 41.0
14:0514:55 PM 1 225 0.07 223 226 409 0.64 38.9 415
15:0517:50 PM 1 225 0.14 222 228 405 0.26 39.9 41.2
12-Oct12  9:059:55 AM 2 224 024 21.8 228 40.2 0.89 36.8 41.4
10:0512:50 AM 2 226 0.08 224 229 396 0.26 39.1 40.3
14:0514:55 PM 1 224 010 222 226 399 048 379 404
15:0517:50 PM 1 224 012 222 227 40.0 0.23 39.5 40.8
130Oct12  9:059:55 AM 4 224 021 21.8 229 40.0 1.19 37.1 417
10:0512:50 AM 4 225 0.06 223 22.7 40.7 0.34 40.0 413
14:0514:55 PM 3 226 0.07 224 227 408 0.39 39.9 415
15:0517:50 PM 3 225 013 221 227 41.0 0.28 40.3 41.6
14-Oct12  9:059:55 AM 4 224 012 221 226 412 0.29 39.8 418
10:0512:50 AM 4 226 0.06 223 227 40.1 0.39 394 41.0
14:0514:55 PM 3 225 010 222 226 414 0.31 40.1 419
15:0517:50 PM 3 225 0.06 224 227 415 0.17 409 41.8
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Figure 4. Theaverage temperature and Ri#eo the first hour and subsequent three hours for
each conditionn the test room are comparetth theerrorbars indicating: 1
standard deviation.

Although a number of different pollutants are expected to be associated with occupants, the
primary marler of bioeffluensis CQO,. When a pollutant source is associated with the occupants,
the test room needs time to reach a steady state concentration after the occupants (source) enter
the room. The amount of time needed depends primarily on the air cletage the space.
Conditionsl, 3 and4 all use the sameutdoorair VR resulting in the same air exchange rate so
all these session reach steatgte within 1 hour of the start. In contrast, condi2dras a much
lower outdoorair VR and as a resulvould require almost 4 hours to reach steady state. This is
illustratedin Figure5 asthe treoreticalconcentration profile for C&n the test room assuming 4
people generating metabolic @&t a constant rate of@5 L/s/persofiMudarri, 1997)during

the testFigure5 showsthetheoreticalconcentration profileluring a full day whereondition2

is run during theAM session ana@onditionl is run during he PM sessiarlhe problem

illustrated bythe panel to the left dfigure5 is that theime to steadystate is different for the

two ventilation settings by over a factor of two.

To compensate for thaifferent VRs and still ackive steady state at over roughly the same
timeframe, an artificially low VR was usetiiring the initial houof condition2. Theatrtificially
low VR was selectetb bring the bioeffluent concentrationtite targesteadystate level
without exceeding itdr condition2 within the first hour of thesessionNo additional sourceas
added to the system beyond thieeffluentsfrom the occupants. The resulting £€€dncentration
profile including the artificially low VR over the first hour of the experimisniustratedon the
panel to the right offigureb.
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Figure 5. Illustration of the different ventilation scenarios related to occupant based pollutants
showing a full day of testing witcondition2 in the AM and conditiori in the PM.
The panel to the left shows the time to steady state forifGfe target (low) VR was
used throughout the morning session. The panel to the right shows the concentration
profile using ventilation condibns thateducetime to steady state without exceeding
the target concentration.

The result is that for all tesbnditions(high or low ventilation settings) the steady state
conditionsin the test roonwere achieved within the first hour of testirighe actualflow settings
aregivenin
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Table6 andthe resulting average G@oncentrations over each timeframe of each session are
summarizedn

Table8. The average conceatrons are shown iRigure6 demonstratinghat only conditior
had elevated bioeffluemtind that for the occupagenerated source required time to reach
steady state in the test room

CO, Concentration

0
- | first hour

[y
<

=]
=)
=]

final 3-hr

L1 ., — ——— —,———————"--.at il i

800

Concentration (ppm)

400

Test Condition

Figure 6. Comparison of average G@oncentration across the different conditions for the first
hour and the subsequent 3 hours of each test.
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Table8. CO, Concentration during each session
Carbon Dioxide (ppm)

Date Start- Stop  Session Cond Ave Stdev Min Max
4-Oct-12 9:05-9:55 AM 1 835 73 630 947
10:0512:50 AM 1 919 59 837 1113
14:0514:55 PM 2 1173 329 587 1706
15:0517:50 PM 2 1951 82 1840 2109
5-Oct-12 9:059:55 AM 1 790 106 466 913
10:0512:50 AM 1 890 39 822 985
14:0514:55 PM 2 1076 275 607 1516
15:0517:50 PM 2 1666 29 1603 1741
6-Oct-12 9:059:55 AM 3 779 80 643 893
10:0512:50 AM 3 896 27 854 980
14:0514:55  PM 4 788 101 571 915
15:0517:50 PM 4 933 15 908 991
7-Oct-12 9:059:55 AM 3 786 119 472 926
10:0512:50 AM 3 956 33 888 1067
14:0514:55 PM 4 805 73 630 926
15:0517:50 PM 4 961 20 913 1014
11-Oct12  9:059:55 AM 2 960 289 414 1434
10:0512:50 AM 2 1744 77 1560 1854
14:0514:55 PM 1 777 81 554 876
15:0517:50 PM 1 869 13 837 911
12-Oct12  9:059:55 AM 2 1060 328 419 1566
10:0512:50 AM 2 1744 40 1671 1816
14:0514:55 PM 1 811 86 591 910
15:0517:50 PM 1 870 17 842 949
13-0ct12  9:059:55 AM 4 47 136 411 882
10:0512:50 AM 4 928 39 871 1027
14:0514:55 PM 3 852 65 709 932
15:0517:50 PM 3 931 19 887 1008
14-Oct12  9:059:55 AM 4 758 56 627 841
10:0512:50 AM 4 821 22 775 883
14:0514:55 PM 3 736 70 565 824
15:0517:50 PM 3 802 27 749 858

Detailed results for the particle number conceidret are provided ippendix B Sources of
particles larger than 018m were not anticipateas either occupant based pollutants or as part of
thesource roomA typical plot of the sized resolved particle number concentrations is shown
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Figure7. All particle size fraction®llow a similar trend showing an increase in particle number
concentration when the test room door was opened and occupants entered the room at 9:00 AM
then another increase around 11:00AM when the respomsiiedual entered the test room to
provide orientation and instructions for the SMS survey. The particle number concentration goes
up again at the end of tilsessiorwhen the door is opened for occupants to exit the room. This
pattern confirms that for picles in the size range greater than 300 nm, the indoor sources are
limited and the particle number concentration does not vary consistently between sessions.
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Figure?. Sized resolved particle number concentration in thertemduring occupied periods
These results were typical for all study days showing relatively low particle number
concentration distributed across the six size categories.

In contrast, the ultréine (> 6 nm)particle number concentration were exgelcto be related to

the office emissions. A laser printer was installed in the office and programmed to print 10 pages
every 10 minutes. Laser printers are known to be a source ofinkrparticles. A typical ultra

fine particle number concentration fite is shownin Figure8 for the case with high VR
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(floor-area and occupaiiased) dung the AM session and low areased VR during the PM
session. The difference between the concentration at the end of thes&Mrsand the steady
state concentration during the PM session shows the impact of the printing.

The early spike in ultrdine particle number concentration at the start of the AM session was
caused by aeat gurthat wasused in the tesibom prior to garting each sessiomhe heat gun
was used to provide a heat ldadhe roomso thathe cooling could be adjusted to compensate
for the occupants prior to occupants entering the room. Unfortunately, the hesagjater
foundto be a significant souecof ultrafine particles leading to the highitial loading in the test
room. This issudimits thes t u @bjlity © asseshuman outcomes related to the ufirse
particle sourcg butthe resultslemonstratéhe opportunity for future studies to assultrafine
particle emissions frofaser printing in an office setting.
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Figure8. Ultra-fine particle number concentration profile for a day with high VR
(occupartbased and ardaased) in the AM and lofoor-areaVR duringthe PM
session Theoscillationsduringthe PM sessionlearly show the print cycle in the
office spaceThe units were converted from the original instrument output of #/mL to
#/L for comparison with the sized resolved particle number concentration data.
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Table 9. Carbonyl concentratiomg/m3) during each session

Date StartStop  Location Session Cond Formaldehyde Acetaldehyde Acetone
4-Oct12 11:2511:55 Supply AM 1 3.96 0.93 1.69
10:2810:58 Return AM 1 5.41 1.98 6.92
16:2917:13 Supply PM 2 2.65 3.03 11.21
15:2616:27 Return PM 2 5.01 5.11 17.66

5-Oct12 11:2011:59 Supply AM 1 2.87 0.81 1.39
10:31:11:11 Return AM 1 4.01 1.65 10.30
16:5517:25 Supply PM 2 1.79 3.47 12.04
16:0316:33 Return PM 2 2.76 4.58 17.05

6-Oct12 11:3312:03 Supply AM 3 3.54 1.16 1.13
11:3312:03 Return AM 3 3.83 131 5.62
16:37%17:07 Supply PM 4 15.98 3.28 2.26
16:3717:07 Return PM 4 14.77 3.60 7.47

7-Oct12 11:2912:02 Supply AM 3 2.74 1.03 1.38
11:2912:02 Return AM 3 4.72 1.20 8.94
16:30:17:00 Supply PM 4 15.16 3.41 2.54
16:30:17:00 Return PM 4 14.66 3.61 9.40
11-Oct12 10:2511:02 Supply AM 2 2.60 5.77 19.38
10:2511:02 Return AM 2 4.37 7.55 26.08
15:4216:15 Supply PM 1 2.87 0.78 1.72
15:4216:15 Return PM 1 4.43 1.18 9.57
12-Oct12 10:3511:09 Supply AM 2 2.59 2.78 10.08
10:3511:09 Return AM 2 5.18 3.64 14.24
15:3416:05 Supply PM 1 2.64 0.62 0.89
15:3416:05 Return PM 1 4.43 1.73 5.60
13-Oct12 11:2211:52 Supply AM 4 14.45 2.78 2.79
11:2211:52 Return AM 4 13.92 4.65 10.28
15:2915:59 Supply PM 3 3.84 0.85 133
15:2915:59 Return PM 3 5.69 3.88 8.68
14-Oct12 11:3012:00 Supply AM 4 15.55 2.68 2.61
11:3012:00 Return AM 4 14.54 3.08 7.04
16:30:17:00 Supply PM 3 3.60 0.71 1.06
16:3017:00 Return PM 3 4.59 1.10 4.48

The measured concentrations of lowlecular weight carbonyls for each session are given in
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Table9. For the carbonyl measurements, both the supply and return lines were monitored. The
supply is the air going into the test room and for conditibbasd3 includes a trace amount of
office emission. The supply for conditi@includes recirculated air from the test room while
condition4 includestotal flow fromthe source roomThe low molecular weight carbonyls
including formaldehyde, acetaldehydealaatetone were expected to be relatestlyto the

source roonfsimulatedrenovation and office furnitureThis was true for formaldehyde

although comparing theupplyand return lines for conditiohdoes show a smalbrmaldehyde
source from the occupd space where the return line concentration is slightly higher than the
supply. However, most of the formaldehyde was in fact from the office as seen by comparing the
supply and return lines for conditidn(no recirculation) where the concentration ie Supply

line (from thesource roomis consistently higher than the return line. This indicates that under
very clean conditions the occupanas their clothinggenerate a small amount of formaldehyde
but under normal conditions with emission from tligce space, the occupied space reduces the
formaldehyde concentration slightly.

The acetaldehyde concentrations were typically low in both the supply and return lines although
the trend indicates a small amount of acetaldehyde produced in the occugiedrspacetone,

a significant amount of the total emissions are related to the occupied space. This is illustrated by
comparing the supply and return lines for condidamhere the concentration of acetone in the

return line is higher than the supply &yactor of 3.3 £ 0.5. Although acetone is commonly used

in building materials, it is also known to be exhaled. In this study, the occlgpaeared to be

the primary source of acetone.

The total VOC concentration is defined as the total ion currenh&sdample chromatogram

between hexane and hexadecane reported as toluene equivalents or in terrosrafahiation

as toluene. The results are reportecelasrbothg/m® and ppkywene The TVOC in the test room

is a combination of compounds emitted in soairce roonand compounds emitted by the

occupants (and their personal items) in the test room. The measured concentrations are reported
for both the supply and tern lines and replicate measurements in the return line are reported for
condition4 when the VOCs were expected to be highest. Refrlthe VOC measuremenase

given in

The measured VOC concentration in the supply line for condifi@rsl3, with no recirculation

of test room air and only a small addition from #ueice room confirms that the background

office related VOCs in the supply line entering the test room are low. Condliéind3 also

illustrate the contribution to TVOC from the occupants where the concentration in the return line
from the test room is coisdently higher than the supply air concentration. The contribution from
occupants is further illustrated for conditidmvhere there is no air from the office and the
occupant based pollutants are allowed to accumulate in the test room with recirculatedta
condition2 was designed to explore the influence of VR on bioeffluent but it is clear that other
VOCs are introduced into the space by the occugpiigurel0 compares a chromatograms with
VOCs from the ocupants (measured in the return line under Cond&jamth a chromatogram
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of VOCs from the office (measured in the supply line under Cond&jomhe instrument

response is proportional to concentration for a given chemical with both chromatograras on t
same scale (office is inverted). The figure illustrates the complex mix of VOCs in a typical office
profile with the VOCs from occupants are dominated by a smaller number of compounds that are
typically associated with personal care products (siloxanes)
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Table 10. Total Volatile Organic Compound Concentratideportecas Toluene
Date StartStop Line Session Cond. ng/m3 Ppb

4-Oct12 11:5912:33 Supply AM 1 11.54 3.06
10:2810:58 Return AM 56.79 15.05
16:3317:05 Supply PM 36.74 9.74
15:2816:01 Return PM 66.56 17.64

5-Oct12 11:2211:57 Supply AM 7.07 1.87
10:3211:06 Return AM 53.83 14.26
17:%-18:25 Supply PM 26.33 6.98
17:0317:33 Return PM 39.15 10.37

6-Oct-12 11:3312:03 Supply AM 6.96 1.84
11:3312:03 Return AM 26.70 7.07

300.03 79.51
208.69 55.30
203.75 53.99
257.16 68.15

291.77 77.32
207.27 54.93
3.55 0.94
19.72 5.23
247.49 65.59
176.26 46.71
198.26 52.54
148.47 39.34
261.11 69.19
100.94 26.75
126.72 33.58
2.92 0.77
35.44 9.39
216.03 57.25
265.21 70.28
271 0.72
34.29 9.09
95.70 25.36
120.23 31.86
93.99 2491
80.94 21.45
107.64 28.52
0.06 0.02
38.42 10.18
107.50 28.49
182.06 48.25
180.51 47.84
203.74 53.99

16:37%17:07 Supply PM
14:3515:05 Return PM
15:2915:59 Return PM
16:37%17:07 Return PM

17:2017:50 Return PM
19:0019:30 Return pm!
7-Oct12 11:2912:02 Supply AM
11:2412:02 Return AM
16:30:17:00 Supply PM
14:30:15:00 Return PM
15:3216:02 Return PM
16:30:17:00 Return PM
17:2017:50 Return PM
11-Oct12 10:2511:02 Supply AM
10:2511:02 Return AM
15:4216:15 Supply PM
15:4216:15 Return PM
12-Oct-12 10:3511:09 Supply AM
10:3511:09 Return AM
15:3416:05 Supply PM
15:3416:05 Return PM
13-Oct-12 11:2211:52 Supply AM
9:3310:03 Return AM
10:3611:06 Return AM
11:2211:52 Return AM
12:2612:54 Return AM
15:2915:59 Supply PM
15:2915:59 Return PM
14-Oct12 11:3012:00 Suoply AM
9:209:50 Return AM
10:30:11:00 Return AM
11:30:12:00 Return AM
12:2012:50 Return AM 106.57 28.24
16:3017:00 Supply PM 2.95 0.78
16:3017:00 Return PM 3 33.05 8.76

WhrhPAr,DAPAADoOUwWwrp,r,r,rrErPAPPNNPEPPNMNNPEARAEAERMAEMNWWIPEAE PADEAPOWWOINDNEPRERINNLE

Tmeasurement in the return line collected approximately one hour after the room was empty for the day.
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Figure 10. Conparison of the VOC profiles from occupants (top chromatogram) ansbthree
room(inverted chromatogram). The noajpeaks as numbered are (1)-P@ntandiene
(CAS#50460-9), (2) Acetone (664-1), (3) Benzene (#43-2), (4) Hexamethyl
cyclotrisiloxane (54405-9), (5) Octamethyl cyclotetrasiloxane (568-2), (6) Internal
Standard (bromofluorobenzene), (#Linonene(598927-5), (8) Decamethyl
cyclopentasiloxane (5402-6), (9) 2,2,4Trimethyl1,3-pentane diisobutyrate (68&0-
0).

Questionnaire results

All 16 participants in each experiment completed all three sumharysgboth of their
conditions.Two subjects capleted an extra PAQ/SBS survey but the responsible individual
contacted the webmaster and the survey was reset to allow the extra data to beesarat!.
participants completed an additional (fourth) unsolicited survey in some sessions; these were
excluded from analyses.

Questions on acceptability of air quality and odor, and on symptoms, were asked at the ends of
the first and seconlours ineachsessionand again at the end of the session (~ 4 hours). The
guestions askeaboutthes u b | perceépdrs at that moment. In analyses for air quality and
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odor, we included the responses for these questions from all three surveys completed within each
condition.Theanalyses of symptoms excluded the reports on symptoms from the first hour of
each sessiowhen conditions were stabilizing (sEgure5 and related text)Demographic data

were collected durinthe first survey from each person.

Demographic information about the 32 participants is providdablell. Most participants

(78%) were 29 years old, with almost all between 20 and 39 years old (91%). Slightly more
females (59%) than males participated. Most (88%) had never smoked, and none were current
smokersMost were current undergraduates (41%) or college graduates (34%). The most
common prior medical diagnoses reported were asthma and hay fever (19% each).

The individual responsefer acceptability and symptosiguestiondor each subjecshowlittle
notablepattern of association of any outcome with eithantilation scenariol' he numbers of
respondents with usable data on specific symptom severity was reduced by exclssiojeds

with specific symptoms prior to arrival on their experimental dayoAg the 32 participants, the
proportions with prior symptoms were 12% for headache, 19% each for eye and nasal symptoms,
and 31% for fatigue.

Table12 shows results for dichotomous (yes/no) responses on acdiptadair quality and of
odorfor each conditionand pvalues from test of proportions. The proportioegorting
unacceptable air quality and odor were lower for condi@lower occupant VIRthan condition
1, contrary to hypotheses, althoulgingep-valuesindicatedthatthesedifference could have been
due tochance The proportions of unacceptable air quality and odor were both higher for
condition4 (lower floor area VRRthan conditior8, which wasin line with hypotheses, with the
p-value for odo <0.10.

FigureC1 andFloor-areabasedventilationrate (High or Low)

Figure @ in Appendix Cshow the distributions of responses on¢batinuous scale for
acceptability and symptom questions for the comparisownsrafitionsl and2, and condition8
and4, respectively. No pattern of association of aasponse was visually evideot either pair
of conditions.

Table13 showsresults for theeomparisons of continuoussponses on acceptability of air

quality and of odor. The mean scores for acceptability of air quality and odor were both slightly
lower for condition2 than conditiori, as hypothesized, and the pairgddt pvalue for

acceptability of air quality was <D0. The mean scores for acceptability of air quality and odor
were both slightly higher for conditichthan conditior8, which wascontrary tohypotheses;
although pvalues were largmdicating that the difference could have been by chance
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Figure9 shows the average TVOC for each test condition with error bars representing one
standard deviation. The error bars for condi®atustrates the variability in occupant generated
pollutants. In this case, the supply duct includegcalated VOCs from the occupied space but
no air from thesource roomFor conditiord, the error bar is associated with a significant
difference in TVOC concentration in tiseurce roonbetween week one and two of testing
where the source from tls®ure roomfor the first week is over double that of the second week.
The reason for this large difference is unknown although it is unlikely that the emission in the
source roondropped by half over one week after the materials in the office were aged f®r mor
than thirty days. The difference may have been related, at least in part, to either a change in
temperature in the source room or changes in the flow through the source room.

Average TVOC across all sessions

300 +
250 +
200 +

150 -
| supply

100 H return

TVOC Concentration (ug/m3)
w
o

==}
|

Condition

Figure 9. Comparison of the TVOC concentratioarthg each condition averaged across all
session with error bars representing one standard deviation.

The measured VOC concentration in the supply line for condifi@rsl3, with no recirculation
of test room air and only a small addition from #ueice room confirms that the background
office related VOCs in the supply line entering the test room are low. Condliind3 also
illustrate the contribution to TVOC from the occupants where the concentration in the return line
from the test room is coisgently higher than the supply air concentration. The contribution from
occupants is further illustrated for conditidrvhere there is no air from the office and the
occupant based pollutants are allowed to accumulate in the test room with recirculatedta
condition2 was designed to explore the influence of VR on bioeffluent but it is clear that other
VOCs are introduced into the space by the occigpkigurel0 compares a chromatograms with
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VOCs from the ocupants (measured in the return line under Cond&jamth a chromatogram

of VOCs from the office (measured in the supply line under Cond&jomhe instrument

response is proportional to concentration for a given chemical with both chromatograras on t
same scale (office is inverted). The figure illustrates the complex mix of VOCs in a typical office
profile with the VOCs from occupants are dominated by a smaller number of compounds that are
typically associated with personal care products (siloxanes)
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Table 10. Total Volatile Organic Compound Concentratideportecas Toluene
Date StartStop Line Session Cond. ng/m3 Ppb

4-Oct12 11:5912:33 Supply AM 1 11.54 3.06
10:2810:58 Return AM 56.79 15.05
16:3317:05 Supply PM 36.74 9.74
15:2816:01 Return PM 66.56 17.64

5-Oct12 11:2211:57 Supply AM 7.07 1.87
10:3211:06 Return AM 53.83 14.26
17:%-18:25 Supply PM 26.33 6.98
17:0317:33 Return PM 39.15 10.37

6-Oct-12 11:3312:03 Supply AM 6.96 1.84
11:3312:03 Return AM 26.70 7.07

300.03 79.51
208.69 55.30
203.75 53.99
257.16 68.15

291.77 77.32
207.27 54.93
3.55 0.94
19.72 5.23
247.49 65.59
176.26 46.71
198.26 52.54
148.47 39.34
261.11 69.19
100.94 26.75
126.72 33.58
2.92 0.77
35.44 9.39
216.03 57.25
265.21 70.28
271 0.72
34.29 9.09
95.70 25.36
120.23 31.86
93.99 2491
80.94 21.45
107.64 28.52
0.06 0.02
38.42 10.18
107.50 28.49
182.06 48.25
180.51 47.84
203.74 53.99

16:37%17:07 Supply PM
14:3515:05 Return PM
15:2915:59 Return PM
16:37%17:07 Return PM

17:2017:50 Return PM
19:0019:30 Return pm!
7-Oct12 11:2912:02 Supply AM
11:2412:02 Return AM
16:30:17:00 Supply PM
14:30:15:00 Return PM
15:3216:02 Return PM
16:30:17:00 Return PM
17:2017:50 Return PM
11-Oct12 10:2511:02 Supply AM
10:2511:02 Return AM
15:4216:15 Supply PM
15:4216:15 Return PM
12-Oct-12 10:3511:09 Supply AM
10:3511:09 Return AM
15:3416:05 Supply PM
15:3416:05 Return PM
13-Oct-12 11:2211:52 Supply AM
9:3310:03 Return AM
10:3611:06 Return AM
11:2211:52 Return AM
12:2612:54 Return AM
15:2915:59 Supply PM
15:2915:59 Return PM
14-Oct12 11:3012:00 Suoply AM
9:209:50 Return AM
10:30:11:00 Return AM
11:30:12:00 Return AM
12:2012:50 Return AM 106.57 28.24
16:3017:00 Supply PM 2.95 0.78
16:3017:00 Return PM 3 33.05 8.76

WhrhPAr,DAPAADoOUwWwrp,r,r,rrErPAPPNNPEPPNMNNPEARAEAERMAEMNWWIPEAE PADEAPOWWOINDNEPRERINNLE

Tmeasurement in the return line collected approximately one hour after the room was empty for the day.
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Figure 10. Conparison of the VOC profiles from occupants (top chromatogram) ansbthree
room(inverted chromatogram). The noajpeaks as numbered are (1)-P@ntandiene
(CAS#50460-9), (2) Acetone (664-1), (3) Benzene (#43-2), (4) Hexamethyl
cyclotrisiloxane (54405-9), (5) Octamethyl cyclotetrasiloxane (568-2), (6) Internal
Standard (bromofluorobenzene), (#Linonene(598927-5), (8) Decamethyl
cyclopentasiloxane (5402-6), (9) 2,2,4Trimethyl1,3-pentane diisobutyrate (68&0-
0).

Questionnaire results

All 16 participants in each experiment completed all three sumharysgboth of their
conditions.Two subjects capleted an extra PAQ/SBS survey but the responsible individual
contacted the webmaster and the survey was reset to allow the extra data to beesarat!.
participants completed an additional (fourth) unsolicited survey in some sessions; these were
excluded from analyses.

Questions on acceptability of air quality and odor, and on symptoms, were asked at the ends of
the first and seconlours ineachsessionand again at the end of the session (~ 4 hours). The
guestions askeaboutthes u b | perceépdrs at that moment. In analyses for air quality and
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odor, we included the responses for these questions from all three surveys completed within each
condition.Theanalyses of symptoms excluded the reports on symptoms from the first hour of
each sessiowhen conditions were stabilizing (sEgure5 and related text)Demographic data

were collected durinthe first survey from each person.

Demographic information about the 32 participants is providdablell. Most participants

(78%) were 29 years old, with almost all between 20 and 39 years old (91%). Slightly more
females (59%) than males participated. Most (88%) had never smoked, and none were current
smokersMost were current undergraduates (41%) or college graduates (34%). The most
common prior medical diagnoses reported were asthma and hay fever (19% each).

The individual responsefer acceptability and symptosiguestiondor each subjecshowlittle
notablepattern of association of any outcome with eithantilation scenariol' he numbers of
respondents with usable data on specific symptom severity was reduced by exclssiojeds

with specific symptoms prior to arrival on their experimental dayoAg the 32 participants, the
proportions with prior symptoms were 12% for headache, 19% each for eye and nasal symptoms,
and 31% for fatigue.

Table12 shows results for dichotomous (yes/no) responses on acdiptadair quality and of
odorfor each conditionand pvalues from test of proportions. The proportioegorting
unacceptable air quality and odor were lower for condi@lower occupant VIRthan condition
1, contrary to hypotheses, althoulgingep-valuesindicatedthatthesedifference could have been
due tochance The proportions of unacceptable air quality and odor were both higher for
condition4 (lower floor area VRRthan conditior8, which wasin line with hypotheses, with the
p-value for odo <0.10.

FigureC1 andFloor-areabasedventilationrate (High or Low)

Figure @ in Appendix Cshow the distributions of responses on¢batinuous scale for
acceptability and symptom questions for the comparisownsrafitionsl and2, and condition8
and4, respectively. No pattern of association of aasponse was visually evideot either pair
of conditions.

Table13 showsresults for theeomparisons of continuoussponses on acceptability of air

quality and of odor. The mean scores for acceptability of air quality and odor were both slightly
lower for condition2 than conditiori, as hypothesized, and the pairgddt pvalue for

acceptability of air quality was <D0. The mean scores for acceptability of air quality and odor
were both slightly higher for conditichthan conditior8, which wascontrary tohypotheses;
although pvalues were largmdicating that the difference could have been by chance
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Table 11. Descriptive information on participants

Conditions1&2 Conditions3&4 Total
number number number (%)

Gender male 7 6 13 (41%)
Age (years):

<20 0 2 2 (6%)

20-29 11 14 25 (78%)

30-39 4 0 4 (13%)

40-49 1 0 1 (3%)
Smoking status:

never 12 16 28 (88%)

former 4 0 4 (13%)

current 0 0 0 (0%)
Education completed:

High school 0 3 3 (9%)

Some college 3 10 13 (41%)

College degree 8 3 11 (34%)

Graduate degree 5 0 5(16%)
Prior medical diagnoses:

asthma 4 2 6 (19%)

eczema 0 1 1 (3%)

hay fever 3 3 6 (19%)

dust allergy 0 1 1 (3%)

mold allergy 1 1 2 (6%)
Total number 16 16 32 (100%)

Table 12. Acceptability (dichotonousor yes/ng for air quality and odor

Per Occupant VR test Per Floor Area VR test
1 2 P- 3 4 p-
# (%) # (%) value  # (%) # (%)  value

Air quality unacceptable 6 (12.5%) 3 (6.3%) 0.29 5(10.4%) 7 (14.6%) 0.54
Odor unacceptable 5(10.4%) 4 (8.3%) 0.73 0 (0%) 3(6.3%) 0.08

Notei each condition had 3 eligible survey responses from 16 participants = 48 total responses, with no
missing values. p-values from test of proportion
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Tablel4 shows the results obmparisons across the two sets of conditions for all outcomes,
with dichotomous outcomealues. In this table, odds ratios (ORs) >1.0 indicate increased
probability of an adverse outcomiean increased probability of unacceptability or of
experiencing aysnptomi and ORs <1.0 indicated decreased probability of an adverse outcome.
There are no consistent patterns evident in these resnttsall pvalues are largédowever,

contrary to hypothesishere is some tendency toward decreased probability eptedaility for

air quality and odor in conditio?.

Table 13. Acceptability n continuous scale) of air quality and of odor

Per Occupant VR test Per Floor Area VR test
1 2 p- 3 4 p-
mean mean  valué mean mean  valué
Air quality 4.62 3.90 0.07 3.58 410 0.18
Odor 5.33 4.62 0.21 4.83 5.03 0.72

! p-values from ttest

Table 14. Association of dichotomized adverse responses from random effects logistic
regression models

Per occupant VR test Per floa area VR test
Condition2 vs.1 Condition4 vs.3
OR 95% Cl OR 95% Cl
Acceptability and odor (p-value) (p-value)
Unacceptable air quality 0.25 0.0371 1.98 1.98 0.371 10.64
(0.19) (0.43)
Unacceptable odor 0.65 0.117 4.05 NA! NA
(0.65)
Symptonpresencée
Eyes dry, itching, or 0.02 0.0071 6.3 2.01 0.62-6.56
irritated (0.29) (0.25)
Headache 1.24 0.50-3.06 0.82 0.242.80
(0.64) (0.76)
Tiredness or fatigue 1.0 0.323.14 0.41 0.082.07
(1.0) (0.28)
Nasal congestion 1.0 0.244.22 0.67 0.192.34
(1.0) (0.53)

' Symptom presence indicates the proportion of subjects reporting a new symptom of that type, using a
dichotomized outcome for each pers@MNA i valuenot available representing no variation in outcome
due to no responses of fAunacceptabl eo
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Table 15. Symptom severity (continuous) using pairgdsts and the Wilcoxon signednk test

Per occupant VR test Per floor area VR test
Symptom Severity 1 2 p-values: 3 4 p-values:

(scale from O to +7) mean mean t-test mean mean t-test
WSRT WSRT
Eyes dry, itching, or 1.53 1.40 0.52 158 1.46 0.80
irritated 0.61 0.92
Headache 1.70 1.60 0.84 140 1.07 0.45
0.93 0.47
Tiredness or fatigue 1.50 1.58 0.80 250 2.25 0.74
0.86 0.84
Nasal congestion 1.0 1.0 1.0 054 0.36 0.42
1.0 0.62

't-test pvalue is for twesided test® WSRT, Wilcoxon signedank test.

Tablel5 shavs comparisons across the two sets of experimeantaditionsfor continuous
responses on severity of the four sympsahat were included in the surveyhere were no
consistent differences in symptom severity between conditaomd conditioril and all pvalues
were largendicating no statistical difference in subject responSeserity of symptoms was
consistently sghtly lower for condition4 than conditiorB8, contrary to hypotheses, although p
values were large.

Tablel6 shows the results from repeated measures linear regression models of comparisons
across the two setd$ oonditions for all acceptability and symptom outcomes, with continuous
outcome values. In this table, positive linear coefficients indicate improved acceptability but
more severe symptom outcomes, and negative coefficients indicate less acceptaldgy but
severe symptom outcomes. There is no consistent pattern in acceptability outcomes for condition
2 vs. conditionl. Condition4, relative to conditior8, is associated with some decreased
acceptability of both kinds, with a marginally significant d&se on the odor acceptability scale
of 0.53 (p=0.06), as hypothesized. Conditiis associated with some decrease in all symptoms
relative to conditiorl, including a significant decrease in eye symptoms (#0.and a

marginally significant decrease fatigue (p=0.06), all contrary to hypotheses. For cond#tion

vs. condition3, three of four symptoms had some increase, as hypothesizedl, foutr p-values
were large.
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Table 16. Association of continuous outcomes fromeaped measures linear regression models

Per occupant VR test Per floor area VR test
Condition2 vs.1 Condition4 vs.3
Acceptability and oddr Coefficient 95% CI Coefficient 95% CI
(p-value) (p-value)
Acceptable air quality -0.2471 1.11 -0.981 0.77
0.44 (0.21) 0.10 (0.82)
Acceptable odor -1.071 0.90 -1.097 0.02
-0.08 (0.87) -0.53 (0.06)
Symptom severity
Eyes dry, itching, or -0.921 0.005 -0.631 0.29
irritated 0.46 (0.047)* 0.17 (0.48)
Headache -0.917 0.69 -0.5671 0.84
-0.11 14
0 (0.79) 0 (0.69)
Tiredness or fatigue -1.187 0.03 -0.647 1.0
-0. A
0-58 (0.06) 0-18 (0.66)
Nasal congestion -0.5371 0.16 -0.117 0.61
-0.1 2
0.18 (0.30) 0.25 (0.18)

! for acceptable air quality and odor variables on a continuous scale, positive values indicate great
acceptability, a desirable outcopidor symptom variables on a continuous scale, positive values indicate
more severe symptoms, an undesirable outcome

SMS Decision Making Performance

All participants in each experiment completed the SddSessmemturing both sessions. The
raw scores for each of the SMS performance measuegdotted for each participamor the

high and low per occupant ventilation scendFRigurel11) and for the high and low per unit
floor areaventilationscenariqFigure12). For both experiments, th@ots indicatea consistent
reduction in cognitive functioacrossall performance measuregcept Information
Management. The results for Inforntat Management were less consistent with a number of
subjects showing improved performance or no change during the low ventilation condition
comparedo the high ventilation condition. Thigsasthe case for both the peccupant
ventilation and the peunit floor area ventilation.

The raw scores are normalized to rank percentiles of the population and presentegt@asgthe
averagdor each of the eight performance metrifts the perperson ventilation scenadgm
Figurel3and the pefloor area ventilation scenario Figurel4. Although there is considerable
overlap of the error bars when the results are plottéldeaaverageank percentilegor the
groupsbecause athe variability in performance among subjecdte differences are highly
statisticallysignificantin the pairwise (within-subject)analysis of variangesindicatedby the
p-valuesin Tablel7 for the perper®n scenarios and Table18 for the peffloor area scenarios.
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Figure 11. Raw scores reported for each individual in the test cpeupant ventilation
scenarios with the pamit floor area ventilation maintained at a constant and
elevated condition.
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