ABSTRACT

LI, QIANFENG. Particulate Matter frommnEgg Production: Emission, Chemistry, and
Local Dispersion(Under the direction of Lingjuan Wa#g).

The environmental and possible health effects of air emissions from AFOs are a
significant concernat onlyat the bcalscale inrural areas, but also at regional and global
scales. However, limited scientific data on A&=@®missionsareavailablefor particulate
matter (PM) emission, chemistry and local dispersidre effects of environmental factors
and fcility management practices on PM concentration and emission are important for
developing mitigation technology and implementing regulatibosever a knowledge gap
remairs to identify the key factorénformation ofPM by mas®nly is not sufficiento
providea clear understanding of its environmeraadhealth effect, fate and transport,
comprehensivehemical compositioanalyse®f PM arethereforeneeded.

This study wagonductedn response to the lack of consistence APM data in the
literature, the lack of sufficient belsxe PM emission data for appropriate regulagocend
the lack ofcomprehensivehemical compositiaiof PM from AFO. Particulate matter,
includingPM s, PM;g and TSP emission rates from two higgetunnelventilatediayer
houses ad commercial egg production farwere determinedyased on two years of
measuremesif PM concentrations and housentiéation rates.In addition, he
concentrations d?M, s andPM;o were simultaneously msaredusing TEOMmonitors at
four ambient locations the vicinity ofthefarm for over two yearsFurthermorePartisol
2300PM;, 5 speciation samplers were used to take daillg s samples inthelayerhouse and
atthefour ambient stations. Comprehensive chemical asitipn analysesncluded: mass,
major ions NH,*, Na", K*, SO, CI', andNO3), elements, organic carbo®€) andelement
carbon (EC)The Winsorized 95% confidence intervaldRifl, semission rates were [0.44,
0.63] mg/dhen inone househouse 3, and [0.45, 0.64] mdfhen inthe other houséhpuse
4); the Winsorized 95% confidence interval$df;oemission rates were [15.1, 15.7] mg/d
hen in house 3, and [17.7, 18.4] m&eh in the house 4; the Winsorized 95% confidence
intervals of TSRmission rates were [32.25.7] mg/dhen in the house 3, and [39.9, 43.5]

mg/d-hen in the house 4. Hen activity, house uMation, temperature/Ridnd houséHs



emissions demonstrated significant imgamt PM emissions. FdrothPM, s andPMyg
concentrations, the downwind concetitons were higer than upwind concentrations
Although thestrength of thdinearrelationship betweemabient PM concentrations and
house PM emissions was relativeveak the relationship was significant at probability level
of 0.05. None of theambiert PM concentrationgxcee@d National Ambient Air Quality
Standards fo24-hourPM, s andPM; standard. Organic caébonaccounted for above 50%
of the totalPM, s mass in both house and ambient statiditdy*, SO,*, andNOs” accounted
for about 406 of the totalPM, s massn ambient locationbut only 12% of the totaPM; 5
massin house The measureB®M, smasgsagreed with the susof themasses of the
chemical component all sampling stationsxcept for housstation. Basedna
thermodynamic simakion,PM, s hadnonlinearesponse ttN\Hs, HNOs, H,SO, precursor
gases. In the vicinity ahis AFO, PM, s mass concentrations were nohséve tothe change
of NHs.

This study providgscientificdata for developingnd validating®M emission models.
Thecomprehensive chemical composition data, spatial and tempaorativas of PM add
guantitativeinformation for futurestudesof health environmentaimpact andsustainability

of egg productiosystems
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CHAPTER 1. INTRODUCTION

1.1 ANIMAL FEEDING OPERA TIONS

Animal feedingoperations (AFOs) are tired bytheU.S. EPA agiagricultural
entgprises where animals are kept and raised in confined situathff®s congregate
animals, feed, manure and urine, dead animals, and production operations on a small land
area. Feed is brought to the animals ratltean the animals grazing or otherwise seeking
feed in patures, fields, or on rangelana(USDA, 2010Q. In the United States, animal
production indstry generates about $100 billion revenue per;yaaout 238,000 of these
animal farms are AFO&Coperlan, 2010 In the past several deses, market forces,
technological changeandindustry adaptations have resulted in substantial changes in the
animal production indary. Animal feedingoperationsnvolve specialty systems such as
automation of feeder water, and climateontrol, and rost AFOs in the United States have
been industrializedl heseindustrialized AFOs have been associated with incredaailgy
size animalnumbers andensity and regional concentratiomhe highly
specialized/concentrated AFOs have greatly incoepsluction, and providemeat, dairy,
and eggs to feetthe population. Howevetthe changes in AFOs, combined with changing
community demographics and advances in science, have consideablved the interface
of farmrurban and increased the friction betm producers and the publ@oncerns have
been raised over the management ofmahwastes and potential adverse impacts on public
health and environmental quality.

Because large numbers of animals are raised and confined in relatively small areas, AFOs
canyield large amount of animal waste (manure/lagoon wa@rpollutants (such as odors,
ammonia NH3), and particulate matter (PM), heavy metals, pathogens, hormones, and
anibiotics). This may result in a number of risks to water quality, air guahd public
health(NRC, 2003. Numerous debates and related legislation haweght AFOs to the
public forefront.Systematia s s es sment of Adndheafth irepactsiando n ment a
sustaimbility is seriousy needed, which can identify current knowledge gaps and hence
future lesearch needs. This chapter revighsliterature ofair pollutants retdased from



AFOs, and it is intended to address potential environmental problems asstucisEeas.
Also it reportsdifferent methods and technologies that can be apfgiad@ quality studiesm
AFOs. It @vers: air emissions from AFOfederal andtatelaws affecting livestock
agriculture, ambient air monitoring progrgmair pollutants lH; and PM) measurement

technologiesPM chenistry and dispersion models.

1.2 RATIONAL E AND SIGNIFICANCE

With AFOs increasingn size and geographic cagraration, the concerregardingair
pollutants from AFOs has grown recent§nowledge of & pollutant emission and chemical
informationis needed to protect public health and environment, and to define and support
feasible regulations. Also, this infoation can aid AFOs to apply mitigation techniques,
prot e ct wo r k andsadimalhveekialet This study measurand estimat PM
emissions, and concentrations from AFOs. Comprehensive chemical characterization and

local transport could help to understiithe impacof AFOs emission on air quality.

1.3 AFO PM EMISSION AND CHARACTERIZATION

From different sources (such as barns, manure storage, feedlot surface), AFOs can emit
gases (such a$H3, H,S, VOCSs), PM, and odor. These emitted pollutants can affiect
qualty. Based on the characigtics their production amount, atmospicatispersion, and
potential impactsthe National ResearctCouncil (NRC, 2003 recommended the priority

research needs pmllutants as listed ifablel.1.

Table 1.1. Prioritized air pollutant sfrom AFOs

Species Main impact Formationsources
Ammonia (NHs) Aerosol formation, dry/wet Urea hydrolysis
deposition
Particulatematter (PM) Healthfadioactive Primary PM:animal activity, ventilation

Secondary PMprecusor gases (such &#H;, NQ,
SQ)) atmospheric reactions.

Nitric oxide (NO) Ozone formationhaze, smog Nitrification in aerobic soils
Methane (CH) Greenhouse gas, global climate Microbial degradation of organic matter under
change anaeobic conditions
Volatile organiccompounds Quiality oflife/health Microbial degradation of organic matter
(VOCs)
Hydrogensulfide (H,S) Quality of life/health Anaerobic reactions (lagoon water, manure)
Odors Quality of life/health Manure/lagoon/field application

*source:(NRC, 2003



Particulate mattegenerated from direct sources (such bugnindustrial activities,
road traffic and windblown soil¥ called primaryPM, andPM generated from precursor
gases chemical reactioisscalled secondary particleBarticulate mattetanbegeneratd
from AFOs by animal activity, animal housing veatibn, and air entrainment of manure,
feed and soil (called primary aerosols). Also it can be formed from the atmospheric reactions
of precursor gases (suchldblz, VOCs, NQ, andSG,). Particulate matter has very wide
range of size distribution, physigadoperties and chemical compositions. Particle less than
or equal talO micrometers in diametePil10) and less thaor equal ta®2.5 micrometers in
diameter PM; 5) have big impact on radioactive effect, public health and animal welfare.
Especiallyfine PM (i.e. PM,5) can reach and depositthe smallest airways in the lungs,
calsing respiratory health problen{BIRC, 2003. TheNationalAmbientAir Quality
Standard§NAAQS) for PM were revised by EPA in 2006able1.2 shows the new 2006
standards foPM, s andPM;o (EPA, 20103

Table 1.2. National ambient air quality standards for PM pollution (EPA, 20103

Pollutant Primary standards  Averaging times
Particulate MattetPM;q) 150 pg/mt 24-hour
Particulate MatterRM s) 15.0 pg/m annual

35 pg/nt 24-hour

Particulate mattezspeciallyPM, s play an important role iaffecting animal/human
health in AFOs. No-biologic PM is generated from feed, skin, haianureand belding
materials A numberof studies have reported the relationship between the air quality and
animal poduction efficiency(Al Homidan et al., 199/Feddes et al., 1996layter and
Besch, 1974Kristensen et al., 200@Quarles and Caveny, 197%eddeg1995 found the
relationship letween PM concentration and the incidence of lung lesion for turkeys.

Donham et.a{2000 observed a significant dosesponse relationship between exposure
and pulmonary function decrements for workers in AFOs. The exposure concentrations were:
2.4 mg/ni total suspendeparticulate{TSP), 0.16 mg/frespirdle PM, 614 EU/M
endotoxin, and 12 ppMHs;. Randon et.a[20010 conducted studies in Switzerland and

Denmark Their studiesncludedquestionnaires, lung functidests, and environmental



measurements. They found lower lung function in poultry farmers than pig farmers, and
ventilation and feeding management associated with decrement in lung functions. Also there
are potential routes and effects of community exposuAFOs pollutantéCole et al.,
2000. AFOs ventilation, lagoon water spray field application, and manure fertilization can
distribute pollutants. Wing and Wo{2000 surveyed residents rural communitie$;@s
vicinity, rural agricultural areas, and found residents in the vicinity of hog operation have
higher @currence of headaches, runny nose, sore throat, excessive coughing, diarrhea, and
burning eyes.

In poultry production systems, PM emission is aonapncern as it leads to negative
environmental and health effe¢l$RC, 2003. Limited research has been conducted to
guantfy the PM emissions from poultry production systdalvet et al., 200%abbri et al.,
2007 Lacey et al., 2003.im et al., 2007 Modini et al., 2010Roumeliotis and Van Heyst,
2008. Specifically, very fewPM, s emission data are available for poultry production
systemgFabbri et al., 200Modini et al., 201D Somereported PM emission factors are

sunmarized inTablel.3.

Table 1.3. Reported PM emissionfactors for layer operations

Emission Factors

Layer housing system (PM,.5, PMyoand TSP) Reference
Battery Cage TSP: 15.3 g/daypird (Takai et al., 198)
Perchery TSP: 73.93 g/dabird (Takai et al., 1998

PMo: 230 mg/daybird
TSP: 21.652.8 g/daybird

PM;q: 30£13 mg/daybird*
35413 mg/daybird*

PM;s 14.16 mg/daypird
PM;q: 48.24 mg/daypird

Battery Cage (Wathes et al., 1998

High-rise (Lim etal., 2009

Deeppit system (Fabbri et al., 2007

PM, s 6.24 mg/dasbird

Ventilated Belt P 18.72 mg/dagpird

(Fabbri et al., 2007

*. mean * standardieviation



1.4 FEDERAL AND STATE LA WS AFFECTING ANIMAL AGRICULTURE

As classified by th&ood andAgricultureOrganization of the United Nationlsvestock
is a major threat to environmefWNFAO, 2004. It is one of the largest sourcefs o
greehouse gases (18% of the world's greenhouse gas emissions as measuged in CO
equivalents), and dlso generates 64% of ammonia. In recent y&as. EPA is under the
increasing pressure to regulate emissioom animalagriculture, andk is expeted that
certainfederal andtate environmental regulatiomsll affect livestock agricultureS.able
1.4 provides an overview of the related regulatitangs that may affect AFQ®RC, 2003.

Table 1.4. Overview of environmental statutes and reglations affecting AFOs

Statute Regulatedactivity Threshold Impact
CAA Major Stationary Sources 100 tpy of any air pollutant Federal prmits, emission fees
Major source of hazardous 10 tpy of a HAP or 25 tpy of Emission standards, permit
HAPs
Generdagriculture operations No permit, required to comply
includinggaseous pollutant and with BMP to control odors.
PM
CERCLA /EPCRA Reportable Release NHs, H,S: 100 ppd Reporting requirement
CWA NPDES point source Size or regulatory detenination ~ NPDES permit (state or federal
requirements of CAFO status
EPA effluent limitations and Size (1000 animal units) Effluent limitation guidelines anc
performance standards performance standards in
NPDES permit
CZMA Nonpoint source pollution Large or small APs without Management measures in coas!
NPDES permits zones identified by states

CAA= Cleanair act. CERCLA=Tomprehensivenvironmentaresponsecompensation, antability act.
EPCRA=emergencylanning andcommunityright-to-knowact. CWA=leanwater act. CZMA=coastalzonemanagement
act. ppd=pounds per day; tpy=tons per year. Sour@¢RC, 2003

1.5 THE AMBIENT AIR MONI TORING PROGRAMS IN T HE U.S.

In 1970, the Clean Air Act (CAA) was signed into law. Under CAA, ERfablished
NAAQS for pollutants harmful to public health and environment. To protect and assess air
guality, EPA devalped the ambient air monitoring program, which is camigtby state
and local agencies. There are three major categories of monietingrks (1) State and
Local Air Monitoring Stations (SLAMS), National Air Monitoring Stations (NAMS), and
Special Ptpose Monitoring Stations (SPM8)S EPA, 2010p These three majaretworks

are collecting samples and monitoring the six criteria pollutantlsded in the NAAQS.



These criteria pollutants areM (PM, s andPMyg), sulfur dioxide £G,), carbon monoxide

(CO), nitrogen dioxide (N¢) and leadPb). Additionally, the Photdeemical Assessment
Monitoring Stations (PAMS), a fourth category monitorprggram was speciallylesigned

to monitor/measue ozone precursors (about 60 volatile hydrocarbons and carbonyl
compounds). Tis network determine the highest pollutant conceittnathe representative
concentrations in high populated areas, the impact of significant sources, and the general air
pollutants background concentratiqsS EPA, 2010p The map othesenetworks and
descrptions are shown irFigure1.1.



State and Local Monitoring (SLAMS) Network National Air Monitoring (NAMS) Network

Photochemical Assessment Monitoring Network

-

SLAMS: About 4,000 monitoring stations. Number and size of monitoring sites are based on State Implementation
(SIPs). States determine the monitoring sites with the purpose of attaiaintining the healthelated primary and
welfarerelated secondary NAAQSIAMS: 1,080 stations. Subset of the SLAMS network (Key sites under SLAMS).

Urban and multsource area$AMN: About 90 sites. Located in serious/severe/extreme ozone nonattasmers8tarting
in 199.Special Purpose Monitoring Stations (SPMS): For special studies. No permanent sites

Figure 1.1. The U.S. EPA ambient air monitoring programs and descriptiongUS EPA, 2010&

Using the nationwide networks, tiRM, 5/PM;, trends developed by EPA are shoin
Figurel.2. The national average PM (bd®#W, sandPM;g) concentrations have a decreasing
trend over the years of 192008 PM, s started from 2000).
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Figure 1.2. PM,sand PMy,trend (Source http://epa.gov/airtrends/pm.html)

In North Carolina (NC), the Department of Air Quality (DA@)der the N.C.

Depatment of Environment and Natural Resources (DENR) enfaheetate and federal air

pollution regulations.Figure 1.3 shows thé®M, s andPM;, monitoringsites in North

Caronia.Tablel.5 liststhe NC air quality monitoring sites, pollutants monitored and

schedules.

North CarolinaPM, s air quality Sites

North CarolinaPM10air quality sites

Figure 1.3. North Carolina PM,sand PMj, air quality sites (http://epa.gov/airtrends/pm.html)




Table 1.5. North Carolina air quality monitoring sites, pollutants monitored and shedule$.

Site

Pollutant /schedule

Site

Pollutant /schedule

Alexander-Waggin Trail Rd
Avery--Linville Falls
Beaufort-Aurora
Buncombe-Bent Creek

Buncombe-Board of Education Bldg

Caldwelt-Lenoir

Caswell-Cherry Grove
Catawba-Hickory First Street
Chathars-Pittsboro

Cumberlang-Fayetteville ABC

Cumberlang-Golfview
Cumberlane-Owen School
Cumberlane-Wade

Davidson-Lexington Water Tower
Davie-Cooleemee

Durham-Duke Street
EdgecombeTarboro
Forsyth-Clemmons Middle School

Forsyth-Hattie
Forsyth-Hattie Ave B
Forsyth-Hattie Ave. LP Ozone
Forsyth-Peters Creek Pkwy
Forsyth-Shiloh Church
Forsyth-Union Cross
Franklin-Franklinton

Graham-Joanna Bald
Granville-Butner

Guilford--Latham Park

O3 (Apr-Oct)
O; (Apr-Oct)
SO, (yearround)
Os (yearround)
PM, s (yearround)
O; (Apr-Oct)
CO(Mid-May
through midSep), Q
(Apr-Oct), Nox (Mid
May through mid
Sep)

PM_ s (yearround)
O; (Apr-Oct)

CO (Oct through
Mar)
O3 (Apr-Oct), SQ

(Yearround (every 3

years))
PM, s (yearround)
O3 (Apr-Oct)

PM, s (yearround)
O (Apr-Oct)
CO (Mid-May

through midSep), Q
(Apr-Oct), NO¢

(Mid-May through

mid-Sep)

O3 (Apr-Oct)
03 (Apl‘-OCt), PM2_5
(yearround)
O3 (Apr-Oct)
PM, s (yearround)
O (Apr-Oct)

CO (Oct through
Mar)

O3 (Apr-Oct)

Os (yearround)
O (Apr-Oct)
O3 (Apr-Oct)
O3 (Apr-Oct)

CO (Oct through
Mar)

Guilford--Mendenhall
Haywood-Frying Pan
Haywood-Purchase Knob
Haywood-Waynesville

Jacksor-Barnett Knob EBCI

JohnstorWest Johnston

Lenoir--Lenoir Community
Lenoir--Lenoir Community
College
Lincoln--Crouse

Martin--Jamesville

McDowell--Marion
Mecklenburg-Arrowood
Mecklenburg-County Line

Mecklenburg-Garinger HS
Mecklenburg-Montclaire

New Hanover-Castle Hayne
New HanoverWilmington
Hwy 421

Persor-Bushy Fork
Pitt--Farmville
Rockindham-Bethany
Rowan-Enoch

Rowan-Rockwell
SampsorClinton Crops
Swain-Bryson City
Union--Monroe

Wake-Crabtree
Wake-Fuquay

Wake-Millbrook

PM, s (yearround),Q (Apr-
Oct)
O; (Apr-Oct)
O; (yearround)
Os (Apr-Oct)
O; (Apr-Oct)
O; (Apr-Oct)

O; (Apr-Oct)
NOXx (yearround),NH; (year
round)
O; (Apr-Oct)
NHj; (yearround)PM, s (yea-
round),Q (Apr-Oct),SQ
(Yearround (every 3 years))

Os (yearround)
Os (yearround)
O3 (yearround)

CO (yearround)PM, s (year
round),NO2 (yearound), Q
(yearround), SQ (year
round)

PM, s (yearround)

PM s (yearround),Q (Apr-
Oct),SQ (Yearround (every 3
years))

SG; (yearround)

O; (Apr-Oct)
O (Apr-Oct)
O (Apr-Oct)
O; (Apr-Oct)

CO (yearround),Q (year
round),Nox (yearound),SQ
(yearround)

NHj; (yearround),NOx (year
round)

PM, s (yearround), Q (Apr-
Oct), SQ (Yearround (every
3 years))

O; (Apr-Oct)

CO (Oct-Mar),

Os (Apr-Oct)

NHjs (yearround), CO (year
round),PM, s (yearround),
PMy, (yearround), Q (year
round), Nox (yearound), SQ
(yearround)

*: Detail site information, please réNC Division of Air Quality, 2010



In addition totheambient air monitoring mgrams aforementioned, two mafeii, s
chemical speciatiomonitoring networks have beestablishedn the U.S.: the Interagency
Monitoring of Protected Visual Environments (IMPROVE) andRiv s National Chemical
Speciation Network (CSN) .
TheIMPROVE monitoring progran{fIMPROVE, 2010 was establishechi1985 for the
protection of visibility of 156 national parks and wilderness are@gi(e1.4). The network
began operating in 1988 with 20 monitoring sites (Class | Areas), and by 1999 the network
expanded to 30 monitoring sitesld€s | Area) and 40 sites using IMPROVE site and
sanpling protocols. The objectives of IMPROVE are:
A(l) to establish current visibility and
(2) To identify chemical species and emission sources reff@fsi existing man
made visibility impairment;
(3) To document longerm trends for assessing progress towards the national
visibility goal;
(4) and with the enactment of the Regional Haze Rule, to provide regional haze
montoring representing all visility-pr ot ect ed f eder al <c¢l ass |
(IMPROVE, 2010
ThePM, s CSN was established to support of Bid, s NAAQS, and to provide
nationally consisterPM, s data for the assessment of trends at representative sites in urban
areas in U.S. Approximately 230 different monitoring sites leen operated under the
CSN pogram Figurel.4). The CSN provides mass concentrations, numerous trace
elements, ions30O:*, NO3, Na", K*, andNH,4"), elemental carbon (EC) and organic carbon
(OC) (RTI International, 2010bThe objectives of th€SNincludeil ( 1) col | ect dat
to protecthuman health; (2) assess ambient concentration trends in certain urban areas; (3)
provide data supporting SSevelopment foPM, 50 (RTI International, 2010b
All the EPA monitoring networks have provided numerous high quality sketisfor air
guality and public health studies. However, thexsisting networkslo not provide enough

representativecientific data for rural areas, espéelgiah agricultual intensive areas.
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Researchn agricultual intensive areas isrucial to improve the spatial and temporal

coverageof air quality data

IMPROVE monitoring program (national parks and wildernes:
areas 4a4175)

PM;sCSN programs (mostly

Figure 1.4. Interagency monitoring of protected visual environments (IMPROVE) and the
PM2.5 national chemical speciation network (CSN). SourciMPROVE, 2010)

1.6 PM MEASUREMENT TECHNOLO GIES
1.6.1 Particulate matter concentration measurement and characterization analysis

In the study of PM, an essential element is to collect representative samples from related

environment. Representative sampdan ensure reliable results for PM emission and impact

studies. Also representative samples are very importatitdéollowing characterization
analysis, and source identification (source apportionmigla$s or number concentratioois
PM can be measudebased on different principles, andble 1.6ists different methods
(Hinds, 1998.
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Table 1.6. PM measurement methods summary

Concentration Method

Time-average values, simple, widely used,
Federal Reference Methe(FRMs)
Relationship between mass concentration arsdn@nt

Filter based gravimetric methed

Piezobalance

Mass frequency
Tapered Element Oscillating Microbalance Relationship between mass concentration and resonar
(TEOM) frequency
Beta Gauge Beta ray attenuation
Photometers Light scattering
Nephelometers Light scattering
Optical Particle Conters Light scattering
Optical microscope Light

Scanning electron microscopy
Number

Transmission electron microscopy Interaction of the electrons
Dustcounting cell
Coulter counter Electrical conductance
Laser Diffraction Particle Counter Light
Condensation Nuclei Counter (CNC) Electrical mobility
Electrical mobility Analyzers Electrical mobility

Concentrationsizedistributionand chemical compositiord PM are important
paraneters that determine PM environmental and health effébere @e a wide range of
analytical methods that have been applied for PM chemical an@fysiaysonPitts and
Pitts, 1999. lon Chromatograph (IC) has been widely used for major Wh&( SO, NO5
, etc.) High Performance Liquid Chromatography (HPLC) fogamic compounds analysis
and Gas Chromatography (GC) for volatile organic compounds (VOCs) analysis. PM trace
element analysis by Atomic Absorption Spectroscopy (AA&)uctively Coupled Plasma
Atomic Emission Spectroscopy (IEAES), or inductively Couptd Plasmavass
Spectrometry (ICRMS) and XRay Fluorescence (XRF) have increased over the past several
decadegGrohse, 199D
1.7 PARTICULATE MATTER M ARKERS ASSOCIATED WI TH VARIOUS

EMI SSION SOURCES

The PM in atmosphere can undergo wasi physical and chemical transformations.
Vapor condensation and coagulation make small particle grow to large size. Small particles
(< 20 pm) have lifetime of days, while large particles have lifetime of hetinsls, 1998.
Paticle characterizations (such as concentration, composition, and size distribution) are
highly tempordly and spatidy variable.Particulate mattefrom different sourceand

formation mechanisms will resutt variations insize, composition and propertidablel.7
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lists the major components of PM m#&€sow, 1995. These components can be cataloged
as gelogical material (such as oxides of Al, Si, Ca, Ti and Fe), organic matter, element

carbon, slfates, nitrate and ammonium.

Table 1.7. Chemical marker s associated withvarious emissionsources

Emission Source Chemical narkess (by priority order)
Soil Al, Si, Sc, Ti, Fe, Sm, Ca
Road dust Ca, Al, Sc, Si, Ti, Fe, Sm
Sea salt Na, CI,Na", CI" Br, I, Mg, M¢?*
QOil burning V, Ni, Mn, Fe, Cr, As, SSO*
Coal burning Al, Sc, Se, Co, As, Ti, Th, S
Iron and steel industries Mn, Cr, Fe, Zn, W, Rb
Non- Ferrous metal industries Zn, Cu, As, Sb, Pb, Al
Glass industry Sb, As, Pb
Cement industry Ca
Refuse incingation K, Zn, Pb, Sb
Biomass burning K, Cele Corg, Br, Zn
Automobile gasoline Cele, Br, Ce, La, PSQ?, NO5
Automobile diesel Corgr Cele S,SO%, NO5'
Secondary aerosols SO, NOy, NH,"

1.8 RESEARCH OBJECTIVES
The maingoal of this projectwasto investigate emission, chemistry and local dispersion
of PM from an industrial egg productidarm. The dissertation ldathe following specific

objectives:

(1) Quantify kaselinePM emissions as impacted by environmental and management
factors
(2) Characterie PM, s from alayerhouseand in the vicinity

(3) Assesdocal dispersion of PM emitted froamegg production facility.
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CHAPTER 2. METHODOLOGY

2.1 THE PM MONITORING/SAMPLING FARM

The PM monitoringandsamplingwas conducted oa commercial egg production farm
located inNorth CarolinaThe layout of the farm is shown Figure2.1. The layerfarm
consised of six high risehouses (Houses@), threenaturallyventilatedhouseswith
shdlow-pits (Houses 93, 102, 103n egg processing plamivo solds trap lagoons, and two
largetreatmentagoons Housesl-4 weretunnel ventilatedhouseswvith 34 exhaust fans on
westeast endgFigure2.2). House$-6 werecross ventilatetiouseswith 54 exhaust fans on
north-south sidegFigure2.3). Laying hens were placed in six (house$)br eight (houses
5-6) rows of 4tier curtain backed cages in the upper floor (referred t§%sR2 oor ) . The h
stockingdensity complied wih theUnited Egg Producer&JEP) Welfare GuidelinegUEP,
2010. Manure fell onto the curtain backed cages and then down into the pit (referred'to as 1
floor, or pit), where it was stored for approximately 12 month® storednanure was
cleaned out annually and tigported to an organic farm for land application. In the shallow
pit houses (natural ventilation), laying hens were placed in five rowdief Gouse 93) or
4-tier (houses 102,103) curtain backed cages. Manure fell onto the curtain backs and then
down an the concrete floor. The concrete floors were flushed out twice daily to waste
treament lagoon systems (solid trap plus lagoon). Houses 102 and 103 were 18 m wide and
152 m long, with capacity of 75,000 hens per house. House 93 was 18 m wide and 107 m
long and housed 30,000 hens. The houses were 15.2 mTdpgadetail characteristics of
housesare provided inrable 2.1.

Houses3 and 4were selected fahe National Air EmissiosiMonitoring Study
(NAEMS) (Figure2.1), and the detainformationabout the NAEMS at this monitoring site
was pesented inVangLi et al. (2012h. These two houses were tunnel ventilated with
seventeen, 122m (48in) diameter, 480 VAC, -phase, beltriven, single speed ventilation
fans (Chordime, Milford, IN) at each endvall. As reported in Wand.i et al. (20121, fresh
air entered the"™ floor of the house through 36.5long air inlets centered on the nortvest

and soutkeast sidewalls of the housesummer timeln winter time, fesh ventilation air
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was drawn into the attic through the eave inlets, then furthertiatdtfloor through two

ceiling baffles. Based upon theuse temperature measurements and the house static
pressure readings, the sidewall inlet curtains or the ceiling baffles were automatically
controlled by the far mo MS)iNosupplemental coobng@a g e me n't
heating was applied in any of the houses. Two backup generator sets provided emergency
backup electric power. To control ventilation rate, eight temperature sensors and one
differential static presure sensor were installedeach housendthe continuously

monitored temperature and static pressure signals were seattmtrol systems. In

addition, each of the ventilation fans was equipped with a revolution per minute (rpm) sensor
to monitor f gnificansredsicticn tn fas speed (Bppraxinately S¥&s

observed, then the famasmaintained.

The genetic of laying hens in the farm was W36, and they were delivered to the farm at
about 18weekof age Normally they were fed with corn/sdaeandiet. Dependig on farm
management and markstuations, some hens had a foreediting procedure at around-60
weekof age During forcedmolting periods, differentdie wer e f eed t o hens.
replacement was normally at the hen age of 110 weeks. The body weigbstimagted by
weighing 0.1% of the hens in each house once every four weggs.were counted
aubmatically by a series of egg counters, which were located at the end of ea€lailgw.
feed and water consumption were automatically recoadedstoredith e f ar més P MS.
Daily mortalities were manually removed and recorded in the Byd&m. Also th lighting
program and the feed delivery schedule were automatically controlled by the PMS system
(WangdlLi et al., 2012b.
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Figure 2.1. The layer farm layout (not to scale) and the locations of PM samplidmonitoring
stations. ST1 = PM sampling station 1 (inside the barn 4); ST2 = PM sampling station 2; ST3 =
PM sampling station 3; ST4 = PM sampling station 4; ST5 = PM sampling station 5. The

distances n parentheses are relative to ST{Reprint with permission from L. Wang-Li)
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Figure 2.2. Tunnel ventilation fans ofhouses 14

Figure 2.3. The cross entilated fans ofhouses-6
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Table 2.1. The detailed characteristics of high rise houses at the monitoring sitPurdue Ag Air

Quality Lab, 20069

Descriptive Parameters Housesl-4 Houses5-6
Barn inventory 103,000 132,000
#housest site 4 2

Barn type HRa HRa
Barn orientation WestEast WestEast
Type of birds (genetics) W36 W36
Average weight (kg) 16 15
Bird occupation (day) 644 644
Are hens molted? Yes ves
Number of tiers of cages 4 4
Numbers of rows of cages 6 8
Type of cages A-frame/curtain backe H-frame/dropping boarc
Bird space, m2/bird 0.04 0.04
Barn width, m 18 21
Barn length, m 177 177
Ridge height, m 84 8.6
Sidewall height, m 5.5 56
Barn spacing, m 15.2 15.2
Basement depth, m 2.7 2.7
Manure collection method Loader Loader
Manure accumulation in barn, d 365 365
Ventilation type Tunnel Cross
Number of pit circulation fans 21 27
Number of air inlets 2 8
Inlet type Ceiling baffles Choretime Rolling Ram
Inlet adjustment method Auto, Cable Auto, Cable
Inlet control basis (temp, press, bc Both Both
Contrds vendor/manufacturer PMS PMS
Walls with fans (N,S,E,W) East, West South, North
Number of exhaust fans 34 >4
Number of variable speed fans 0 0
Largest fan diameter, m 12 12
Smallest fan diameter, m 12 12
Fan spaging, m 0.2 4873
Fan manufactrer Choretime Choretime
# ventilation stages 11 20
# temperature sensors 8 9
Emergency ventilation Gen Set Gen Set

a: HR= high risehouse
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2.2 HOUSE MANAGEMENT ACT IVITIES

At the beginning of the monitoring study, hens were 575 and 540 d in housed,3 and
respectively. The 24nonth study was superimposed on two successive production cycles. In
house 3, hen age ranged from 575 to 769 d inYyde and 143624 d in the2™ cycle. In
house 4, hen age ranged from 58D d in the T cycle and 12&61 din the 2% cycle. One
molting event, three manure cleanout events, and one spent hen removal event occurred
during the course of the monitoring studyable2.2 shows the manure cleanout events in
each house. It was observed thahore was cleaned out once in tiigptoduction cycle and
twice in the 29 cycle. The typical practice of the farm was to clean out the dry manure in the
highr i se houses once a year. However, due to t
time from sping to summer for control of flies, one additional cleanout event was conducted
in July 2009(WangdLi et al., 2012b.

Table 2.2. Major house management activities during the study from September 2007 to
September 2009(Wang-Li et al., 2012h

Event House 3 House 4
. on 300am8:00pm on 3:00am8:00pm
2nd floor lights off 8:00pm3:00am off 8:00pm3:00am
Feed delivery[1] Every 2 h. from 2:00am to 8:00pm Every 2 h. from 2:00am to 8:00pm
House cleaning[2] Twice weekly Twice weekly
03/12/0803/19/08[3] 03/08/0803/13/08[4]
Manure cleanouts 03/24/0903/27/09[5] 03/23/0803/27/09[6]
07/21/0907/25/09[7] 07/21/0907/25/09[8]
Hen molting 04/ 3/0904/22/09
House empty (no hens occupiec 04/09/0804/29/08 gggﬁgg?ggggg

(I Feed delivery duration was 14.5 mifl; Housecleaning included cleaning of the fans, east end of the floors using
compressed air, and sometime manual cleaning of the ceillfl@® loads(24.5 tons each)® 36 loads (24.5 tons eacH§}
42 loads (21.5 tons eacH§ 47 loads (21.5 tons eacH}} 18 loads (19.2 tons eacH¥ 23 loads (19.2 tons each).

2.3 BASELINE PM EMISSION MONITORING PLAN

2.3.1 Measurement and sampling locations

Under the NAEMSthe PM emissiomonitoring system wasetup following the EPA
approved quality assurance project pl@APP)(Purdue Ag Air Quality Lab, 2006land a
complete set of standhpperating procedureBigure2.4 andFigure2.5 show the
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measuement and sampling locations. The-famm instrument shelter (OFIS) was located
betweerhouses3 and 4 toweds thenorth-east ends of theousesandtwo heated raceways
connectedhe OFIS withthetwo houses. The heated raceways (10 cm dia PVC pipe) housed
the gas sampling tubing and signal/control wires. The heated raceways avoided condensation
in the air sampling tubes in cold weather, and protected signal/control wires from incidental
damage. The temperatures in the two raceways were continuously monitored and controlled
by data acquisition and control system (DAC) and backup thermostats. Extra electrical
grounding was installed for the OFIS and the weather tower to protect sensors and instrument

from frequent lighting in this area.

Wind sensor ——>

—_ RH/T sensor/l;_;
N House ity sensor Weather tower—|

TOOQFOOTO N o wema | FOOQ I ®OTO"
OOOCEOOOO [ oris i) 4] OOQOHOOOO |

Open anemometer

Legend: < APport ® Thermocouple O Exhaustfan A PM monitor O GSL S Solar sensor

Figure 2.4. Housecrosssection from the easend, showing measurement andasnpling
locations (Reprint with permission from A.J. Heber)
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Figure 2.5. Schematic of measurement and sampling locatiorfReprint with permission from
A.J. Heber)

2.3.2 Measurement variables and equipment

PM concentrations at two houses exhausts were monitored through two strategies using
TEOM (Thermo Electron Corporation, East Greenbush,.NY$trategy | (9/24/02/26/09),
one TEOMPM monitor was placed immediately upstream of the minimum ventilation fan
(1*'floor, middle of the east end) in each house to simultaneously measure PM
concentetions (Figures 2.4, 2.5 and 2.8 strategy Il (3/5/09 10/26/09), the TEOM in
house 3 was relocated immediately upstream of fafi4i¢@r, middle of the east end) in
house 4Figure 2.9) In this strategy, two TEOMs on the two floors of house 4
simultaneously measured PM concentrations to detect PM variations between exhausts on the
1%'and 2“floors. The PM of the inlet air was measured using a Beta Gage PM monitor
(Figure2.9), which was located 1 m from the south end of tunnel.iflBL s was
simultaneously measured at the three imwoimg locations for 619 d in January February
2008, October 2008, and Juhyugust 2009. TSP was simultansbumeasured at all three
locations for nine, 86 d periods, anBM;owas simultaneously measured at three locations

for all other times.
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Relative humidity (RH) and temperature were measured by Vaisala HMT100 Humidity
Tranmitter (Vaisala Inc., Woburn, MAand the sensors were installed 1 m away fnoose
3 Fans#13 and 30 amduse4 Fans #13 and 30, and in two cages of houses 3 and 4 (East half
thehouse(Figure2.5). Thermocouples (TC) were installed at fourdbons in eachouse
one gas sampling point (Fan#&jdure2.5). Also TC was installed in OFIS, heated raceway,
and the Beta Gauge enclosure.

In each monitoretiousethereweretotal 34 exhaust fans with 11 g&s ventilation settings
(Table2.4). Fan operation status was monitored by either RPM sensors (Cherry Sensor,
Model MP100701) or current switches (P/N: CR938N, CR Magenetics Inc.}igure2.6
shows the scheme of fan monitoring plan. RPMs sensors were installed for all sfages 1
fans. For high stages®L, either RPM or current switches were installeéidyre 2.6). Setra
Model 267 differential pressure transducedfgy(ire2.10) were used to measure fan static
pressure in buildings. Four sensors were located at the west and east endwalls in houses 3
and 4. Also three sensors were locatetvbeh houses #2 and #3, #3 and #4, #4 and #5,
where the egg conveyor belt crosdegre2.5). In the OFIS, a static pressure was applied
to assure positive pressure insiddield-portable FAN Assessment NumeaatiSystem
(FANS) (Gates et al., 2004vas used to measure building ventilatidable 2.9ists the
numbes of fans measured by the FANanalyzefWangLi et al., 2012l.

s@@@@ @@@@1 Fan Number 25@@@@
“@@@@@@@@@i Ventilation Stage m@@@@

East end West end

® Exhaust fan w/ ® Exhaust fan wi
current switch RPM sensor

Figure 2.6. Fan operation status monitoring schemé¢Reprint with permission from A.J. Heber)
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Table 2.3. Measurement variables and equipmenfWang-Li et al., 20128

Measured variables Equipment/sensor Vendor
PM concentration (ihouse) TEOM 1400a PM monitor The”\?\?ali';hrﬁr l\S/Itxentlflc,
PM concentration (inlet air) Beta Gage FH62@4 PM monitor TFS, Franklin, MA
In-house temperature TE Wire and Cable, Saddle
- Type T thermocouples
Racevay air temperature Brook, NJ
Sampling probe air temperature/RH i
Prnar - P Capacitance type RH/T probe (RHWVM) Novus Automathn, Porto Alegre
Cage air temperature/RH Brazil

Infrared motion sensor

Animal and worker activities Visonic PIR model VSSRN200N

Fan rotationbspeed MP100701 Haleffect proximity sensor Cherry
Fan on/off status CR9380NPN current switch CR Magnetic
Fan static pressure Differential statlcnggssure sensor Mode Setra Systems, Boxborough, M#
Wind speed ) .
- e Wind Sentry Model 03002VM anemomet¢  RM Young, Traverse city, Ml
Wind direction
Solar radiation Pyranometer Model L2OOSL LI-COR, Lincoln, NE
Air temperature/RH at 10 m high Capacitance type RH/T probe (RHVM) Novus Autorrée:gczuﬁ\, Porto Alegre
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Table 2.4. Fan numbers and ventilation stages for tunnel ventilated hous€Reprint with
permission from A.J. Heber)

Stage Quantity Fan ID
1 2 13, 30
2 2+2=4 13,16, 30,33
3 4+2=6 10, 13, 16,27, 30, 33
4 6+2=8 10, 13,14, 16, 27, 3031, 33
5 8+2=10 10,12 13, 14, 16, 2729, 30, 31, 33
6 10+2=12 10,12, 13, 1415, 16, 27, 29, 30, 3B2, 33
7 12+2=14 10,11 12, 13, 14, 15, 16, 228, 29, 30, 31, 32, 33
8 14+4=18 9, 10, 11, 12, 13, 14, 15, 18y, 26, 27, 28, 29, 30, 31, 32, 334
9 18+4=22 4,5,9, 10, 11, 12, 13, 14, 15, 16, P4, 22, 26, 27, 28, 29, 30, 31, 32, 33, 34
10 22+6=28 3,4,56,7,9,10, 11, 12, 13, 14, 15, 16, 2D, 21, 22,23, 24, 26, 27, 28, 29, 30, 31, 32, 33, 34
11 28+6=34 1,2, 3,4,5,6,78,9, 10,11, 12, 13, 14, 15, 16, 118, 19, 20, 21, 22, 23, 245, 26, 27, 2829, 30, 31, 32,

33, 34

Table 2.5. Summary of the fan testing events for the two monitored hous€#/ang-Li et al.,

2012h
Testing date Static pressure  Total # of fans  # of fans tested % tested
11/13/0711/21/07  As found 68 68 100
6/9/086/13/08 As found 68 45 66.2
7/15/097/17/09 As found 68 67 98.5
7/28/09 Adjusted! 68 3 4.4

M Fans were tested at three house static pressures (adjusted using the ventila)do itééermine ifield fan performance curves as

compared with published fan curves.
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11/24/2009 1523

Figure 2.7. the TEOM monitors in house4 (right)
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Figure 2.9. The Beta Gage PM Monitorat the house inlet
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Figure 2.10. Setra Model 267 differential pressure tansducers

Passive infraredaivity sensorgFigure2.11) were appliedo monitor movement diers
and workers in theouse with a total offour such sensors positioned in edqmduse(Figure

2.5). One ativity sensomwasalso used to monitor researcher activity in the OFIS.
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Figure 2.11. Passive infrared activity sensor to monitohen activity

2.3.3 House nventory data colection
To calculate birespecific or live masspecific emission rates, animal inventory data
were collected and analyzed. The farm recorded daily hen age, population, hen weight,
mortality, temperature, egg production, and water/feed consumption foioédue

production houses. During the weekly site visits, the inventory data were collected from the
farm manager and checked for any possible errors.
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2.4 PM SAMPLING PLAN FOR CHEMICAL CHARACTERIZATION

As shownin Figure2.1, thePM souce sampling statio(ST1) was locatedmmediately
upstream of theninimum ventilation fan 1& house 4. This PREFasa minimum
ventilation fan locatedn the middleof a group of ®xhaust fans in the first floor. THM
sampler inlet was 2 mpstreamromthe fars, where airflow generated by the exhaust fans
was dserved to be low and have insignificant impact orsttemp | er 6 s Ther f or man
four ambent PMsampling and monitoringtations ST2-5 (Figure2.1) were placed around
the farm in four different directions (up t8@tm fromST1)

2.4.1 Field PM2 s sample collection forchemicalcharacterization and continuous

ambient PM monitoring

Partisol(Model 2300, Thermo Scientifi®®M, sspeciation samplers were used for
simultaneou$M, s sampling at all five sampling stations. As illustratedrigure2.12, this
speciation sampler can house up to four filter cartridges. Only three cartridges were used in
this study, of which one was the Teflfiker cartridge forPM, s mass and element analysis,
one Nylon filter cartridge for ion analysis, and one Quartz filter cartridge for carbon analysis.
To quantitate particulate ammonium id¥H;"), honeycomb denuders coated with citric acid
wereincorporded into Nylon filer cartridge to remowH3 gasfrom the air thatvas drawn
through the filterAll sampling cartridges were prepared and assembled in the laboratory for
each sampling event. The collected PM samples (filters) were transported to th&olgtio
a cooler with ice packs (at’€) for analysis.

Most sampling events were conducted for 24 hours. The samngterded and stored the
sampling time and flowrate for each of the events. In addition, the temperature and relative

humidity were recalded continuously.
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Figure 2.12. Partisol® 2300 speciation sampler and its cartridge modules

Continuous PM measuremsrdtfive stationswerealsoconducted using TEOMFigure
2.13). Usingdifferent sampling inlets, the TEOGdWvereapplied to measuri@M;o or PM, sat

all five sampling and monitoring statians

Figure 2.13. CollocatedPM, 5 Speciation sampler ad a TEOM monitor with PM o sampling
inlet at ST2
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2.4.2 PM; s chemical analysis

ThePM, s sampleanalyses were conducted tine collaborators &TI International in
Research Triangle Parklorth Carolina. The analytical methods were basestarmdard
operationprocedures§OP3$ for U.S. EPA NationaPM, s Chemical Speciation Network
(RTI International, 2010b

2.4.2.1  PMg,sgravimetric analysis

Gravimetric analysis d?M, s samples were conducted in an environmenizdigtrolled
filter weighing chamber at RTI. This chambeemperature was controlled beten 2623°C
with a standard deviation less tH2}€ and 24hour mearRH between 3840% with a
stardard deviation less thas?o (RTI International, 2008 Thefilters (Whatmar2 um PTFE
46.2 mm) were conditioned in this chamber for a minimum of 48 hours before the pre and
post weights of the filter were taken by a microbalance with minimum readabilitysofgt1
and a repeatability of 1 e€g.

The concentration of theM, s was calculatethy dividingPM mass by the sampled air
volume. The sampled air volume was the product of the sampling flowrate and the sampling

time. The sampled air volume was standardizedatm and 2% for all calculations.

2.4.2.2 PMj 5 cation and anion analyses

For ion analysis, ylon filters were extracted for anion and cations analysis. First the
nylon filters were placed in polypropylene centrifuge tuvih 25.0 ni deionized watein
each tibe. Thenthe batch of tubes was ultrasceted for 60 minutes (bath temperaturs
less than 27C), followed by mechanical shaking for overnight in a cold room (€}
Finally, the extracts were filtered through nylon meams (0.45 pn pore diametg and
transferred to vials for chemical analysis by ion chromatographyli@is processNH.",
Na', andK” were analyzed bthe ICwith achemical suppressor, and the eluent was 11
mmol/L sulfuric acid H,SQy) at a flow rate of 1 mL/minSQ,?* CI', andNO3z were
analyzed byhe IC with achemical suppressor, and the eluent was 0.3 mmol/L Naf2CO
mmol/L NaCQO; at a flow rate of 1.0 mL/mi{RTI-International, 2009d).
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2.4.2.3  X-ray fluorescence trace elements analysis

The energy dispersive-Ky fluorescence (EDXRF) spectrometry was applied to
detemine trace elementd PM, s deposits ortheTeflon filters. The EDXRF technique is
capable of analying elements with atomic number 11 (sodium) through 92 (uraniting

33 elementanalyzed by the EDXRF technique fbrs project are listed imable2.6.

Table 2.6. Elements analyzed byhe EDXRF

No Elements No

1 Sodium (Na) 18 Zinc (Zn)

2 Magnesium (Mg) 19 Arsenic (As)
3 Aluminum (Al) 20 Selenium (Se)
4 Silicon (Si) 21 Bromine (Br)
5 Phosphorus (P) 22 Rubidium (Rb)
6 Sulfur (S) 23 Strontum (Sr)
7 Chlorine (ClI) 24 Zirconium (Zr)
8 Potassium (K) 25 Silver (Ag)

9 Calcium (Ca) 26 Cadmium (Cd)
10 Titanium (Ti) 27 Tin (Sn)

11 Vanadium (V) 28 Indium (In)
12 Chromium (Cr) 29  Antimony (Sb)
13 Manganese (Mn) 30 Cesium (Cs)
14 Iron (Fe) 31 Barium (Ba)
15 Cobalt (Co) 32 Cerium (Ce)
16 Nickel (Ni) 33 Lead (Pb)
17 Copper (Cu)

In EDXRF method, ailter samplewasloaded into the sample cup, and each filtas

analyzed using five different excitation conditions. For each group of elerttersyere
different optimal specific excitation conditiorBaple2.7). Elemental standards thin film
(Micromatter, Incvasused to calibrattheinstrument. Blank Teflon filter wasused to

correctfor backgroumd concentratior{RTI International, 2010a

Table 2.7. Different excitation conditions used to maximize the sensitivity of the measurement
of the different groups of elements

Conditions Filter Atmospheric  Voltage (kV)  Current (mA) Analytes*

1:Low Za None Vacuum 4 1.98 Na and Mg

2: Low Zb Graphite Vacuum 10 1.98 Al, Si, P, S C|, K, and Ca

3: Mid Za Pd thin Vacuum 30 1.66 Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Cs, Ba, and Ce

4: Mid Zc Pd thin Vacuum 50 1.00 As, Se, Br, RbSr, and Pb

5: High Za Cu thin Vacuum 50 1.00 Zr, Ag, Cd, In, Sn, and Sh

*Cs, Ba, Ce, Pb, are quantified fromlibes; all other elements are quantified from thdies.
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2.4.2.4  Organic and element carbon (OC/EC) analyses

Organic carbon (OC) and element carlfg@) were analyzed by the therroptical carbon
analyzer, whiclwasbased on the preferential oxidation of OC/EC at different temperature.
Organic carbon (OC) can be volatilized from quartz filter in a helium at low temperature,
while EC cannot be volatded at helium and low temperature, then oxygen W@s
introduced to oxidized EC. All OC/E®@ereoxidized to CQ and then reduction to methane
(CHy), then methane (CHwasquantified by flame ionization detector (FID). Optical
methodwasused to corregbyrolysis OC by continuously monitoring the filter reflectance or
transmittance. This method reports only carbon contents and does not directly account for the

mass of hydrogen, oxygen and any other elements.

2.5 QUALITY ASSURANCE AN D QUALITY CONTROL (Q A/QC)
2.5.1 PM monitor checks

Tables 2.8 and 2.4st the detditimelines for mass concentrations of PM momitg by
two TEOM monitors (at exhaust houses 3 and)4nd a Beta Gauge PM monitor fatuse
inlet). At each weekly site visit, all the PM sampler he&dd,4, or PM, 5, or TSP) were
thoroughly cleaned out. Based on QA/QC requirements and site specific situations, leak,
flow rate, temperature, magansducemaintenance and calibration activities were
conducted on the TEOMs and Beta Gaulgh(es 2.8 and.9).
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Table 2.8. Timeline for maintenance activities on two TEOMgWang-Li et al., 2012

Date TEOM 1: House 3 TEOM 2: House 4
8/20/07 Power onPM;o Power onPM;o
9/26/07 Leak test: passed Leak test: passed
11/20/07 Leak/flow/temp: passed Leakflow/temp: passed
1/16/08 PM, 5 PM;5
1/18/08 Settings changed Settings changed
2/4/08 PMyo PMyo
2/22/08 Settings changed Settings changed
3/12/08 Powered off due to manure clean out Powered off due to manure clean out
3/19/08 Powered on Poweredbn
3/26/08 TSP TSP
4/4/08 PMyo PMyo
5/12/08 TSP TSP
5/28/08 Flow check: passe®M;qo Flow check: passe®M;o
7/18/08 Leak/flow/mass: passed Leak/flow/mass: passed
8/7/08 TSP TSP
8/21/08 Settings changed®M;o Settings changedMo
10/16/08 Storage variables changed Storage variables changed
10/17/08 Leak/flow/mass: passed , TSP Leak/flow/mass: passed .TSP
10/23/08 PMyo PMyo
10/24/08 PM, 5 PM, 5
10/30/08 PMio PMio
11/26/08 Flushed tubing , leak/flow check Flushed tubing, leak/flow check
1/9/09 TSP TSP
1/15/09 PM;o PMio
1/23/09 Leak/flow/mass: passed Leak/flow/mass: passed
2/26/09 Collocation testPM;,
2/27/09 Collocation test. Leak/Flow/mass: passed. TSI
3/4/09 PMo
3/19/09 Pump testPM;,
4/2/09 TSP
4/10/09 Leak: passedPM;o
5/21/09 TEOM1 was moved into house 4 for collocatior Leak/flow/mass: passed
6/4/09 test with TEOM2 from 2/26/08/4/09; then it was TSP
6/11/09 relocated at the second floor of house 4 to PMo
7124/09 investgate spaél variation of PM in house 4. PM:s
8/6/09 Leak/flow: passed
8/7/09 PMyo
8/20/09 TSP
8/27/09 PMyo
9/15/09 Leak/flow/mass: passed TSP
9/22/09 PMyo
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Table 2.9. Timeline for Beta Gauge check and calibrationgWang-Li et al., 2012H

Date Events Results
11/1/07 Mass verification Passed
8/28/08 Rebuilt the pump Passed
10/17/08 Flow check %diff =0.21
2/20/09 Flow check %diff=2.2
5/20/09 Mass verification %diff = 1% (2607 pg foil) %diff=9.9% (1309 ug foil)
8/17/09 High voltage adjustment Passed
9/1/09 Mass vefiication % diff =-0.611

2.5.2 Ambient TEOM data processing

Procedurdor ambienfTEOM data processingnd validatioris shown inTable2.10.The
data were downloaded on a weekly basis, and the downloaded data irteludgiables:
date, time, instrument status code;mibiute and 3dninute average mass concentration
(ng/m?), filter loading (pressure drop, %), noise level (ug), ambient pressure (atm) or
temperature {C), bypass and main flow rate (I/mim). data checkingnd validationstatus
code, bypass and main flow rate, filter loading and noise level along with operation field
recordswereused tdlag and validatehe datgFigure 2.18) The manufacturer
recommendd3.0£0.2 I/min of main flow rate and 16.7+1.0 I/nuhtotal flow rateto be
acceptable for flow aud{Rupprecht & Patashck. Co, 200 At the first step to flag data,
theflow ratelimits for bypass was 126 |/min and main flow rate was£l/min, whichwere
wider than the manufacturer flow audit acceptable limits, because thewenesonstantly
adjusted relativig to the filter loading (pressure drop), there were mort@mboment
variations in the recorded flow rat@$C Division of Air Quality, 2007. The noise level of
0.1 is ideal, and some high values (>2.0) were recorded in the raw datadgSmtilevalue

of raw data was 0.253), so 0.25 noise level was selected as threshold for validation.

35



Table 2.10. TEOM data validation criteria

Parameter Valid Invalid
PM mass conc (3énin average ) ug/m3 -100td000  <-100 or > 1000
Status 0 Others
Bypass flow rate (L/min) 12-16 <12 or > 16
Main flow rate (L/min) 2-4 <2 or>4
Filter loading (pressure drop %) 1090 <10 or>90
Noise <25 >2.5

[ Weekly data downloading J

:- Statns condition code | :- Filter lnading |
:_ Moise lewvel -: :_ Brrpassimam flow j
’ Ciperator errors? : ’ Special reasons? :
& Ha — —\ Tea :
rStatistig:l ﬁ%}ﬁﬁfﬁﬁﬂ]ﬁm wﬂl‘ Flagzed |

., - b A

Figure 2.14. Ambient TEOM data validation and processing procedure

2.5.3 Partisol PM; 5 speciation samplers
Prior to use, temperaturerification (within®2°C of an external thermometer), pressure
verification ¢ 10 mm Hg of the measured ambient pressure), and a leak check were
performed on all PartisdPM, s speciatiorsamplers. The sampler flow rates were calibrated
within °1.0% usingan external flowmeter (MinBuck calibrator M30, A. P. Buck, Inc.,

Orlando, Fla.). All sampling cartridges were prepared and assembled in the laboratory for
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each sampling event. The collected PM samples (filters) were transported to the laboratory in

a moler with ice packs (at 4°C) for analysis.

2.6 DATA ANALYSIS
2.6.1 Field data processing and validatiorfor PM baseline emission estimation

Procedures for field datagressing and validatiaconsised of three major steps: (1)

import all data files and relatédformation into SAS database; (2) flagging/validat and

(4) emission estimatn and model developmerfigure2.15 shows the data processing

proedures. The data managemesisconductedaccordingo SOP(Purdue Ag Air Quality

Lab, 20063 the algorithms used to automatically flag datae notedn SAS programs.

Manual data flaggingvasrecord in the data processing notebook (or electronic file), which

included the reasons, periods and ogters.
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Figure 2.15. Flow diagram of TEOM data processingand validation for emission estimation

2.6.2 Field data processing and validation for PMchemicalcharacterization

The data analysis procedures RM, s chemical characterization are showrrigure
2.16. The PM chemical characterization fr@#hr filter samples includg&mass
concentations, ions, elements and OC/EC concentrations. Based csdason datdhe
seasoal variation, the correlation of chemical characterization and the relationship with
source emissiowereanalyzedusingregression methods. The down/upwind concentrations
werecompared and emission source contributi@sestimated, ANOVA andegression
statistics methodaereapplied to test the difference between down and upwind

concentrations, link the dowvind concentration
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Figure 2.16. Flow diagram of data processing and validation folPM characterization

2.6.3 PM emissionrate determination
2.6.3.1 PM emission rates istrategyl data collection periadl- stream method
In strategy | (9/24/07 2/26/09), PM concentrations immediately upstream of a minimum
ventilation fan on the®ifloors of house8 and 4 were continuously monitored by a TEOM
PM monitor. In this case, all the fans in each house were treated as one exhaust stream for

PM emission calculation. The PM emission rates of houses 3 and 4 were calculated by the
following equation:

e P . 4273+ 20 o '
£ _8ox P (C. -C &0
Rowt 1- stream ng P, W %( ° ')

whereERsy 1.stream= house PM emission ratey/s) calculated by treating the whole house

ventilation as one exhaust stream,
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Q, = whole house exhaust airflow rate at(f*/s) = summation of individual
airflows of all the fans,

P, = pressure of exhaust air (atm),

Pan= Standard aipressure (atm),

T, = temperature of exhaust aicj,

C §= PM concentration of exhaust aig{m®) measured by the TEOM on th& 1
floor (reported as under standard conditions of@01 atm), and

C ¢= inlet PM concentratiom@y/m®) measured by the Beta Gage (repoetedinder
standard conditions of 2T, 1 atm).

2.6.3.2 PMemissiomrates instrategyll data collection periadl - stream and 2

streams methods

In strategy Il (3/5/09 10/26/09), PM concentrations on the two floors of house 4 were
simultaneously measured by tiveo TEOMSs to capture spatial variations of PM
concentations. In thisstrategy t he houseds PM emissioor rate \
2-streams method. Like the emission calculation in strategy |-tileedm method treated
the wholehouse ventilabn as one stream. Equatig+l was used to calculate the PM
emission rate of house 4 in this strategy |I.

The 2stream method considered two separate exhaust streams. All the fans%n the 1
floor were treated as stream 1, and all the fans on"fHar were treated as stream 2. The
airflow for each stream was calculated by summing the individual airflows for all fans in the
stream. In this &tream method, the PM emission rate of house 4 was calculated using the

following equation:

e P, ,a273+20 8 . e P &3+20, 02 .
E = A * __ 0l % o C. -C. + 02% * ot (@ (2-2)
I:§>MA2- streams de Patm 9%73 + TdL %( @ ) qé< Patm _|:|'(2 (%ﬁ )

whereERsv 2-sreams= house PM emission ratat/s) calculated by treating the whole
house ventilation as two exhaust streams witfidbr as the stream 1 and@loor

as tke stream 2,
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Qo1 & Qo= streams 1&2 exhaust airflow rate at(fn’/s) = summation of
individual airflows of all the fans on thé'floor (stream 1) and on thé“loor
(stream 2),
Po1 & Poz = pressure of exhaust air (atm) of stream®ifigior) and stram 2 (2¢
floor),
To1 & T2 = temperature of exhaust af€) of stream 1 (tfloor) and stream 2 (2
floor),
C & & C &= PM concentration of streams 1&2 exhaust miy/if’) measured by
the TEOM located on the'Hloor and 2% floor under standard conditions (20, 1
atm),
C ¢= inlet PM concentratiom@y/m®) measured by the Beta Gage under standard
conditions (20°C, 1 atm).

2.6.3.3  Comparison of PM emission rates deterrdibg 1-stream and-3treams
methods

To compare difference of the house PM emission rates calculated by the two methods (1

streanvs.2-streams), a relative difference term was defined and calculated by the following:

RdiffPM-emission — PMenissioazweams_ PMem‘ssioamream * 100 (2_3)
(PM +PM /2

emission 2streams emission 1stream)

whereRdiffem-emissior= relativedifferencaen PM emission calculated usingstream and 2
stream methods (%).

2.6.3.4  Specific emission rates

For compariso purpose, the emission rate from animal housing is often expressed in
terms mass of pollutant per animal housed over a given time period, or mass of pollutant per
live mass of animal housed over a given time period. In this study, based upon the hen
population and average body weight that were collected on daily inventory sheet, the house
emission rates were converted into the ‘specific (g/dhen) or live masspecific (g/dAU)
emission rates by dividing the house PM emission rate by the hen poputattal tve

mass of the hens in AU (1AU=500Kg live mass). Detailed information about the ventilation
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rate, the bird populations and body weights for emission rate calculations may be found in
WangLi et al. (20125.

2.6.4 Spatial variations of PM concentrations
To investigate spatial vatian of PM concentrations, the relative difference in PM
concentrations between th& and £'floors was defined and calculated by the following

equetion:

RdiﬁPM-con — PMconan B PMconlst * 100 (2_4)
-~ (PM_,,,+PM_ )/2

con-2nd con-1st

whereRdiffbim.con=relativedifferencein PM concentrations between 2 floors (%),
PMcon2nd= PM (i.ePM; 5, PMyo, TSP) concentrations measured by the TEOM on
the 2%floor,

PMcon1st= PM (i.e.PM,.5, PMyo, TSP) measured by the TEOM on tHidbor.

2.6.5 Cumulative frequency distributions of PM (PM2 5 PM1pand TSP) emissions
To obtain insight on how often a certain emission value lies above (or below) a reference
value, cumulative frequency agaés were conducted. Frequency distributions of PM
emissions were built based on two steps: (1) the overall range of the PM emissions that
occurred over the study periods was counted; (2) these counts were calculated as a
percentage of the total numberslamumulative frequency distribution was summed by sub

range. Theloserved cumulative distribution function (CDF) of PM emissions is defined as

Fy(X) = NW 100 (2-5)
whereFy(x) = cumulative distribution (%)
No= number »f values O
N = the numbers of nemissing observations.
The CDF is an increasing step function that has a verticad pfrit/N at each value of x
equal to an observed value and it is also referred to as the empirical cumulative distribution
function (ECDF).
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2.6.6 Winsorized estimatorsi the Winsorized confidence interval of PM emissions
In scientific studies, it is common tse a confidence interval (Cl) with a particular

confidence level (e.g. 95%) to indicate the reliability of an estimate of the true value. If a
popuktion follows a normal distribution, the classic 95% CI will include the true value of the
parameter at 95%f the time. Howeveiif a population does not follow a normal
distribution; the classic 95% CI will not be the best estimator to indicate the reliability of the
estimation of the true value. In this reported study, it was observed that the PM emussion di
not follow a normal distribution. Consequently, the classic 95% CI does not provide the best
interval estimation that contains the true value of the PM emission. The Winsorized analysis
method was taken to calculate more robust estimators that areelglaisensitive to
outliers and moderate or even large departures from the assumptions of normal distribution .
This analysis method includes the following steps:

i Calculation of the kimes Winsorized means:

n-k 4

;Wk:%%k 1) Xy A %) (K Dy (2-6)

i=k 2

where, n = the number of observation, and
xq = the I" order statistic when the observations were arranged in increasing order
of X0 € . . @) X px
1 Calculation of the Winsorized sum of squared deviation:

n-k 1

=k Dty %) & O % (KB g% %) (2-7)

i=k 2

9 Calculation of the Winsorized standard error:

__n- 1 Sk -
SE. = 3 2-8
ﬁxwk) n- 2k -1 \/n(n_ l) ( )

I Calculation of the Winsorized 95% confidence interval:
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Xk © borsn a 265 (2-9)

2.6.7 Time-averagedtransport winds
Time-averaged transport winggeredefined as the avage wind speed and direction of
all winds withinasampling period, which generalzéhe idea of the transport wind within
the atmospheric layer bounded by the surface and the mixing (deional Oceanic and
Atmospheric Administration, 20)1Time-averaged transport winds provide information
about the horizontal dispersion of P& shown in figure 4, wind direicin (q) wasrecorded
as 0° to 360° with north as the refererféce windwas avector, theJ component (zonal)

and thev component (meridional) of the wind at each minuézecalculated as:

U= § ¢nQ) (2-10)
V= § cosq) (2-11)

whereS and g = the wind speed and dogon at timei.

The zonal component waspositive when the windvasblowing from west to east,
and the meridional componen)(waspositive when the windvasblowing from south to
north.

The timeaveragedJ component (zonal) arid component (meridicad) were calculated

as:

— 1.

u=—au, a
NaY (2-12)

— 1.

v=—aV -
NaVY (213

whereN=the total recorded data points.

The speedS) and direction(q) of time-averaged transport wind is calc@dtas:

2

<l

S=J02+ (2-14)

g = arcta

te] o
e
|-GDO

+ qo (2'15)
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wheregy = 180° if V>0,
gp=0°ifv<0andU<0,and
g = 360° if V<0 andU > 0.

©=360°

U>0 u 3:8
V<0

vie

©=270° ©=90°

U>0 U<0
V>0 V>0

©=180°

Figure 2.17. U component (zonal) and V component (meridional) of timaveraged transport
wind.

2.6.8 Multiple linear regressionrmodels
Multiple linear regression analygidohnson and Wichern, 2008 a classic statistical
method for assessing the effects of multiple independent variables on the dependent variable.
Specifically, linear regression modeling was conducted irsthidy to linkPM, s
concenteations with several possible influencing factors. This regression model takes the

following form:
y=b,+bx +bx,+..+b x +a (2-16)
wherey=the PM, s mass concentration (i.e., the dependent variakle}, ...,X, = the

independent variabledy is the regression coefficient; aads the random error.

2.6.9 Pasquill stability classes
In study of meteorological impact on pollutant disgpon, knowledge of atmospheric
stability is required. In literature, Pasquill stability classification is the most commonly used

method to define stability classes. In this method, six Pasquill stability classes could be
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derived using measured surfaceteaeological data including wind speed, the time of day,
incoming solar radiation, and cloud co¢€olls, 2002 Copper and Alley, 20021n this

study, the atmospheric stability classes were derived on a scale from A (very unstable) to F
(stable) based upon the onsitddimneasurements of solar radiation, wind sp@edle 2.12)

Table 2.11. Pasquill stability classe"

Day time Sun (flux density in W/m2) Night time (cloud amount in oktas)c
Surface wind Strong (>590) Moderate (300 Weak (<300) Cloudy ( Clear (
speed (m/s) 590)
<2 A A-B B E F
2-3 A-B B C E F
35 B B-C C D E
5-6 C C-D D D D
>6 C D D D D

a: table isadaptedfrom Colls (2002; b: A=very unstable, B=moderately unstable, C=slightly unstable, D=neutral,
E=slightly stable and F=Stable; cloudiness is defined as the fraction of sky covered by clouds; d: Surface wind speed is
measured at 10 m above the ground

2.6.10 Mathematical distribution models
In attempting to determine which distributions provide the best fit of the obdemggl
andPM;jo concentrations at four ambient statipfur potentially applicable distributions
(normal, lognormal Weibull and Gammagreselectedand their PDF functions are listed in
(Table2.12).

Table 2.12. Probability density functions (PDF)of normal, lognormal, Weibull and Gamma

distributions
Distribution Name PDF function Note
a (x-0)%0 x: variable
Normal P(x) = ex[ER ( Z) 8 d: location
IN2p ¢ 27 = : scale par
1 3 (logx- 0)®6 X: variable
Lognormal P(x) = EX[ER (log ZC/) 8 d: log scale
x/\2o ¢ 2/ s . shape pa
X a X _ X:variable
Weibull P(x) = exp(- (-)7).—.(5)** U: shape par
/ !/ a scal e pa
a X _ X:variabe
Gamma P(X) =— X texp(—) U: shape par
/ G( 3 / &: scale pa
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2.6.11 Upwind and downwind definitions
Based on the measured wind directions, the hd¥Mys andPM;, observations were
grouped as upwind and downwind. As showkigure2.1, for the wind lineon ST2 and
ST4, if the wind was blowing from ST2 toward ST4, then ST4 was labeled as downwind. If
the wind was blowing from ST4 toward ST2, then ST2 was labeled as downwind. The same

group method also was applied to the wind line on ST3 and ST5.

2.6.12 Censoreddata analyses

The EDXRF is a greaimethod for analyzing trace elements in a large numbers of filters
with high throughput. However, for normally loaded filters, certain elements are usually
below detection limit. When the level of an element in a samgkssthan the detection
limits (DL), the XRF automatically generates censored data, and reports as zero mass on
filter. The retention of values less than DL in data sets can avoid unnecessary loss of
information. An obvious question then is how to esterthe mean and standard deviation of
the population from which the sample was drawn. Generally, deletion or substitution
methods provide poor estimates of the mean and variance of censored samples. These
deletion and substitution methods include the usalies above the detection limit (DL)
only, or substitution of 0, DL/2 or the DL for the below DL values during the calculation of
mean and variance. A vaty of statistical methods provides better estimators. The approach
used in this studfor processng measured elements concentratias:(1) thecensored
values were replaced lofgtection limits (2) parametric methodas applied t@assume a
normal distribution and maxum likelihood methodvasusedto estimate parameters, based
primarily on the norcensored data but incorporating the size of the censored and non

censored components of the sample

2.7 THERMODYNAMIC EQUILI BRIUM MODEL: ISORROP IA

In this study, the ISORROPTAI (Fountoukis and Nenes, 200¥as used to simulate
patitioning of gas phase Nf-and particle phase inorganic aerosols and to conduct sensitivity
analysis to quantify resporssef inorganic aerosols to changes of precursor gas spedmes. T
complete theory of ISORROPIA was presented in several studiEsuntoukis and Nenes,
2007 Nenes et a) 1998 1999. In brief, this model incorporates ammonium, sodium,
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chloride, nitrate, sulfate, potassium, magnesium and calcium, which are partitioned between

gas, liquid, and solid phases. The aerpsoticles are assumed to be internally mixed. The
state of chemical equilibrium in a closed aeragad phase system is that the total free

energy of the system is at a minimum. Water activity is assumed to equal to the relative

humidity, the multicomporret acti vity coefficients are

The aerosol can be either in a thermodynamically stable state or in a metastable state.

For this study, the forward mode of ISORRORIAvas applied in all simulations, in
which temperatureRH and the total (gas + aerosol) concentrationétef H.SO,, Na, HCI,
K, Mg, Ca and HN@were known quantities (field measurements) and used as inputs.
Thermodynamically stable state option (salts precipitate if saturation is exceeded) was
seleted toexecute all simulations. Only observations, for which there were valid
measurements of the total (gas + aerosol) concentratididHH,SO,, Na, HCI, K, Mg, Ca
andHNOs, wereused for simulations.

For ambient stations, the total (gas+aerosol) conatons ofNH3; were calculated using
the sum oNH3(g) measurements by Denud€ andNH," measurements by Nylon Filter
IC. For inhouse station, the total (gas+aerosol) concentratioNslgivere calculated using
the sum oNH3(g) measurements by the INNR 1412 multi gas analyzer under the
NAEMS (WangLi et al., 20123andNH," measurements by Nylon Filé€. Total (gas +
aerosol) concentrations of HCI, HN@ndH,SO, were estimated using Nylon filté€
measurement.
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CHAPTER 3. FIELD EVALUATION OF PARTICULATE MATTER
MEASUREMENTS USING TAPERED ELEM ENT OSCILLATING
MICROBALANCE IN A LA YER HOUSE

3.1 ABSTRACT

The tapered element oscillating microbalance (TE@Mne type of continuous ambient particulate matter
(PM) monitor. Alsorption and desorptioaf noisture and semvolatile speciesnaycausepositive or negative
artifactsin TEOM PM mass measuremenhe objective of this field studyas to investigate possible
uncetaintiesassociated with TEOM measuremeintthe poultry operation environment. For comparisons of
TEOMwith filter-based gravimetricnethod four instrumentsTEOM-PM;,, low-volumePM;o,sampler, TEOM
PM, s and PM, sspeciation sampl@mwere collocated and tested insidgoultryhousefor PM, sand PMyq
measuements Fifteensets of 2sqour PM,o concentrationsand thirteensets o24-hour PM, s measurements
wereobtained Results indicate that compared with filesised gravimetric method, TEOM gave significantly
lower valuesof bothPM;q and PM, smass concentrations. F@&M,,, the average ratio oFEOM tothe
gravimetric methodvas0.936. For PM, 5, the average ratio ofEOM tothe gravimetric method was738
Particulate matter in the poultry houspeassibly contains semlatile compounds and moisture due to high
levels of redtive humidity (RH) and gas pollutants. The internaltreamechanisnef the TEOM may cause
losses in masthroughvolatilization. To investigatehe effects of TEOMettingson concentration
measurementshe heaters ofivo identical TEOMswere set ab0 °C, 30 °C or no heatingat all. Theywere
collocated ad tested for TSHEM;pand PM, smeasurements ilayer house for six weekBor all TSP,PM,
and PM, s measurementsghe internalTEOM temperature setting da significant effectfg < 0.05).

Significantly highePM mass concerdtions were measured awer temperature settisgTheeffects of

"Adaptedwitper mi ssi on from fAFiel d ewaémenstusingn o f
tapered el ement oscillating.LmiWangtbAdL@nce i n
and A.J. Heber. Journal of Air and Waste Management Associ&2¢d): 322335..

49



environmentali(e. temperature, RHNH; and CQ concentrations) and instrumentalg(. filter pressure drop
andnoise) parametersn PM measuremenigere alscassessed using regression analysising

thermodynaie equilibrium model ISORROPIA), theorganic nitrate, chloride, particle bound water and
partial NH; were lost in TEOM operation conditions. The predicted inorganic PM mass in TEOM operation

conditions were 20% less than in weighing chamber itimms.

Keywords: Bpered element oscillating microbalance (TEQMter-based gravimetric methotayer

house, Comparison.

3.2 IMPLICATIONS

Because of its potential health and environmental effects, particulate matter (PM)
emissions from animal feeding operatiof8FOs) have beena greaiconcernto the public
andto the regulatory agencies. Ttagered element oscillating microbalance (TEGNY)
monitorhasbeen adapted for continuous PM measurements in some AFO air quality studies.
This studyinvestigatel possibleuncertainties associated with TEOM measuremerds in
egg production environment. It was discovered that there was a signifiaant TEOM
meaurementf PM;o as compared with federal reference method. Internal temperature

settings of a TEOM have siditiant impact on its PM measurement.

3.3 INTRODUCTION

As a US EPA federal equivalent method (FEM)RdA;omeasurement@)S EPA, 1997,
thetapered element oscillating microbalance (TEG#8 continuous ambient particulate
matter (PM)monitor. The TEONMhasbeen widely used in\aariety ofair quality studies and
monitoring in recent yeal&ilbert and Clark, 20Q1Green and Fuller, 20Q0&rover et al.,
2005 Rogers et al., 199&%chwab et aJ 2004. The TEOM measures PM mass
concentation continuouslywith a microbalance. The filter and tkampled aipassing
through filter areconditioned taa constant temperature (50 or°8) to minimize
interference ofvater condensatioand temperane variations with mass measuremeiite
default value for this constant temperature setting RC5@hich was determined
empirically by the manufactur¢Patashnick and Rupprecht, 1991
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Allen etal. (1997 reported wide variations in thelatonshigs between the traditional
filter-based method artie TEOM. Theextent of variations depeadupon monitoring
location, samplingtime, and PM concentrations. Ammonium nitrate ¢NB3) and semi
volatile organic§SVOCs)were suspected to be theuse foithe observed discrepancies.
Immediatly following this study, a series of articles, responses, and rebuttals were published
to discuss and debate the pros and cons of the TEOM metheariousapplicationgAllen,
1998 Patashnick, 1998Since then, more studies reported thafTEOM gave lower PM
mass concentration measurements as compatiedil ter-based PM sample(éyers et al.,
1999 Jaques et al., 2004ee et al., 200%Price et al., 200Rizzo et al., 2003Vega et al.,
2003. Two plausible reasomdiscussed extesively from these studies arb): losses of
particulate material(semivolatile PM andarticleboundwater) inthe TEOM due taits
internalhedaing mechanismand2) negative angbositive artifacts associated withanges in
air mass compatson (Allen et al., 199Yor thermal instabilityof the TEOM systeniPage et
al., 2007 Patashnick, 1998

To makeTEOM measurements comparable with the regulatory PM federal reference
methods (FRM) samplers, several approaches, sudrrastion factorg¢Green et al., 2001
Green and Fuller, 200&ing et al., 2000Muir, 200Q Patashnick and Rupprecht, 1991
(NH4)2SO, loss orrection(Charron et al., 20Q4rice et al., 2003nstrument settings
change (Patashnick et al., 20Dand use of the differential TEOM monit@aques et al.,
2004 Patashnick et al., 20DpIhave beerstudied Based upon field evaluations at several
U.S. and overseas sit@atashnick and Rupprecht, 199the manufacturer recommended

the following correlation between TEOM monit@nsd the reference samplers as:
Y =3.0+1.032 X (3-2)

whereY =the PM;, concentration measured by an FRMI;, samplerand
X =the PM;o concentration measured by a TEEGNW;, monitor withdefault
internal settinggpg/m?).
To use TEOMPM; data for regulatory compliance with the European Air Quality

Stardard, Muir refined the correlation factors for difeart application scenari¢Muir,
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2000.Howe v er , Wndicatabtisat therenasho universal arrectionfactorfor
different applicationsPM sampling locatiorsamplingtime andseason, PM sizand
instrumental settingsll have different significant impacts on the correction factGrarron
et.al (2009 found that botiPM;o andPM, s TEOM data were significantly improved by
adding the paiculate NH;NOs at a rural site.In 1993, a TEOM temperature setting of°80
was approved by EPA on a cdsgcase basi§Patashnick et al., 20Dt was specified that
if there is a significant portion of volatile organic compounds (VOCBNk, and if the
measurements ate be conducted in winter with outdoor temperature less thd@,25
instead of usingefault setting of 50C, a lower temperature of 3C can be used. In 2001,
Patashnick et a{2001) developed a differential TEOM system to overcome the bias of
semtvolatile PM mass loss. The preliminary data demonstrated its ability to track adsorption
anddesorption from sample filter§laques et al., 200Ratashnick et al., 20p1

TEOM resonant frequencyhange are not onlynfluencedby the collected PM but also
by air stream relative humidity (RH) and temperature, gaseous pollutants, and particle
chaacteristics. Theabsorption of gaseous species and moisture in the sample stream onto
thefilter will result in positive measurement artifacts. The seafatile andparticlebound
water desorption frorthefilter will result in negative measurement artifat¢iew these
positiveandnegative artifactare handledhas significant impaston TEOM measurements.
TheDivision of Air Quality at North Carolin®epartment oEnvironment andNatural
Resources recommended that negative values «tpg/nT should be kept and below0
ng/m® should be flaggedut in its standard operating procedure (SOP), no ddtadientific
basis was provided for this recommendatidine exact reasons for the positive and negative
artifacts in TEOM mass concentration measurements are very complex and not fully
understood.Gilbert and ClarK2001) and Jarret et a(2001) reportecthatmoisture
adsorption andeborption by the filtewerethe primary sourceof negativeandpositive
artifacts.Themechanism formoisture adsorption and desorption edso likewiseapplyto
other semivolatile inorganic ana@rganic compound$/oisture adsrption and desorption
are illustrated in three case scenarioBigure3.1.
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In recent years, animal feeding operations (AFOs) shifted to fewer farms with greater
numbers of animals raised on each faPl concentration andmissionat AFOshave been
of increasing concero the public andheU.S. EPA (NRC, 2003 The TEOM has been
adapted for indoor PM concentration measurements in some AFO air quality §tlebes
et al., 2005 However, only foPM;oin ambient air, TEOM was approved by U.S. E&A
an equivalent method for Z#bur average concentrati¢atashnick et al., 20D1

In poultry housesair consists of a mixture of dry air mass, moisturgdHandseveral
other gases like carbon dioxide (gCammonia lHs), hydrogen sulfide (k86), and VOCs
and SVOCs. The gaseous pollutants tpagresentat high concentrationsln-house
moisture production includes water vapor evaporated from wet manure and exhaled by the
birds. CQ originates mainly from air exhaled by the birds, and can be used to assess the
effectivenessof ventilation. NH; originated mainly from bacteriological press in the
manure, and it is easily bound with water to fa¥id;.H,O. InfhouseNH3 concentrations
depend on veilation, temperature, RH, bird stocking density, and manure conditions.
Particle phas®&lH3z.H,O may affect TEOM measurement. VOCs and SVOCyga@uced
from decompsition of amino acids and carbohydrafstackie et al., 1998MataAlvarez et
al., 2000. The reported top five VOCs or SVOCs include: acetic acid, butanedione,
methanol, acetone, and etha(iMabuea et al., 20)0High PM concentrations were
observed in poultry houses, and the influencing factors on PM concentrations in poultry
houses include ventilation, bird activityrthiage and type, air temperature, RH, manure
conditions, feeding system, hygiene, and manure management practices . Using TEOM for
PM measurements in poultry houses faces some harsh environments, which the instrument
was not originally designed to \mgtand.

For data quality assurance, there is an urgent neaddstigae possible uncertainties,
andlimitationsassociated with TEOM measurement&FO environments so that the
measurements by TEOM and FRM methods can be compavableach other. The
objectives of this study were to 1) compare PM measurement&Ms and gravimetric
filter-based PM samplerg) investigatehe influence of TEOM internal temperature seting
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on PM measurementand 3)assess the effects of instrumental and environmeatebles

on PM measurements in AH@ultry environments.

Figure 3.1. lllustration of three case scenarios to explain positive and negative artifacts from
moisture adsorption and desorption in TEOM mass reasurement. A: moisture adsorption and
desorption from TEOM filter and collected PM
concentration is measured. B: during an increase RH, TEOM filter moisture absorption rate is
faster than desorption rate, resultinginahi gher TEOM mass concentratior
+absor bed moisture) than the Atruedo value (opm).
moisture absorption rate is slower than desorption rate, resulting in a lower mass concentration
( gpindesorbed moisturet han t he fAtrued mass ( gpm)

3.4 METHODOLOGY

3.4.1 PM Monitors & Samplers: TEOM -PM, §/PM1y/TSP monitors, Partisol 2300
PM, 5 Speciation Sampler, Lowvolume PM;o Sampler

TheTEOM( 1400 A, Thermo Scientific, Frankl i n, M
measure®M mass concentration usingagpered element oscillating microbalandiedraws
air through a filter, continuously weighs the filter and calculates mass concentrations. The

fundamental measurement principle by the tapered oscillating element is basedeupo

following equation
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whereAM =the mass change in g
fo= measured initial frequency in Hz,
fi = measured frequency at tihen Hz, and
Ko=thecharacteristic constant of each instrument.
In this study, folPM, .5, PMyo, or TSP measurementee TEOM was operated with
PM, s, or PMjg or TSP samplingnlets, respectively.

ThePartisol 2300PM, s Speciatiorsampler is one type of filtebased®M, s sampler. This
speciation sampler consists of four filter sample cartridges and a flow control system. These
cartridges can hold quartz filssfior organic carbon@C) and element carbon (EC) analysis
Nylon filters for ions (cations and anions) analysis and Teflon fdfer trace elemestand
PM, smass analysis, respectively. Each cartridge coadi@rsharpcut PM, s impactor
opeaating at a flow rate of 101/min (for Nylon and Quartz filters) dr6.7 I/min (for Teflon
filters). In this study, 24r PM, ssamples collected ahe Teflon filters were analyzed for
mass concentrations f ongprocedurafgrth&ENatloidas st andar d
Chemcal Speciation Network (CSN) at RTI internatio(@003. The gavimetric analysi®f
PM, s samples was conducted ieanperature and Rebntrolled chambelhetemperature
was controlled between 2ZB°C with a standard deviation less ti288. The RHwas
controlledbetween 310% with a standard deviation less tféa The filters 46.2 mm dia.
Whatman2-um PTFE) were conditioned in this chamber for a minimum elf p8or to
determiningthe pre and post weights of the filtgsinga microkalance witha minimum
readability of N1 & dNIS&tradeabée standapds wereappiiedtot vy o f
determine the merobalance performance.

The filterbased lowvolumePM;o sampler(LV -PM;g) consisedof a FRMPM;, sampling
head and flow control systefWang et al., 2005 The LV-PM;j, flow control system was
designed and manufactured by Texas A&M Univer@tang et al., 2005 The flow rate
through thePMyginlet was 1 nih. This flow rate was maintained with less than 1% variation

by monitoring pressure drop across a stetge orifice meter. TheM;o samping duration
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for the 46.2 mm diameter @m PTFE Whatmarn was24 hours. The total volume of air was
calculated based on sampling time and air flow fétang et al., 2005 The sample filters
were kept in plastic petri dishes and conditioned before and after testing in a weighing
chamber for 24 h at 2@23°C and 30640% RH for preand postweights. Each filter sample

was weighed three times, and thean was used to calculd&®®;, concentrations.

3.4.2 PM Samplers Placement and Settings

The field PM sampling and monitoring werenducted in a highise layerhouseata
commercial egg production farm in North Caroliftavasa typical tunnelentilatedhouse
in the Sutheast U.S. with dimensions of IifHL) by 18 m(W). Thehousecontained
approximatdy 95,000 hens in six rows oftfer A-frameandcurtain tacked cages on the
upper floor. Manure fell onto the curtain backed cages and then down into the first floor (pit),
where it was stored f@approximatelyone year.

As illustrated inFigure 3.2, for comparison of TEOM and filtdsasedsamplersthe
TEOM-PM;p, TEOM-PM, 5, LV-PM;0 and Partisol 2308 M 5 speciation samplensere
placedimmediately upstream of the primary representative exhausiféime first floor of
the layethouse The sampler inlastwere2 mawayfrom the fas, whee airflow generated by
the exhaust fans was observed to be low (less than 2 m/s) and had insignificant impact on the
samples performance.In thisset ofcomparison studs, the internal temperatures of two
TEOMs were set at 5&C (the manufactrerdefadt value). Fifteenfilter based 24 samples
were taken foPM;o, and 13ilter based 24 samples were taken f@M, sduring
November, 2009 to December 2009
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TEOM-PM;.

TEOM-PM,,

. Partisol PM, -
speciation sample

Figure 3.2. Collocated PM samplers on thdirst floor of the high-rise layer house. From left to
right: Partisol PM, s speciation sampler, TEOMPM, s, TEOM PM 45, and LV-PMyq

To investigate the effect of TEOM operating temperature (internal temperature s#igng),
two side by side TEOM@=igure3.2) were tested with both units equipped with T6P,
PMjg, or PM; ssampling headOne TEOM(labeled as TEOM 1) was set hetdefault
temperature setting (5C). The other TEOMlabeled as TEOM Ayasset ateither30°C or
no internal heting. No internal heatingheans that the internal temperature control of this
TEOM was turned of{in inactive mode)The continuous data collectioccurred between
October, 2009 and December, 2009.

3.4.3 Measurements of Environmental Parameters

In addition to PM mass concentration measurements, some environmental parameters were
also measured to investigateir potential impacton TEOM measurements. Surrounding
air temperature andH were measured by capacitaftgpe RH/T probes located in the
housebeside the TEOM units. Concentrationd\Ndi; and CQ atthislocation were also
measured with a photoacoustic infrared rg#s monitor (INNOVA Model 1412,
LumaSense Technologies A/S, Ballerup, Denmdrigm December 2008 to December
2009, sixtysix (66) PM. s Nylon filter samples were taken usitige Partisol2300 $eciation
sampleifor analysis ofinion 8§O:%, CI, andNO3) and cationsNH,", Na’, andK*).. The
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ion analysis was conducted using ion chromatography (I®Tdynternationakt Researh
Triangle Park (RTP), North Carolina

3.4.4 TEOM Operation and Data Validation

The negative and positive artifadiiases can be minimizedhen the average
concentations are calculatedver longer periosl of instantaneous monitoring data. The
longer periodgan smooth out shetérm fluctuations and highlight longerm trends
Meanwhile,the dfect of moisture and volatile compoundsuldbe minimized by limiting
filter loadingbecause accumulated PM results in more adsorgt@ber et al., 2006In this
study, the EOM filters were replacedhen the loadingeachedb0% and 3Gmin average
datawere reorded. Except for some ghost peaksthlpositive and negative artifactere
keptin averagemass concentratioralculationsDeleting of negative valuegsults in

overestimating mass concentration and therefore should be avoided

3.4.5 Statistical Analysis
All univariate data analyses;t€sts, and linear moddigr this study were conducted

using SAS/STAT software, version 9.2 (SAS Institute Inc., Cary, NC, USA).

3.5 RESULTS AND DISCUSSION
3.5.1 TEOM vs. Gravimetric Methods

Table3.1 presents the meaand mediasof PM;o andPM, s mass concentratiorisom
thefilter-based samplers (L¥nd Partisol) anthe TEOMSs. During sampling period, the
temperature ranged from 18.0 to 2Z0with mean 20.2C and standard deviation 1°Q,
and the relative humidity (RH) ranged from 56% to 79% with mean 70% and standard
deviation 5.6%. TheTEOM repatedlower PM;po andPM, s mass concentratigrithan the
filter-based gravimetric methoAlso robust estimators (mediansgrecalculated Table
3.1), and theyereinfluencedlessby skewed data (occasional low/high concentration)data
thanthe TEOM means. Th&d EOM and LV samplehad similamedian valuesf PM;, but

significantly different medians ¢tM, s.
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Table 3.1. PMo and PM, s concentration comparison

PMy, Concentration (ug/fn*=15)

TEOM-PMj, LV-PM;q
Mean £SD 902+263 968+284
Median 974 977
Test for difference between methods of TE®MI;o and LV-PM,, samplers
Test Statistic p-Value
Studentsoé T 24 0.029
Sign (M) 45 0.035
Signed Rank (S) 40 0.021
PM, s Concettration (ug/nf, n*=13)
TEOM-PM, 5 Speciation (PartisoPM; s
Mean £SD 125+41.0 193t65.5
Median 132 202
Test for difference between: TEORM, s and PartisoPM; s
Test Statistic p-Value
Studentsoé T 4.89 0.0004
Sign (M) 5.50 0.0034
Signed Rink (S) 435 0.0007

n*: the number of samples.

Both paired itest and nofparametric sign ansignedrank tests wereonducted to test
the difference between these two meth@kS, 2009. The paired-test looks for a
difference in means and assumes the observations are independent and identically normally
distributed. While the neparametric sign and signechkatests look for a difference in
medians, neither of these teassumehe data to be normally distributeeor PM;g
comparisos, thep-values forthe paired ttest (0.029), siged (0.035) and gjnedrank tests
(0.021)wereless than 0.0%Table3.1). Thus, there arsignificantdifferences betweethe
PM;pmeans and medians of two methods. This observation agrees with other(gtleies
et al.,1997 Park et al., 2006Rizzo et al., 2003Vega et al., 2003 Also, for PM; s,
statistical testshowthetwo methods &dsignificantly different meanp < 0.05).

Reasonable strong correlation betw®ah, concentrations determined by the TEOM and

the LV sampler werebtainedrigure3.3A, and is expressed by 8¢3.

PM =0.858PM,,, ,, + 713

10TEOM 10Lv

R?=0.86 (3-3)

wherePM;greom = the PM;o massconcentrationsneasured by the TEOM pgfmand

PMzoy = thePMyo massconcentrationsneasured by theV -PMqosampleqg/n.
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The linear fitbetweernPM, s concentrationsneasured by the TEOM amartisol
samplesis shown inFigure3.3B. PM, s dataweremore scattered thdM;o, and the linear

regresion between those onmethods is given iaquation

PM

25TEOM

=0.44PM,s,, +438 o0 4o @4

wherePM sreom = the PM, s massconcentrationsneasured by the TEOM pgfrand
PM, spar= the PM, s massconcentrationsneasured by thBartisolPM, ssampler
pg/m>.

Intercepts close to zero and slopes closeitalitate equivalency of thmethodslIn the
two regression models (egs3 and3-4), large intercepts/(L.3 forPM;o and43.8 fa PM, 5)
suggest a systematic bias betwees¢heo methods. In this studthe PMyq ratio
(TEOM/gravimetric)averaged 0.936d=0112), and varied between4and 1148.The
PM, s ratio (TEOM /gravimetriclaveraged.738(sd=0319 and varied between3¥3and
1.672 The variability of the ratios furthéndicatesthe lack of agreement between TEOM
and graimetric methods.

The most frequently identified cause of difference in PM mass concentration
measuements byfilter based and TEOM methodsthe Iss of semiolatile mass an&M-
bound moisturelue to heating of the TEOM sampling stream t6GQAllen et al., 1997
Grover et al., 2005)erez et al., 200&/ega et al., 2003 Therefore to correct forpossible
loss of paticulate NHNO3 by heatingthe concentation of particulate NENO3; was used to
adjustTEOM measurement3he mean concentration of particulate JNKD; in thetesting
layer housavasobserved to b8.843 pg/ni. Adding NFHuNO3 to the TEOM-PM, 5
concentration did not make any significant improventerthe comparison betwedfOM
and filterbased methasl Compared witithe PM, s mass concentration (mean=195 pgym
the particlate NH;NO; concentration (mean = 0.843 pgjnn the layer house was
negligible NH;NO3z was not the dominant compound, and dot contributesignificantlyto
the overall PM mas3.herefore, aubstantial portion of mass loss niteve beerfirom the
volatilizationof PM-bound moisturandVOCs/SVOCs. The National Air Emissions
Monitor Study (NAEMS) at this research farm dete@8dnost prevalent VOCs in Canister
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sampledaken at the same sampling location as it for this stlidy.top 5VOCswere
acetaldehyde, pentanepftanone,sopropanol, and dimethyl sulfid@vang et al., 2010
Total VOCs concentration ranged from 0.26 to 0.81 mg/m

The results of this field study show that TEOM and fitesed methaohrenot
interchangeablén determinng PM concentratiosin layer housesAlso this field
comparisonesults motivated a follovup study on the effects of TEOM internal temperature

settings on PM measurements.

A: PM10 (TEOM vs LV Sampler) B: PM2.5(TEOM vs Partisol sampler)
1600 300
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onc (ug/m?)
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[ 95% Prediction Limits Regression | [ 95% Prediction Limits

Regression ]

Figure 3.3. Measurement comparisons: (aPM,. TEOM vs. Low-Volume (LV) sampler and (b)
PM,s TEOM vs. Partisol sampler

3.5.2 Effects of Internal TEOM Temperature Settings

LowerPM with theTEOM as comparewith filter-basedsamplingwashypothesized to
be due tdeating of theFEOM sampling streanusually50°C). ThePM lost in the
sanpling stream of the TEOMas assumed to meainly SVOCsandPM-boundwater.
However, the amount ofdsorption or desorption cannot be direcjlyantified Temperature
dependent studies tife dynamics of adsorption and desorptizay provide some insight on
the impacts of adsorption or desorption. Thereflove, TEOM units were tested siibg-side
with internal temperature settings50 °C and30 °C, and the mass concentrations measured
by theunits were compared.
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Prior to the omparison testwo identical TEOM monitors (Model 1400A) were tested side
by-side forTSPandPM, for atotal 4 weeks to asseagreementFigures 3.4 and 3.8how
one example for each &SP, andPM;, collocation test resultsThe TEOM 1 and TEOM2

had very similar mass concentratitime seriesKigures 3.4A and 3.5A Figures 3.4B and
3.5Bshowagreementf the two units. ThR&EOM 1 and TEOM2 werehighly correlated
(R>>0.9). Alsothepaired tTest showdtherewereno significant differenesbetwea the
TEOMSs for TSHp= 0.139 and 95%onfidence interval (Cl¥ [-5.39 38.4] andPMg

(p=0.08 and 95% = [-16.8 0.96]). Overall, the repeatability of the two instrumeras

very good, and both traekwell over the entire teisty period.

A: TSP Collocation Test B: TSP Caollocation Agreement Test
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Figure 3.4. A: TSP collocation test time profile forTEOM 1 and TEOM 2 and B: the agreement
test of TEOM 1 and TEOM 2 (solid line=regression line and dashed lines=95% prediction
limits)
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A: PM10 Collocation Test B: PM10 Collocation Agreement Test
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Figure 3.5. A: PMy, collocation test time profile for TEOM 1 and TEOM 2 and B: the
agreement test of TEOM 1 and TEOM 2 (solid line=regression line and dashdthes=95%
prediction limits)

Figure 3.6shows the comparison BM, 5, PM;oand TSP measured by TEOMat50
°C and TEOM2 at30°C. It is observed frorfrigure 3.6Athatthe TEOM operating ab0°C
measured much lower maR¥l, s concentratioaas comparewith 30°C. ForPM;, (Figure
3.6B) and TSHFigure 3.6C)the magnitudeof thedifferences in mass concentratiorfisom
the TEOMs operated &0 °C and 30°C weresmaller tharfor PM, 5. Thislower magnitude
of the differences iPMjpor TSP than iPM,5 is consistent with the logsof SVOCsand
bound moistur@ssociated with the fine PM, beca®éOCsandPM-bound moisturdave
larger proportiosin thefine PM fractionthan in larger particle@-inlaysonPitts and Pitts,
1999. Statstical analysesTiable3.2) showedsignificant differencebetween these two
TEOMs forPM, s measurement$€0.0001) The mean differenceas 59.3 pg/m(50°C vs.
30°C) and the relative difference percentage (RDiff) was 49.2%, which means almost half o
PM, s masswaslost when TEOM operation terapature settingvaschanged from 3T to
50°C. ForPMy measurements, the mean difference was 58.6 Jayioh RDiff was 5.72%.
For TSP, the mean difference was 182 fgamd RDiff wasl1.0%. Higher errors in BP
thanPM;o was possibly due to higher frequency noise error (TSP noise level of)PId;
noise level of 0.16) and larger standard errdh& noise is an indicator of how well the mass

transducer is performing, and itdensidered to beormal if less than 0.10rhe results show
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that TEOM internal temperature settings have significant impact on PM mass concentrations.
Figure 3.7 shows the comparison BM, 5, PM;pand TSP concentrations measured by

TEOM 1 (50°C) and TEOM?2 (temperature contreVasinactive). It was observed thiat

house temperatusariation ha big effect on the resonant frequencytiodtapered element.

This is apparently the reastor the negative and positive artifacts in thEOM signak

(Figure 3.7)For TEOM 2, here werel6% negative mass signal leM, s, 7.8% forPMyy,

and 36.1% for TSP. When TEOM temperature control is inactive, air mass composition
changes andthermal instabilitycause negative /positive artifacallen, 1998 Allen et al.,

1997 Patashnick, 1998Also as shown ifrigure 3.7 both positive and negative antptes

of the response increaks h en TEOMOG s t e nwvpsinactve. Moreovec whert r o |
the temperature control was inactive, there were higher noise.la¥len TEOM operated

at 50°C, the noise values were normally in the range of 0.1 t¢h&ger than ambient
measurement noise levelHowever when TEOM operated at ambient conditions
(temperature contralasinactive), the noise valuesried from 0.5 to 20Such high noise

levelinterfered with the signal

Table 3.2. Effects of TEOM internal temperature settings (30°C vs.50°C) on PM
measurements and the statistical test results

Diff Conc= TEOM2* -TEOM 1 RDIff? (%)

Diff Conc Mean + SD (ugm°) p-value Pct Mean + SD
PM.5 (n°=166) 59.3:29.6 < 0.0001 49.2+18.3
PMyo (n°=250) 58.6 122 < 0.0001 5.72+17.5
TSP (°=120) 182 +186 < 0.0001 11.0£8.71

a: TEOM1: Temperature setting =51C, TEOM2: Temperature setting=3{C;
b: RDiff= Diff CondTEOM 1*100= (TEOM2-TEOM1)/TEOM1*100; c: numbe of measurement8Q-minute mass
concentration averaggs

Statistical analysisT@able3.3) showedthereweresignificant differencebetween the

TEOMs for PM, s measurement$€0.0001) The mean difference was 100 pd/(80°C vs
inactive) and the relative difference percentage (RDiff) was 55.9%Mgymeasurements,
the mean difference was 2jig/m® and RDiff was 27.0%. For TSP, the mean difference was
-552 pg/nt and RDiff was-21.6%.The significant disagreemeot TEOM 1 and TEQM 2

for TSPmay have been due to high noise level from TEOM 2.
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Table 3.3 Effects of TEOM internal temperature settings (Inactivevs.50°C) on PM
measurements and the statistical test results

Diff Conc=TEOM 2* -TEOM 1* RDiff® (%)
(with negative reading)
Diff Conc Mean = SD (ugm°) P-value Pct Mean + SD
PM.5 (N°=144) 100+218 < 0.0001 55.9+240
PMyo (N°=125) 271 +646 < 0.0001 27.0+£102
TSP (N=120) -552 +1971x10° < 0.0001 -21.6+330

a: TEOM1: Temperature setting =58C, TEOM2: Temperature setting= Inactiye
b: RDiff = Diff CondTEOM1*100 = (TEOM2-TEOM1)/TEOM1*100; c: 30-minute mass concentration averages

The TEOMmeasurement isased upothec hange i n the tapered el e
resonance frequencgnd spring constantof K The #fAYoungdés modul uso (
stiffness) of the tapered element changes with the temperature. Therefore, the spring constant
of the tapered element gKwill change as the temperature changes, ithdisces thermal bias
for TEOM measuremeniThe nactive mode reflectsnvironmentatemperaturg, and
therefore will be more subject tthe surrounding air temperatutectuationeffects.The
inactive model was used in this study for comparison purpose brgyndt recommended in
the atual operationsMaintaining a constant sample temperature is criticahdrfuture,
some dvanced computer algorithnesin be applied tanalyze and transform the signal while
suppressing the effects of noise, so usefurmédion contained in the raw signal can be
obtained. These experimental resultglicatethatthe TEOM monitorcould not operate

correctly when the internal heating was turned off.
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A: PM2.5 (50 vs 30°C) B: PM10 (50 vs 30°C)
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Figure 3.6. The effects of internal temperature setting on TEOM measurements (TEOM 1=50
°C vs. TEOM 2=30°C). (A): PM,550°C vs. 30°C test; (B) PM1,50°C vs. 30°C test; and (C)
TSP 50°C vs. 30°C test
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A: PM2.5 (50°C vs Inactive) B: PM10 (50°C vs Inactive)
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Figure 3.7. TEOM temperature settings tests: 50C vs. Inactive. (A):PM,s, (B) PMy,and (C)
TSP. TEOM 1: 50°C and TEOM 2: temperature control inactive

3.5.3 Effects of Environmental and Instrumental Parameters
The preceding results motivated a further analysis of the data to assess the effects of

environmentaland instrumental factors (called predictor variablesyB®M measurements
(called the response)h& environmentdhactors includedrH, in houe emperatur€Temp)
andNH; and CQ concentrationsNHz; and CQ were used in this study as practical
subsitutes to assess the 09 effect on PM measurements. VOCs are produced from the
degradtion of amino acids and carbohydrates in birds and from iptetenanaerobic
digestion of manuréackie et al., 1998Mata-Alvarez et al., 200). It is very difficult to
guantify VOCs accurately in AFOs at presénn the other hand, G@s produced mainly
from air exhaled by the birdandNHs is produced mainly from bacteriological process in
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the manure.TheNH3 and CQ may reflect the vaation of VOCs emission intensity in

AFOs. The instrumental factors include: 1) the difference of noise, which is an indicator of

how well the mass transducer is performing; 2) the difference in filter pressure drop, which is

an i ndi cat ootal cadacityThealestriptivet setistizsof the environmental and

instrumental factors are listed Trable3.4. ThePM;oand TSP, instrument noises were

higher than dfined normal value of 0.1. Also, the layer house had high lefdtd (61%

in the layer houses.50% annual average ambient RHNorth Caroliny NH3 (60 ppm in

the layer houses several pphbn the background ambient locations) and,CZD00 ppm in

the poutry housevs 300-400 ppmin the background ambient loaatis).

The relationship between teavironmentalnd instrumental factors on the difference of PM

mass concentrations between two TEOMshiswn inFigure 3.8.From this figure, it

appears that there are some relationships between the predictor vaaiablbe response.

By using regression analysthe effects of the predictor variables on the response were

estimded (Table 3.9 for PM, 5, PMjpand TSP. Variance inflation factors (VIF) were used to

diagnose independent variable multicollinearity beeamilticollinearity of the independent

variables provides redundant information and it affects the parameter estimates. The VIFs

(Table 3.5)are not large for all six independent variables, and they do not indicate the

presence of strong collinearity. Thstimatep-values associated with the slopes for six

independent variables indicat&gble 3.5: (a) forPM, s, the slopes of noise diff, RH, and

COh,were significantly di f PMy teerslopedof noise dif,er o at

and RHweresignf i cantly different from zero at U=0.

wassignii cantly different from zero at U=0.1.
Based upohASSO method of Tibshiran{Tibshirani, 199%the best general linear

models are

PM,s:
DiffConc=-49.0 + 276 DiffNoise +1.2RH + 0.01 CQ R?=0.35 %5)
PMio:
DiffConc=2890.39DiffPressDrog253DiffNoise3.10RH  R=0.13 (3-6)
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TSP:
DiffConc=5662.57 RH-0.07 CQ R?*=0.13 X7

where DiffConc is the difference of mass concentrations measyrégo TEOMs
(concentrations aB30 °C minusconcentrations &0 °C), DiffNoise is the difference of noises
from two TEOMs (noise at 3t minus noise at 5&C), DiffPressDrop is the difference of
filter pressure drops from two TEOM, RH is in house relative humidity andi<Ci®house
cabon dioxdes concentrations in ppm.

The percentages of the variability in mass difference (Diff Conc) explained by these
models are approximately 35%, 13% and 13% gk s, PM,o and TSP, respectively. It is
obvious that these environmental and instrumental facliornot well explain the mass
differencesPerhapsomeunknownimportant factorgxisted but wereot includel in the
models In addition to these additive modeé&xj(ations3-5 to 3-7), models with interactions
between variables were also tested, #minteractions among these variables were not
significant.

Although theravassome evidence showing impacts of environmental and instrumental
parameters on TEOM measuremg@gpecially folPM, s), it is very difficult to quantify and
to minimizetheir impacts. How to reduce errorand increaséhe accuracyemains a great

challenge foMEOM and FRM data comparison.
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Table 3.4. Descriptive statisticsof the environmental and instrumental factors

PM, 5 (N°=78) PMo (N?=120) TSP (N=56)

Mean +SD’ Min/max’ Mean +SD’ Min/max Mean +SD’ Min/max

TZ_PI‘eSSDI’O‘b 23.7+1.71 21.0/27.0 34.5+13.6 18.5/64.0 22.5+2.76 19.0/29.0
T1_PressDrop 21.2+1.57 18.0/24.0 43.2424.3 18.0/87.0 21.6+3.05 18.0/27.5
diffPI’eS@l’Od 2.57+0.48 2.00/3.00 -8.23+11.1 -31.0/1.00 0.89+0.59 -0.50/2.00
T2_noisé 0.05+0.02 0.02/0.11 0.16+0.12 0.03/0.83 0.46+0.27 0.08/1.25
T1_nois& 0.03+0.01 0.02/0.06 0.12+0.08 0.03/0.62 0.30+0.15 0.07/0.73
DiffNoise' 0.01+0.02 -0.02/0.05 0.04+0.08 0.03/0.62 0.16+0.19 -0.14/0.77
RH (%) 61.1+7.12 44.0/70.7 74.61£4.95 63.1/85.5 71.6£7.12 55.7/79.2
Temﬁ‘ (°C) 18.9+1.51 15.8/21.6 21.4+0.83 19.8/23.1 18.3+1.51 15.9/21.2
NH; (ppm) 59.6+27.2 5.55/130 65.1+31.4 10.8/145 52.8425.7 9.69/99.6
CO; (ppm) 2446257 949/3569 2363+734 1071/4748 27204432 998/3568

a: data points; b: standard deviation; ¢: maximum and minimum values; d: TEOM°Z)Siter pressure drop; e: TEOM
1 (30°C) filter pressure drop; f: the filter pressure drop difference between TEOM TEOM 2; g: TEOM 2 (56C)
instrument noise level; EOM 1 (30°C) instrument noise level; i: the noise difference between TEOM 1 and TEOM 2; j:
relative humidity in house; k: temperature in house.

Table 3.5. Parameter estimates folPM, s, PM;,and TSP measurements*

PMzs PMyo TSP
(R?= 0.36) (R’= 0.15) (R?=0.17)

Parameter p-value Variance Parameter p-value Variance Parameter p- Variance

Estimate Inflation Estimate Inflation Estimate value Inflation

factors factors factors

Intercept -146 0.13 0 551 0.06 0 572 0.30 0

diffPreDrop 2.36 0.71 1.35 -0.69 0.38 1.56 -15.1 0.68 1.23
diffNoise 352 0.09 1.40 -312 0.001 111 55.2 0.62 1.24
RH 1.71 0.005 2.50 -4.05 0.02 1.40 -3.47 0.41 2.31
Temp 2.93 0.34 3.01 -8.43 0.44 1.69 10.8 0.58 2.31
NH3 -0.05 0.74 1.96 -0.34 0.44 4.15 -0.13 0.91 2.49
CGo, 0.015 0.03 2.17 0.005 0.76 3.07 -0.12 0.02 1.09

*: Notations as in Tabl&.4.
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Figure 3.8. The relationships between the PM mass difference (Diff Conc=MC_3C-MC_50
°C) and the environmental and instrumental parameters: diff filter loading = filter loading
difference, diff Noise=noise dference, RH= relative humidity of surrounding air,
temperature=in house air temperature,NH; and CO,. A: PM,;s, B: PMgsand C: TSP

3.5.4 Thermodynamic equilibrium (ISORROPIA) simulations of PM mass loss

As aforementioned, TEOM operation conditions {6) cauld lead to some loss of
particulate bound water and sewvlatile material. This also could happen to manual filter
measurements, because the ambient conditions of temperd®H and gas concentrations
that samples are expostdboth during, after coltgions, and with the equilibration vary
significanty. Using thd SORROPIA model, inorganic PM mass loss test was condocted
all ambient PM s samplesThe measurement data were from-gear speciation study (see
chapter 7).Figure 3.9shows the PM nss loss comparison in re@ising measured
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tempeature andRH) and TEOM operation conditior{S0 °C and RH calculated based
tempeeture=50°C and relative humidity at ambient condition3he predicted PM mass

was signficanty reducel in TEOM operation @nditions:
Y =1.48 41.32X R*=0.46 3-8)

where Xis predictedPM, s mass concentrationgg/m? in TEOM operation conditions, and
Y is the predictedM, s mass concentrationgd/me) in real conditions.

All particulate bound water, nitrate, chloride and parhidi; were also lost in TEOM
operation conditions. More (NpLSOy solid was formed due to moisture, chloride and nitrate
loss. Figure 3.10shows the PM mass loss comparisoneal and weighing chamber
opetion conditions. Also the predicted PM mass was significant reduced in TEOM

operation conditions, but less than that in TEOM condition:
Y =1.42 41.14X R?=0.46 %9)

where X are predicteBM, s mass concentrationgg/m? in weighing chamber operation
conditions, and Y are the predictei¥, s mass concentrationgg/m? in real conditions.

All particulatebound water was lost in weighing chamber atien conditions; however,

nitrates, chlorideNH3 were not significant reduced.

Compared predicted PM mass between in TEOM and weighing chamber conditions, the plots
are shown irFigure 3.11.Less PM mass was lost in weighing chamber conditions than in
TEOM operation conditions and solid (W50, was very similar. The linear relationship

between two methods was:
Y= 0.004 %20 R?*=0.953 310

where Xis predictedPM, s mass cooentrations |{g/m? in weighing chamber conditions,
and Yis the predictedPM, s mass concentrationgg/m?3 in TEOM operation conditions.
The relationship equation indicted at least 20% difference between these two methods. If
considering semi volatilerganicmaterial loss in TEOM operations, then it is expected

TEOM will measure more than 20% less PM mass than-flésed methods.
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Predicted PM2.5 in Real Conditions (pug/m°)
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3.6 CONCLUSIONS
In this study, a field evaluation of TEORM measuremestn a highrise layerouse

was conducted to invegtite possible uncertainties and limitatiassociated with TEOM
measurementsipoultry operation environment. It was observed that TEOM gave lower

readings of bot®M;o andPM, smass concentratioras compared with measurements by the
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filter-based gravimetric methad a poultry house The inclusiorof particulate NHNO;3 did

not ggnificantly improve the comparison of TEONM, smeasurement and filtdrased

PM; s measurementhe most likely explanations for the difference between these two

methods are the TEOM internal heating, moisture and VOCs adsorption and desorption.
For TSR PMy,, andPM, s measurements, TEOM internal temperature setting has

significant effect. Higher PM mass concentrations were measured at lower instrument

temperature setting. The influences of environmental and instrument parameters were also

assessed, drtheir significances variad difference conditions. It was very difficult to

guantify tre impacts otthe environmental and instrumental parameters on TEOM

measurementJsing thermodynamic equilibrium model (ISORROPIA)vas discovered

the inorganic itrate, chloride, particle bound water and pamiél; were lost in TEOM

operation conditionfor ambient PM sampledhe predicted inorganic PM mass in TEOM

operation conditions were 20% less than in weighing chamber condki@na8FOs related

air qualty study, making TEOM and FRM measurements comparable remains to be a great

challenge.
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CHAPTER 4. PARTICULATE MATTER E MISSIONSAND
INFLUENCING FACTORS®

4.1 ABSTRACT
The National Air Emissions Monitoring Study (NAEMS) was established by the EPA and the livestock and

poutry industries to address the lack of scientific emission data needed for properly assessing compliance with
the laws. Among other potlnts, particulate matter (PMdmission rates from two high rise layer houses at the
NC2B site were determined basesnpwo years of measuremehitwas observed that the PM emission rates
did not follow a normal distribution; the Winsorized confidence intervals were analyzed to provide better
interval estimation that contains the true values of the PM emissienWinsrized 95% confidence intervals

in house 3vere[0.44, 0.63] mg/éhen ofPM, 5, [15.1, 15.7] mg/ehen of PM,, and [32.2, 35.7] mgkthen of

TSP. The Winsorized 95% confidence intervals in house 4 were [0.45, 0.64hemgddPM, 5, [17.7, 18.4]
mg/dhen d PM,,, and [39.9, 43.5] mgkthen of TSPSignificant daily seasonabndspatial variationsn PM
concentrations and emissions were obsenkeh activity, house ventilation, temperature/RH, ambient RH and
houseNH; emissions demonstrated significant irapan PM emissionghe house lighting program had
significant impact on PM emissiondlanure clean out activities generated dust plumes and caused high PM
emssion. After manure cleanout, PM emission decreased gradually. No significant chaeggsprodiction,
martality, water and feed consumptions were observed during manure cleanout period. For the impact of the
hen soldout event, when compared to the occupied house, empty house emission rateBM{fd TSP)

decreased by more than 90%

*Adapted from fiNati onal /SoutheaBayersSStei ParmHartiddateiMatterr&i ng St uc
PartVHl mpact of the Far m Mahla ¢ eMaglo, B.WPBogas, K.Wang, $. Kilichkly Q.

Q. Ni, A. J. Heber. Transaction of the ASABE. In review
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Keywords. National Air EmissionsMonitoring Sudy (NAEMS), particulate mattePM;,, PM, 5, TSP house
emissiorrate, henspecific emission rate, live maspecific emission rate, spatial variation, management

practices, house lighting program, molting, manureasiout, bird replacement

4.2 INTRODUCTION

Animal feeding operations (AFOs) provide important components of the U.S. diet, and
there are an estimated 450,000 AFOs in the United SR, 2008. Driven by domestic
economics and export markets, the size and geographic ¢@timenof AFOs in the United
States have been increasing in the past several decades. The environmental and possible
health effects of air emissions from AFOs are a significant concern not only in local rural
areas, but also at regional and global scafigghly specialized AFOs can generate large
amourts of animal wasteandpollutantsthatpose substantial risks to water quality, air
gualty and public healthThe important gases AFO emissionshat have potential effects
on human health and environmémclude ammonia KNH3), particulate matter (PM),
hydrogen sulfide (bB), nitrous oxide (BD), nitric oxide (NO), methane (GH and volatile
organic compound8®/OCs)(NRC, 2003.

Under the Clean Air Act (CAA), if AFOs emissions of the criteria pollut&hs, and/or
PM sreach specified thresholds, they are potentially subjearmitiing requirements.
However, limited scientific data on AFOs emissions were available. In 2003, the National
Academy of Sciences (NAS) reviewed and evaluated air emissions associated with AFOs,
and concluded that insufficient scientific data were atéal for properly regulating AFOs
emissiondNRC, 2003. For poultry productionextor, research on air emissions from
poutry housing system have been conducted by various research groups in recent years
(Fabbri et al., 2007.acey et al., 2003im et al., 2007 Lin et al; Modini et al., 2010Qi et
al., 1992 Roumeliotis and Van Heyst, 2008{owever, the results from these studies showed
large variations among studies. Extensive field nowimy studies are much needed to assess
variations caused by geographic locations, different operational practices and different
monitaring techniques. Moreover, modern statistical analyses based upon extensive field

obsenations can be performed to genera the population of studies.
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In response to the lack of consistg the AFO air emission data in the literature, and
the lack of sufficient baseline air emission data for appropriate regulation, the livestock and
poultry industrieslecided to fund t National Air Emissions Monitoring Study (NAEMS)
(EPA,201139. The NAEMS was started in 2007 to measure air pollutant emissions at
poultry, swine and dairy operatioat20 sites in nine stat@ideber et al., 2008 The North
Carolina egg layer farm (alsolown as NC2B) was one of 15 NAEMS house emission
monitaring sites. The overall objectives of the study are to assess emissions accurately and
promote a national consensus from emissions estimation methods. The specific objects of
this chapterare to (1) rport observed PM concentrations and emissions and their
distributions; (2) study their temporal and spatial variations; (3) explore factors that are most

likely to have the greatest impact on PM emissions.

4.3 METHODOLOGY
Data collection for PM concentratie and measurements of environmental and

opestional parametergere conducted following the EP&pproved quality assurance
project plan (QAPR)Detailedinformationabout field data collectioris presenteth
Chapter 2.

4.4 RESULTS AND DISCUSSIONS

4.4.1 PM monitor checks

Table4.1 andTable 4.2 list the periodic mass flow audit and leak checks of two TEOM

monitors as part of quality assurance practice. The TEOMs passed all the mass verification
tests (within +2.5% of Kaudit) except for the test on 9/15/09. Two TEOMs passed the flow
audits (main flow=3.0+0.2 L/min, total flow=16.67x1.0L/mmin d | eak checks (m
0.15 L/min, total flow O 0.62 L/min). The &
tests were 8.7% fdPMy0 (21.5 h) and 9.2% for TSP (91.5 h), respecti\elyet al., 2012p.
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Table 4.1. Flow checks of TEOM #1 (Wang-Li et al., 20120

Time since last Masserror. %  TEOM flow rates, L/min Leak test flow rates, L/min

Date test, d (Koaudit) - -
Main Total Main Aux.

11/20/07 0 - 3.07 16.43 0.09 0.32
7/18/08 241 1.46 3.08 16.74 0.09 0.19
10/17/08 91 1.76 3.09 16.90 0.09 0.19
11/26/08 40 - 3.05 16.85 0.10 0.21
1/23/09 58 1.74 3.24 18.22 0.09 0.19
2/27/09 35 0.96 3.06 16.96 0.08 0.18
5/21/09 83 1.11 3.06 16.96 0.08 0.18
9/15/09 117 2.59 3.21 16.94 0.09 0.18
10/27/09 42 - 3.10 17.00 0.11 0.24

Table 4.2. Flow checks on EOM #2 (Wang-Li et al., 20120

Time sice last Mass error. % TEOM flows, L/min Leak test flows, L/min
Date test, d (Koaudit) ’ - -

Main Total Main Aux.

11/20/07 0 - 3.03 16.84 0.10 0.41
7/18/08 241 1.85 3.03 16.54 0.09 0.41
10/17/08 91 2.33 3.04 16.72 0.09 0.40
11/26/08 40 - 3.01 16.71 0.10 0.41
1/23/09 58 1.58 3.04 16.56 0.09 0.40
2/27/09 35 2.22 3.03 16.60 0.09 0.41
5/21/09 83 2.40 3.00 16.50
9/15/09 117 4.48 3.05 16.90 0.09 0.42

4.4.2 Houseinventory

Tables 4.3 and 4 lst the descriptive statistics of animal inventory in houses 3 ahong

series plots of the inventory variables are illustrateigure4.1 andFigure4.2. The

average feed consumption was about 86hgfd, water consumption rate was about 180

mL/d-hen, and egg production eatvas about 70%. The egg production rate data were very

noisy, which were due to the fact that eggs were removed by the belt conveyors, and the

on/ of f

of the belt conveyor s Figued4lDdndEidgurat e d

4.2D). When the plant was not ready to receive eggs, the belt was off. Consequently

sonetimes the eggs were not counted on a daily basis. The quarterly average hen weight was

cdculated based on a random sample size of 40 hetelfgtrm, and the average hen weight
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was about 1.5 kg. A scale verification and hen weight confirmation experiment was

conduc¢ed. Two groups of 20 hens were randomly selected from houses 3 and 4. These hens
were weighed using thehf aemim6sscabeeandhehdi
the doserved hen weight and the inventory report v&8% for house 3 an@.3% for house

4. Daily mortalities were recorded manually, and the mortality rate was in the range of
9.4/100,000 to 19.6/100,000.

Table 4.3. Statistics of house 3 inventory

Period Days Variable Mean SD Min Max
Hen age (d) 672 56 575 769
Hen mass (kg) 1.7 - 1.7 1.7
Population (hens) 96,912 736 95,494 9801
355/3637 195 Egg poduction: eggs per 100 hens 71.1 33.6 0.0 177
Feed consumption: gfden 83.4 9.2 40.2 105
Water consumption: mLden 180 8.2 154 199
Mortality rate: deaths per 100,000 hens 13.5 7.6 0.0 41.8
Hen age (d) 383 140 141 624
Henweight (kg) 15 - 1.2 1.6
5/5/08- Population (hens) 96,097 1,311 93,727 97,961
8/31/09 484 Egg production _rate: eggs per 100 hens 79.0 33.3 0.0 182
Feed consumption: ghden 87.2 18.9 1.0 192
Water consumption: mLden 196 25.0 70.1 316
Mortality rate: deathper 100,000 hens 9.4 8.5 0.0 81.2

Empty (4/6/085/4/08): waiting for replacement of the new hens

Table 4.4. Statistics of house 4 inventory

Period Days Variable Mean SD Min Max
Hen aye (d) 665 73 540 790
Hen weight (kg) 15 - 15 1.6
9/23/07- Population (hens) 92,227 1,326 89,548 94,064
5/31/08 251 Egg production Rate: eggs per 100 hens  69.1 33.6 0.0 174
Feed consumption: ghdens 88.7 6.9 53.3 105
Water consumption: mLAiens 186 7.9 162 233
Mortality rate: deaths per 100,000 hens 19.6 114 0.0 63.3
Hen age (d) 344 125 128 561
Hen weight (kg) 14 - 1.2 15
6/22/08- Population (hens) 95,543 1,295 92,558 97,347
83109 436 Egg production Rate: eggs per 100 hens  79.4 323 0.0 186
Feed consumption: gfden 93.8 10.3 43.2 115
Water consumption: mL/den 190 29.7 24.3 251
Mortality rate: deaths per 100,000 hens 11.0 8.4 0.0 43.8

Empty (6/1/08 6/22/08): waiting for replacement of the new hens
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Figure 4.1. Time series plots of House 3 inventory variables (A: hen age (days) and weight (kg);
B: mortality rate (#/100Khens); C: feed (g/dhen) and water (ml/d-hen) consumptions; D: egg
production (%))
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production (%))

4.4.3 House ventilationrates
Some descriptive statistics of the house ventilation rates are listedblied.5 and the time
series plots of the house ventilation rates are illustratedyure 4.3 The diurnal and
seasonal variations of the house ventilation rates are illustraféglure4.4 andFigure4.5.
As observed, houses 3 and 4 show similar ventilation trends. Low ventilation rate occurred in
cold weather (e.g. months2l 11-:12) and high ventilation in hot weather (e.g. mont®y.6
The diurnal ventilation pattern indicates that ventilativas at maximum in late afternoon

(around 14:00), and minimum in early morning (around 6:00am). The total ventilation rates
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in both houses ranged from 15.0 to 280r/s. The average ventilation rate ranged from 0.3
to 6.0 dsft/min-hen.

Table 4.5. Statistics of the house ventilation rates

Ventilation rate (dry standard conditions  N[1] Mean SD Min Max

House 3 (m3/s) 14,713 112 99.1 150 260
House 4 (m3/s) 15,843 108 956 150 260
House 3 (ft3/mirhen) 14,346 25 2.2 0.3 5.9
House 4 (ft3/mirhen) 15,324 2.3 2.1 0.3 6.0

U The total numbers of hours

300 4 300
280+ 280 -
260
240

200
180
160
140
120

1004

House3 ventilation (dsm?s)
Housed ventilation (dsm?/s)
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Figure 4.3. Time series plots of the house ventilation rates ism®/s (A: house 3; B: house 4)
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4.4.4 Houseinlet PM concentrations

The statistical summary of the hourly house inlet PM concentrations is listadble4.6,

and the quantile estimations of the house inlet PM concentratiohstadenTable4.7.

BecausePM, s was slightly skewed to the right (Skewness=0.24);0 and TSP were highly
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skewed to the rightSkewness=9.8 and 3.4)edlian values should be better statistical
inferences for dawing conclusions fathe house inlePM concentrationsThePM; o median

was almost three times higher tHall, 5, and the TSP median was very close .

Table 4.6. Statistics ofthe house inlet PM PM.,s, PM 1, and TSP) concentrations (ugjsm3)

Inlet PM N[a] Mean SD Median Min[b] Max 95% confidence interval
PM_s 1567 11.4 9.0 10.0 -12.1 534 [11.0 11.9]
PMyo 14209 354 40.8 28.0 -17.1 1022 [34.8 36.1]
TSP 3376 38.9 33.2 30.4 -7.5 456 [37.8 40.1]

BN = the number of holy data points{Pthe negative values were due to the shortcomingetaf Gagdnstrument
(yielding negative concentration values from moisture/sestatile compounds desorption from filter media under certain
condtions)

Table 4.7. Quantile estimations of the house inlet PMPM, s, PM 1, and TSP)concentrations

(ug/dsn’)
Quantile PM,s PMo TSP
100%max 53.4 1021 456
99% 40.4 152 155
95% 282 77.8 983
90% 23.3 607 754
75% Q3 16.0 42.3 491
50% median 9.% 28.0 304
25% Q1 5.18 18.0 18.7
10% 1.29 118 115
5% -0.57 8.69 7.9
1% -4.52 3.17 2.43
0% min -12.1 -171 -7.47

Figure4.6 shows inlet PM concentrations by hour slakustrating the diurnal pattern of
the inlet PM concentrations. The inlet PM (P&, s, PMp and TSP had relativéy higher
concentrations in the afternoon, which nieydue to higher afternoon house ventilation rates
leading to more PM circulatinghahe farmFigure4.7 showstime-series plots of the daily
house inlet PM concentrations feM, s, PMig and TSPwith the National Ambient Air
Qudity Standards (NAAQS) lineasreferencesSpikesin PM;o concentratias in March
2008, March 2009, and July 2068incided withmanure cleanout activitieAs it can be
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seen, the NAAQS were only exceedrdthe farnduring manure cleanouts, and, with
dispersion, would likely never be approached downwiingeeds to be cldred that
althoughthe NAAQSIines are included ifigure4.7, one should naapply the NAAQS to
this dataset to make any judgmental stater(lemtironmental Integrity Project, 20}, ince
thePM mornitoring point (the house inleBn ot an EPA defi nednoiiambi en
public accssible anddoesnot represent eeasonable or plausible exposure scen&igure
4.8 showsthe inletPM;o concentrations by month claskustrating seasonal variation of the
inlet PM concentratiorMarch hadthe highestinlet PM; concentrations (63.4 pggnt),
whichwasmost likely caused by the farm manure cleatevents in the montlDecember
and January hatthe lowestinlet PM; concentratios (23.0 pgtisnt and 24.2 ugisnt),
whichwasprobably due tahelow PM emissions from the hous&iM, sand TSP did rnio
have enougimeasurements during each month to generate the monthly plots.
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lines (A: PM2.5; B: PM10; C: TSP)
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4.4.5 HouseexhaustPM concentrations
Figure 4.9%showsthe time series plots diourly PM concentrations imouses & 4. To

be consistenwith the data in House 3, only th& floor TEOM measurements were included
for house 4Table4.8 lists the statistical summary resuttisthe PM concentrationgn order
to avoid biasdsummary results, negative valuir®?M measurementsere kept in all
calaulations because they may come from desorpifanoisture/semivolatile compounds in
TEOM filters (Li and WangLi, 2011). The distributions of PM concentrations were
obviousy right skewed so that the means, standard deviations (8ied)ans, and several
others were reported ifable4.8 to provide an accurate descriptive summary of central
tendency for the datdable4.9 lists the quantile estimations oftf®M concentrations. As
shown in thisdble, the dataset had almost 10% extremely HRi,(> 100pg/dsnt, PMyg>
1000pg/dsnt, and TSP > 2000g/dsnt) and negative values. The further time frequency

analysis indicates that about 30% of these extremgly BM concentrations occurred during
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the house cleang periods (16:0418:00). Negative values did not show any special time
pattern, and they had uniform distribution during most days.

Figure4.10 shows PM concenttians by hour classllustrating the diurnal patterns of
the inhouse concentration$hehouselighting program consisted of daily dark and light
periods. The dark pésd was from 8:00 pm to 3:00 am, when all the lights on fAéddr
wereoffandherss act i vi ty wheBghtadriodsmerenfiorm3iQh am td 8:00
pm, when all the lights on thé"%floor were on and hens were quite actifs shown in
Figure4.10, PM (PM2 5 PM;oand TSP) had much higheoncentrations during light periods
than during dark period$t was observed that higher ventilation occurred during the light
periods and lower ventilation occurred during the dark time. Intuitively, lower ventilation
should esult in higher irhouse cacentration; thus, the observation of higher PM
concentrations ding light period (with higher ventilation) suggests that impact of lighting
program on PM concentrations surpassed the impact of ventilaimme the hea activity is
closely rdated to he lighting programPM concentrations in laydrousesare very strongly
affected byhenactivity. This was also observed Balvet et al. (2009

Figure4.11 showsPM;o concentrations by monttiass, illustrating seasonal variation of
the concentratianThe cold months (e.g. Jamarch) had higar PM;o concentration due to
low ventilation rates, and the hot months (e.g- Bep) had lowr PM;o concentration due to

the higlerventilation ratesnd less animal activity under high temperature condition

Table 4.8. Statistical summary of hourly concentrations(ug/dsm®) of PM (PM,.s, PM, and
TSP)in houses 3 and &

PM indicator  Location NPT Mean  SD Median Min™  Max 95%Cl Skewness
PM house3 540 44.9 90.7 47.1 -335 561 [37.352.9 0.63
25 house4 1013 36.6 59.9 36.6 -356 440 [32.9 40.3] 0.22
PM house3 10019 449 423 267 -378 2652 [440 457] 1.16
10 house4 14302 481 449 310 -131 5094  [474 489] 1.76
TSP house3 1177 698 826 315 -135 4635 [650 74% 1.64
house4 2166 978 1091 521 -100 7383 [933 1025 1.41

fromdataset of the hourly PM concentrations measured ontiledr of two houses through strategy | &Il period8N
= the number of hour§%the negative values were due to the shortcomings of TEOM instrument (yielding negative
concentration values from moisture/semwblatile compounds desorption from filter media under certain conditions)
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Table 4.9. Quantile estimations of the house exhaust PKPM, s, PM 1, and TSP)concentrations
(ug/dsm’) @

Quantile PM;s PMio TSP
House 3 House 4 House 3 House 4 House 3 House 4

100%max 561 440 2652 504 4634 738
99% 426 212 1696 1928 3133 4273
95% 160 102 1273 138 2597 3277
90% 101 81.7 1075 1111 2177 2663
75% Q3 74.5 58.9 728 701 915 1540
50% median 47.1 366 267 310 315 523
25% Q1 22.1 17.5 127 166 164 164
10% -34.9 -5.58 52.4 753 74.0 365
5% -118 -42.4 28.1 44.6 349 152
1% -256 -160 -19.7 12.3 -24.8 -3.34
0% min -335 -358 -378 -131 -135 -100

B fromdataset of hourly PM connérations measured on thé' floor of two housethrough stratey | &Il periods
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4.4.6 Particulate matter emissions
Time series plots of the hepecific emission rates f&M;o are shown irFigure4.12.

Houses 3 and 4 show some similarities with most emission rates lower than 1-O@mgdd

a spike in JulyTable4.10 summarizes means, medians, and SDs of hourlyAN4 § PMio

and TSP) emissions through strategy | data collection period in the unitsAfgfdg/d

hen, and g/d. The distributions of thenspecific PM emission rates are illustratedrigure

4.13. ForPM, 5, there were some relative large negative values that caused its distribution
skewed to left (House 3 Skewnes&9 and House 4 Skewnes£-7), however folPM;g

and TSP, their distributions were skewed to right with Skewness in the range of 1.2 to 4.1).
As it can been seen in this figure, none of the distributions of PM emission rates followed a
normal distribution. To compute robust estimate®bcation and scale, Winsorized means,
standard errors and 95% ClIs were calculated and provideabia4.10. To compare the
emission rates from this study with the reported values in the literature, sorre\pewed
published studies on layer PM emissions are summariZtabile 4.11 There are large
varations among the outcomes of the individual studies, causing by differences in

operational management, climate, and measurement methods. Compared withstler

94



gravimetric method from the same facility, TEOM method gave significantly [B\Wg15
concentrationgLi et al., 2012h. This was most likely due to the fact that PM in the poultry
houses catained high levels of serviolatile compounds and moisture, and TEOM internal
heatingmechanisntausel volatilization and mas$ossesf those semvolatile compounds
and moisturdLi et al., 2012p.

The cumulative frequency distributions of the hourly HN#E 5, PMyo and TSP)
emissions are listed ifable4.12. Only measurements of strategy | period wistream
method for emigen rate calculation were used to develop these cumulative distributions. As
shown inTable4.12, 99% of the time, houseRVl, s emission was below 8.63 mghen,
and 50% (median) of time, hous@B®/, semission was bew 0.61 mg/dhen. It is clear that
the cunulative frequency distributions can provide much more emission information.

The henrspecific PM emission rates by hour and by months are shokigune4.14 and
Figure4.15, respectively. The hourly PM emission rates illustrate the daily variations of the
emissions, caused mainly by daily changes of animal activity, ventilation, and other factors.
Large variations foPM, s emission rates wereud to small sample siz€ifure4.14A and
B). It was observed that PM (mairfRM;o and TSR in (Figure4.14) emission rates
depemled greatly on the photoperiod, and the dark period (house lights off) had mach low
emission rate than light periods (house lights on). During light perihlk,s emissionrates
by hour class had very clebimodal distributionhowever PM;p and TSP did not have such
clear bimodal distribution. The monthly PM emission rates illussatsonal variations in
emissions mainly affected by ventilation changes. House 3 had the Highgsmission
rates in May and House 4 in July. In examining the monthly variations of the emissions, it is
observed that the cold months had lower emissates than the hot months, mainly due to
lower ventilation rates, even though PM concentrations were relatively higher in the cold

months.
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Table 4.10. Statistics of the specific PM emission ratefor houses3 and 4%

Winsorized  Winsorized  Winsorized

. " » .
Unit Label House NM Mear® SD Median mean Std Error 95% CI
PV 3 543 0.11 1.05 0.18 0.16 0.02 [0.13 0.19]
: 4 548 0.12 1.02 0.24 0.18 0.02 [0.14 0.21]
3 9124  5.39 4.74 472 5.06 0.04 [4.98 5.15]
gld-AU PMzo 4 9346  6.58 5.52 5.74 6.20 0.05 [6.10 6.31]
TSP 3 1189 123 10.8 10.0 11.7 0.32 [11.1 12.3]
4 1189 148 11.9 13.9 13.9 0.31 [13.314.5]
PMye 3 543 0.36 3.16 0.61 0.53 0.05 [0.44 0.63]
: 4 548 0.38 2.95 0.72 0.55 0.05 [0.45 0.61]
mg/dhen  PMio 3 9124  16.3 13.8 14.7 15.4 0.13 [15.115.7]
4 9346  19.1 15.8 16.8 18.0 0.15 [17.7 18.4]
TSP 3 1189  35.9 31.7 29.9 34.0 0.89 [32.235.7]
4 1189 443 36.2 40.7 41.7 0.93 [39.9 43.5]
PMye 3 543 345 306 58.0 50.7 4.70 [41.560.0]
: 4 548 34.0 284 66.2 49.2 4.75 [39.9 58.5]
o/d M 3 9673 1492 1370 1341 1421 12.3 [1397 1445]
10 4 9859 1765 1524 1541 1678 14.5 [1650 1706]
TSP 3 1189 3485 3076 2917 3300 86.9 [3129 3470]
4 1189 4108 3310 3856 3881 85.9 [3712 4049]

[a] including strategy | dataset only with-$tream method for emission rate calculations; [b]N=the number of hours (data
points); [c]means were calculated based upon hourly data points of N observations through the strategy | period, no daily
or seasonal effects were takeo considerations in these means.

Table 4.11. Reported PM emission rates for layer operations

Layer housing system PM emissionrate PM measurement method Reference

Inhalable 537 mg/h.(500kg)
Respirable: 78.3 mg/h.(500kg)
Inhalable: 3080 mg/h.(500kg)
Respirable: 596 mg/h.(500kg)

TSP. 44.2 mg/d.hen
Respirable: 31.7 mg/d.hen

Inspirable: 0.8 g/h.(500kg)

Layers, cage Filter-based PM sampler  (Phillips et al., 1998

Perchery Filter-based PMsampler (Phillips et al., 1998

Layers, cage Optical particle counter (Qi etal., 1992

Batterycage Respirable: 0.5 g/h.(500kg) Filter-based PM sampler  (Wathes et al., 1997
Inspirable: 1.8 g/h.(500kg) ——
Percery Respirable: 0.23g/h. (500kg) Filter-based PM sampler  (Wathes et al., 1997
. X a)
High-rise PMig: 30+13 mod-herl TEOM-PM monitor (Lim et al., 2007

35+13 mgd-herf?
PM.s 5.9:12.6mg/dherf®
High-rise PMq: 33.4:27.4 mg/dhert” TEOM-PM monitor (Lin et al., 2012
TSP: 78.842.7mg/dhen
PM, s 9.435.74 mg/dher!
High-rise 8.81 mg/dher” Filter-based PM sampler (Li et al., 201}
[7.86 11.4F1
PM, s 3.6:3.7mg/dheri®
PMy:26.1+15.8 mg/dhert?

PM.s 14.16 mg#-hen
PMyo: 48.24 mgd-hen

PM,s: 6.24 mgdi-hen
PM;o: 18.72 mgd-hen

High-rise TEOM-PM monitor (Lietal., 201}

Deeppit system HazDust EPAM5000 (Fabbri et al., 2007

Ventilated lelt HazDust EPAM5000 (Fabbri et al., 2007

[a] mean * standard deviation; [b]median value; [c]95% confidence intervals
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Table 4.12. The cumulative frequency of PMemissionrates (mg/d-hen)®

House 3 House 4

PM, 5 PMo TSP PM, 5 PMo TSP

100% max 16.6 418 210 14.1 301 350
99% 8.63 59.1 135 9.34 69.4 168
95% 3.52 38.7 95.7 3.04 47.0 106
90% 1.92 32.2 78.0 1.70 39.4 86.5
75% Q3 1.16 23.0 52.6 1.275 26.7 59.6
50% median 0.61 14.7 29.9 0.72 16.8 40.7
24% Q1 0.12 6.18 11.6 0.16 6.44 17.0
10% -1.44 2.37 4.02 -1.79 2.81 7.50
5% -3.56 111 0.01 -3.82 1.59 1.72
1% -15.8 -3.51 -8.98 -11.7 -1.86 -9.44
0% min -26.8 -68.3 -26.7 -26.8 -34.4 -34.6

[a] including strategy | dataset only withstream method for emission rate calculations
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Figure 4.12. The henspecific emission rates oPM o (mg/d-hen) (A: House 3 with
measurements in strategy | period; B: House 4 with meastements in strategy | period using 1
stream method and strategy Il period using Zstreams method).
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4.4.7 Influencing factors on PM concentrations and emissions
To identify the key factors affecting PM emissions, the relationships between the variables
(hen population, hen weight, hen age, hen activity, veiotilaate, house temperature/RH,
ambient temperature/RH, GDIH3/H,S emission) and the PM emission rates were
investgated. Since the measurement®bf, sand TSP did not cover a wide range for
meaningful analysis, onl§M;o emissions were included. Theaster plot matrices d?Myg
emission rates are illustratedrigures 4.1@house 3) and.17(house 4). As shown in these
two figures, there are some linear trends betw&dm, emission rates and variables of hen
activity, ventilation, exhaust air tempéree and RH, ambient air temperature and RH. Some
factors were possibly significantly redundant (collinear), and these redundant factors affect
the mrameter estimates because they will depend upon the correlated independent factors
included in the regregs models. To check multicollinearity, the variance inflation factor
(VIF) was applied. If the VIF is larger than 10, then multicollinearity could be a problem in
the mode(Tao and Walsh, 2005Based on collinearity model diagnostics, hen population,
weight, age and ambient temperature were excluded. The model diagnostics were also
checked for nomality and constnt variance assumptions, and no violations of these

assumptions were idgfied. Table4.13lists the regression analysis results for the hen
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specificPM;o emission rates in houses 3 and 4. From standardized coefficients, ikigy, act

house RH and temperature have the greatest effects Bivitlhemission rates in the
multiple regression analysis.

Table 4.13. The regression analysis results of the hespecificPM 1, emission rates inhouses 3

and 4
Variable House 3 House 4
Coef. p Std Coef. Coef. p Std Coef.

Intercept 14.0 <0.001 0.00 -10.8 <0.001 0.00
Ventilation (n¥/s) 0.01 <0.001 0.09 0.03 <0.001 0.17
NH; emission (g/ehen) -2.03 <0.001 -0.04 -2.16 <0.001 -0.03
Housetemp (oC) 0.56 <0.001 0.15 2.06 <0.001 0.35
House RH (%) -0.28 <0.001 -0.24 -0.30 <0.001 -0.16
Amb RH (%) -0.09 <0.001 -0.12 -0.13 <0.001 -0.11
Hen activity (V) 28.4 <0.001 0.49 27.7 <0.001 0.26

R*=0.35 R*=0.35
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4.4.8 Spatial variations of PM concentrations and emissions

4.4.8.1 House variation

Houses 3 and 4 were identical in structure, and the difference in their PM concentrations
(strategy | data collection period in 10/1/02/26/09) are listed imable4.14. There was no
significant difference between house 3 and house BNbIs concentrations; however, house
4 had significantly higher concentrationsRil;o and TSP. The magnitude of the differences
depended upon the diffamces in bird age, ihouse temperature, RH, ventilation rate, and
bird activity. The parameters estimated from linear regressions are listatle®.15. Based
on standardized coefficients, the difference of tentpegahad the biggest impact on PM
concentration difference, followed by bird activity. The differences in hen age, RH and
ventilation had less impact than the differences of temperature and bird activity. As shown in
Table4.14, PM, s emission rates from houses 3 and 4 were statistically the same. House 4
had higher emission ratesPM;p and TSP than house 3. The differences in RH, bird activity
and ventilation rate had significant impacts on the differen&dvaf emission rate, while
differences in bird age, temperature and bird activity had significant impacts on difference of
TSP emissionTable4.15). Because no variables were controlled in this study, the
observational carlusions were quite qualitative. For AFOs with different house
configurations, animal population, management practices, and climate, greater emission rate

variations are expected.

Table 4.14. Statistics of the differences in PM concentrations and emission rates between houses
3 and 4 (PM3-PM ;)@

NI Mean Median SD  95% Confidence interval

PM;s 535 0.76 0.80 61.2 [-4.43 5.96]

Concentration|{g/dsn?) difference  PM,, 9968 -25.8 -18.7 209 [-29.9 -21.7]

TSP 1166  -300 -66.5 589 [-334 -267]

. PM;s 538 -0.01 0.00 2.18 [-0.19 -0.18]
Emission rate (mghtien)

difference PMyp 8459 -266  -125  9.82 [-2.87 -2.45]

TSP 1179 -8.54 -4.25 23.9 [-10.0 -7.05]

[ for strategy | dataset only withdtreammethod for emission rate calculation&! N= the number of hours
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Table 4.15. The regression analysis results of differences iBM concentration and emission
between houses 3 and@"

Difference (H3 Variable PMio TSP Sid
H4) Coef. p Std Coef.  Coef. p Coef.
Intercept -28.1 <.0001 0 -223 <.0001 0
Bird age diff -0.12  <.0001 -0.10 -0.28 0.006 -0.15
Concentration Temp diff 55.5 <.0001 0.45 129 <0001 0.49
(Hg/dsn?) RH diff -4.93 <0001 -0.06 185 0.017 0.10
Activity diff 240 <.0001 0.21 583 <.0001 0.14
Ventilation diff -0.21 0.005 -0.03 -1.52 0.0aL -0.15
(R?=0.26) (R?=0.20)
Intercept -2.71 <0.001 0 -14.4  <0.001 0
Bird age diff -7.8e4 0.50 -0.01 0.02 <0.001 0.28
Emission Temp Fﬁff 0.20 0.17 0.02 -2.87 <0.001 -0.24
(mg/cthen) RH diff -0.57  <0.001 -0.12 0.35 0.33 0.04
Activity diff 2.93 <0.001 0.05 341 <0.001 0.18
Ventilation diff 0.06 <0.001 0.15 -0.02 0.28 -0.05
(R*=0.02) (R*=0.08)

[ for strategy | dataset only thi 1-stream method for emission rate calculatiofsPM, s not includeddue to irsignificant
difference.

4.4.8.2  Floor variation

In the strategy Il data collection period (Mai©ctober 2009), PM concentrations on the
two floors of house 4 were simultaneousignitored. Investigation of floor variation was
conducted using this dataset. The descriptive statistical results of PM concentrations on both
floors are listed iTable4.16. The 2%floor had higher PM concentiahs than the *ifloor,
but the magnitude of this difference varied amBip s, PM;o and TSP. TSP showed the
greatest difference. Also shownTable4.16, the 29 floor had higher variations in PM
concentrationghan the 1'floor, especially foPM;oand TSP. Because all the hens were
housed on the"2floor, the hen activity had more direct impact on PM concentration&®on 2
floor. The relative differences of hourly PM concentratio& {#) by hour class ar
illustrated inFigure4.18. Most of times of day, concentrationsRi¥, s, PM;o and TSP had
significant differences betweefi®and £ floors. From thé®My, relative difference plot
(Figure4.18B), thedifference pattern was highly coincident with the house lights on/off
schedule. In adton, the PM concentrations off and 2%floor were not only dependent

upon emission sources, but also on ventilation. As showigure 4.19Athe relationship
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betweenPM;, concentration relative difference and ambient air temperature varied
throughout the year. High ambient temperature required high ventilation rate to adequately
cool the house?M; concentration relative difference lagged behind ambient temperatur
PM;o concentration had the largest relative difference (>60%) in August.

The statistics of relative differences in PM emission rates calculated ustrepin
(equation 1) and-8treams (equation 2) methods are listeflable4.16. It is important to
clarify that the Rdiff (%) values ifiable4.16 were the means of the individual Rdiff of all
the observations in the strategy |l data collection period. When interpretsggrtteans
(Rdiff), caution needs to be taken, and daily and seasonal variations need to be taken into
consideration.

In general, the -3team method yielded higher PM emission rates. The relative
differences of emission rates by these two methods variedgiid, 5, PM;o and TSP. TSP
had the highest difference. The comparative histograms for PM emission rates based on 1
stream and-3treams calculations are showrFigure 4.20These histograms reveal that the
distributions of PM emission rates based estredams method had longer tails than those
based on ktream method, and the means were shifted. The relationship between the
ambient temp@ture and the relative differenceRiV;p emission rates (calculated by two
methods) during different months of aayeés shown irFigure 4.19BWhen ambient
temperature was below 2@, the highstage ventilation fans on the second floor were off.
Consequently, the essions based on-dtream equaled to the emissions based atr@ams.
Significant differences occumeonly in the hot months, when high ventilation on tffe 2
floor occurred. Similarly, hourly class plots of relative differences in PM emission rates
calculated using-$tream and -8tream methodd=(gure4.21) show that the diffieence in
PMjo emission rate calculations by two methods was greater in warmer time of a day (around
noon) than the cooler time of a day (night time). This was also due to higher ventilation on

the 29 floor during the warmer time of a day.
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Table 4.16. Statistical results of spatial variations in PM concentrations and hespecific

emissions
NE Floor/method Mean Median SD Rdiff
PM,s 259 1 23.7 24.9 26.8 309"
2nd 28.8 30.3 46.8
st o{bl
Concentrationj{g/dsn?) PMy, 4193 zlnd ggg gﬁ ‘5133 3294
TSP 775 18 724 338 993 479"
2nd 1069 640 1280
PM,s 156 1-stream 4.95 4.67 2.60 2.99
2-streams 541 4.81 3.47
Emission (mg/chen) PMy 2704 1-stream 38.0 36.4 33.8 1899
9 2-streams 475 439 372
TSP 479 1-stream 65.8 64.1 437 2399
2-streams 86.4 79.1 60.7

@ N=the number of hourly data when both TEOMs have valid measureditRtiff was calculated using equatidn
l[IRdiff was calculated using equation 3
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4.4.9 Impact of the farm management practics on PM

4.49.1 Impact of house lighting on PM

To examine the impacts of house lighting and feed delivery on PM, the diurnal variations
of hen activity, concentrations BM;, ambienttemperature, and ventilation rate were
calaulated through averaging of hourdiata over the whole monitoring period from
September 2007 to December 2009 in houses 3 and 4. As an eXaigynie4.22 shows the
diurnal pdtern of the examined parameters from house 3. It was observed that when the
lights of the 2% floor (where the hen stayed) were on frBril0am to 8:00pm, thehens were
quite active When the lights were completely turned off from 8:00 pm to 3:00 anh, then s 6
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activity wasvery low (Figure4.22A). The hen s 0 easgredibywthrde activitya s m
sensors with outputs in volts. In examining PM concentratibiggi(e4.22B), it was

observed tha®PM;, concentration were significantly lower during darkness as compared with
light, even though ventilatiorates were lower at light tim&igure4.22F) in response to

lower ambient teperature at night{igure4.22 E). This observation indicates significant
impact of house liging schedule on animal activity, thus BM concentrations.

To identify which independent variable (hen activity or ventilation) had a greater effect
on the concentrations of PM, a multiple regression analysis was conducted. The standardized
coefficient in the multiple regression analysislfle4.17.) was used as an indicator to
compare significance of hen activity over ventilation. As showhahle4.17., for PM, s,

Houses 3 and 4 gave a little contradictory result. If hen activity was constaegsing 1
standard unit of ventilation could result in 0.13 unit®bf, sdecreasing in house 3, while
could result in 0.21 units &M, sincreasing in house 4. FBM;oand TSP, ventilation had
slightly greater effect on their concentrations. If kegghen activity constant, one standard
unit ventilation increasing would decreaB&1;o and TSP concentrations by about 0.6 and 0.7
units. However, if keeping ventilation constant, one standard unit activity increasing would
increasé®Mp and TSP only bylzout 0.3 units.

Table 4.17. The standardized coefficient as an indicator to estimate the effects of hen activity
and ventilation on the concentrations oPM, s, PM;gand TSP

Standardized coefficient

House (activity vs.ventilation)

H3 0.56 -0.13
PMo 5 (ug/n) Ha 0.77 0.21
3 0.40 0.68
PMyo (ug/m?) H4 0.32 -0.50
3 0.32 066
TSP (ug/r) H4 0.31 -0.83
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represent mean valuesvith 95% confidence interval; the mean values were average of hourly

data over the 24month monitoring period)
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4.49.2 Impact of manure removal events

Analysis of the manure cleanout impact was started with checking on the production
performance of the layinigens during manure cleanout periods. Statistics of the hen
perfamance during the cleanout time are showmable4.18. It was observed that all
production performances did not change with manure cleanout activities, although during
clean periods, the noise and dust plume generated from cleanout machines may make laying
hens uncofortable. The egg production, mortality, water and feed consumptions were in

close agrement with the average values of the whole monitoring period obgsTsat

Table 4.18. Statistics of production performance of the laying hens during manure clean out

periods
House Performance parameters N Mean SD Median (chl)_v\;er 95% Upper 95%
or mean CL for mean
H3 Eggproduction (%) 336 79.8 33.6 79.5 76.2 83.4
Mortality #/100K 13.0 6.5 125 12.3 13.7
Water consumptiofml/d.hen) 195.7 7.3 197.3 194.9 196.5
Feedconsumptior(g/d.hen) 83.7 14.3 91.4 82.1 85.2
H4 Eggproduction (%) 312 815 275 86.8 78.4 84.5
Mortality #/100K 15.4 10.9 14.2 14.2 16.6
Water consumptiofml/d.hen) 198.0 8.1 193.3 197.1 198.9
Feedconsumptior{g/d.hen) 95.1 9.4 96.5 94.0 96.1

EN=number of hourly data

Figure4.23illustrates PM emission agahmanure accumulation dayr comparison
purposeNH3; and CQ emissions were also included in this figuP& emissions had
different pattern from gas pollutants. Manure clean out activities generated dust plumes and
caused high PM emission. After maewleanout, PM emission decreased gradually, which
was due to the fact that suspended particles were settled down and higher moisture content in
fresh manure surface may also redareentrainment of small particles from manure

surfaces
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Figure 4.23. NH3;, CO,, and PM emissions over manure accumulation time (number of days)

(manure cleanout time labéed as negative days; A: house SH; and CO, emission rate; B:
house 3PMj, emission (TEOM was turned off during cleanout period); C: house #lH; and
CO, emission; D: house £Mqand PM, semission rates)

4.4.9.3
Table4.19 summarize$M emissions for the two houses with (occupied) and without

Impact of hen soldut event: empty vs. occupibduses

(empty) hens. In this table, the median values are more representatives of the central
tendency of the measured variablesdamere less sensitive to extreme values because of
relatively small samples size in house empty period andskgwed distribution. House
emission rates of PMPM;p and TSP) decreased by more than @fng the house empty
period As shown inFigure 4.2, the hen activity signals represent very low background

noise during empty perig@nd theactivity signals increased gradually as the new hens got
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used to feed/water supplies and new environments?Mes, lower emissions were observed
during the emptyeriod caused by lack of hen activity. Some spikes were most likely from

house clean up and disinfection activitiEg(re 4.24.

Table 4.19. Statistics of PMemissions: emptyvs. occupied houses

95% confidence

House Status Variables NE! Mean sSD Median

interval
PM, emission (g/d) 421 9.86 517 0.00 [-39.6 59.3]
Empty TSP emission (g/d) 0 -2 -2 -
H3
PMzo emission (g/d) 9237 1569 1338 1412 [1541 " 1596]
Full TSP emission (g/d) 1189 3486 3076 2917 [3310  3660]
PM.o Emission (g/d) 491 430 1108 177 (332528
Empty TSP Emission (g/d) 331 574 4746 17.8 (610  1087]
H4
PM,, emission (g/d) 13410 2277 2210 1839 [2239 2314]
Full TSP emission (g/d) 1815 4631 3614 4188 (4464  4797]

WN=number of hourly datd? No TSP measurements were taken when the house was empty

10000 O Ha empty period
0.6+ H H4 empty period T ©

5000

H4 hen activity (v)
H& FM1U EMISsion (g/a)

=
L
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T T T T T T T T
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DateTime 2008

Figure 4.24. Impact of the hen soldout event (emptyvs. occupied houses) ohen activity; PMq
emission; (Solid lines and thdbandswere LOESS, locally weighted scatterplot smoothing curves
and 95% confidence interval; Straight LOESS lines were due to missing data)

116



AT ; I-T.
W g TR

H4 hen activity ()

TTTTTTTTTTTTTTTTTTTTTTTT
¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢

T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8B 9 1011 1213 14 15 16 17 18 18 20 21 22 23
Time of the day

Emply ——— full]

[H_status
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4.5 CONCLUSIONS
PM concentrations, environmental and operational parameters of two tunnel ventilated

high rise layer houses wemgonitored under the NAEMS project overseen by the U.S. EPA.
House PM emission rates were calculated based upon the monitored PM concentrations and
house ventilation rates. Since the observed PM emission rates over two years of observations
did not follow anormal distribution, the Winsorized confidence intervals were analyzed to
provide better interval estimation that contains the true values of the PM emission. It was
discovered that the Winsorized 95% confidence intervafVbfsemission rates were [4],.

60.00] g/d, [0.44, 0.63] mgfden, and [0.13, 0.19] g/dU in one house (house 3), and [39.9,
58.50] g/d, [0.45, 0.64] mg/den, and [0.14, 0.21] g/8U in the other house (house #)e
Winsorized 95% confidence intervalsfifl;oemission rates were 397, 1445] g/d, [15.1,

15.7] mg/dhen, and [4.98, 5.15] g/dU in one house (house 3), and [1650, 1706] g/d, [17.7,
18.4] mg/dhen, and [6.10, 6.31] g/dlU in the other house (house 4j1e Winsorized 95%
confidence intervals of TS#mission rates were3129, 3470] g/d, [32.2, 35.7] mghen,

and [11.1, 12.3] g/AU in one house (house 3), and [3712, 4049] g/d, [39.9, 43.5]-hegid

and [13.3, 14.5] g/AU in the other house (house 4). The cumulative frequency distributions
of PM emissions suggest thd1% of time, house 3 PM emission rates were below 0.61,

14.7, 29.9 mglhen forPM, 5, PMyo, and TSP, respectively, and house 4 PM emission rates
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were blow 0.72, 16.8, 40.7 mglekn forPM, 5, PM;o, and TSP, respectively. Significant
daly and seasonal vations in PM concentrations and emissions were observed. PM
concentetions and emissions also showed significant spatial variation, both between two
houses and between two floors of one house. Hen activity, house ventilation, indoor
temperature and RH, ameint RH and housHH3; emissions demonstrated significant impact
on PM emssions. Among all the influencing factors, impact of animal activity surpassed the
impacts of other factors.

Farm managememiractices hd also demonstrated significantpact on PM emissions
The hen activity was directly linked to house lightiligus, the housing lighting program
had significant impact oRM emissionsThe impact Hn activityhad greater impact on PM
emission thamouse ventilationManure clean out activities iggrated dust plumes and
caused high PM emission. After manure cleanout, PM emission decreased gradually. No
significant changes iegg production, mortality, water and feed consumptions were observed
during manure cleanout period. When compared to the agtinouse, empty house

emission rates of PMRM;p and TSPYecreased by more than 90%.
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CHAPTER 5. FINE PARTICULATE MAT TER IN A HIGH -RISE
LAYER HOUSE AND ITS VICINITY MEASURED BY FILTER -
BASED METHOD"

5.1 ABSTRACT.

Fine particulate matterRM, s) is one of many air paltants emitted from animal feeding operations
(AFOs). Knowledge abolM, 5 in AFO production facilities and their vicinity is important for studies of its
impact on health, animal welfare, and the environment. However, very little information is avalialie
PM, s concentrations and emissions, and their spatial and temporal variations, associated with egg production
facilities. In this study, Partisol 2308BM, s speciation samplers were used to take daN s samples in a
high-rise layer house and &ur ambient stations. The sampling period covered four seasons, with a total of
300 samples. The results showed that none of the anfilenrtconcentrations exceeded the 85 ni* (24 h)
and 15mg m* (annual)PM, s National Ambient Air Quality StandargslAAQS). The ambient stations and the
in-house station showed strong seasonal variations; the ambient stations had the Pighestncentrations
in summer, and the ihouse station had the highest concentration in winter. Based on the gamma distributio
95% confidence intervals &M, s emissions (MM 5 d? hen‘l) were [7.86, 11.4]. The downtinfaM, 5
concentration meanvas onetenthof the occupied housBM, s concentrations were negatively correlated with
ambient RH, egg production, and ventitatirate. Statistical tests did not show a strong correlation between
ambientPM, 5 concentrations and emissions from the layer house. This study adds to a growing body of
research assessing the environmental impact, air quality, emissions of AFOs aathtioeship between

PM, s and the environmental and farm management inventory information.

Keywords Animal Feeding Operations (AFOs), Egg productiBiV, s, NAAQS, Mass concentration,

Emission.

" Adaptedwith permission fronii, Q-F., L. WangLi, S.B. Shah, R.K.M. Jayanty, P. Bloomfield, 261E i n e

particulate matterina highh i se | ayer house and its BAB)KC2RMP2310y 0. Tr ans
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5.2 INTRODUCTION

The U.S. EPA defines animal feeding operatighiSOs) as "agricultural enterprises
where animals are kept and raised in confined situati@&#iA, 2008. In the U.S., AFOs are
highly specialized. The farm size and productivity of AFOs have been continuously
increaing in response to economics and growing demand éathegg, and milk
production. In 1935, there were about 6.5 million farms in the U.S. As farm size and
productivity increased, the number of farms declined to 1.91 million farms in(NG®C,
2003. While AFOs catribute significantly to the food supply and economy, they also cause
environmental and health concerns. Animal waste andlgollutants, e.g., particulate
matter (PM), ammoniaNHs), and hydrogen sulfide ¢3), from these operations can affect
water and air quality as well as the ecosystfiRC, 2003. Research has shown that PM has
adverse effects on the health and welfare of fari@erdersen et al., 200Mitloehner and
Calvo, 2008 and on animal performance and efficiefdy Homidan et al., 1998Chirase et
al., 2004 Hayter and Besch, 197Kristensa et al., 2000Monaghan et al., 2007
Moreover, through ventilation systems, PM generated inside AFO buildings can be
transported to the outside environment. The emitted PM may threaten therocellizy
(Grantz et al., 200and cause respiratory infection in people living in the vicinity of the
AFO (Donham et al., 20Q7Furthermore, the emitted fine PMN],5) can travel long
distances and generatdvarse impacts on thegional air quality and even the climate
(Seinfeld and Pandis, 1998aS EPA, 2010p

In poultry production systems, PM emission is@anconcern as it leads to negative
environmental and health effe¢l$RC, 2003. Not much research has been conducted to
guantify the PM emissions from poultry production systgi@alvet et al., 200%abbri et al.,
2007 Lacey et al., 2003.im et al., 2007 Modini et al., 2010Roumeliotis and Van Heyst,
2008. Specifically, venylittle PM, s emission data are available for poultry production
systems(Fabbri et al., 200Modini et al., 201D Although the effects of environmental
factors (e.g., temperature and relative humidity) and facility management practices (e.g., hen
stoking density ad ventilation) on PM concentration and emission have been studied by

some research group&l Homidan et al., 1998anhazi et al., 20081odini et al., 2010
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Takai et al., 1998Vucemilo et al., 200)7 a knowledge gap remains in identifying key factors
that nfluencePM, s emission from poultry housing systems.

Studies of the emission, fate, and transport of PM from AFOs will lead to development of
better management strategies for mitigating the negag@aih and environmental impacts of

PM emissions from AFOs. This reported project was designed to: (1) evaluate concentrations
and emissions d?M, s and their seasonal variations in a commercial egg production house,

(2) compare ambiefM, s concentrabns with the National Ambient Air Quality Standard
(NAAQS), (3) estimaté M, 5 concentrations and their spatial and temporal variations in the
vicinity of the egg production farm, and (4) develop statistical models for identification of

the factors that filuencePM, s concentrations.

5.3 METHODOLOGY
Detailedinformationabout filterbasedPM s field samplingis presenteth Chapter 2
(2.3).

5.4 RESULTS AND DISCUSSION

5.4.1 PM;5Mass Concentrations

Table5.1 shows the averageM, s mass concerdtionsmeasured by theM, sspeciation

samplersat the five sampling stations from December 2008 to December 2009. For the four
ambient stations (ST2 through ST5), all obse®&t} s concentrations did not excetitk
currentNAAQS (24 h averages, 35y m°) (Figure5.1) (EPA, 2010b. In addition, the
anrual arithmetic mean fror8T2 through ST%Table5.1) was less than the NAAQS (1%
m®) (EPA, 2010B. The average concentrationRifl, s inside the house was as high as 141
nmg m (Table5.1). This hidh concentration may potentially compromise the health of the
workers(Radon et al., 200)and the production efficiency of the hens, and thus the profit of
the fam (Al Homidan et al., 1998Hayter and Besch, 197Kristensen et al., 2000The
four ambient stations were located at different distances (240, 280, 290, and 480 m) and
directions relative to STIF{gure2.1); however, the meaRAM, s concentrations at the four
ambient sttions did ot show significant differences at a statistical confidence level of 5%
based on Tukey's group informatioraple5.1) (SAS, 2009.
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Table 5.1. AveragePM, s mass concentrations for all sampling events from December 2008 to
December 2009

Mean® SD Tukey

Station NE (mg m®) Median Min. Max. Groupind”

ST1 59 141°123 113 10.6 434 A

ST2 60 9.62°4.38 8.00 3.85 22.8 B

ST3 59 9.06°3.85 8.32 3.75 21.2 B

ST4 60 8.79°3.74 7.51 3.70 21.2 B

ST5 61 8.78°4.09 7.50 3.57 20.8 B
Avg 240 9.06°4.01

BIN= numbers of 24hr PM, s samples!™ Means with the same letter are not significantly
different ata = 0.05 (SAS, 2009 Avg. = average for ambient stations ST2 through STE
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Figure 5.1. Ambient PM, 5 concentrations for ST2 through ST5 vs. 24 PM, s NAAQS.

To study the statistical properties of fkl, 5 concentrations and draw inferences from
the sample results, four different statistical distribution models (normal, lognormal, Weibull,
and gamma) werested with all the sampling data. For 80, s concentrations at ST1,
none of these four distributions fitted the sample data well, and the hypotheses for the
normal, lognormal, Weibull, and gamma distributions were rejectad=ad.05. For the
ambient ampling stations (ST2 through ST5), the lognormal distribution best fRNhe;

concentations based on the goodnexsfit test pvalues and the quantilguantile (gq)
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plots. The pvalues for the Kolmogore®mirnov test, Crameron Mises test, and Andson

Darling test were larger than= 0.05 {Table5.2). The geometric mean and standard

deviation (GMSD) oPM, s from ST2 through ST5 are shownTiable5.2. Based on the

simulated lognormal models, the 98thiqentilePM, s concentrations and the expected

number of days (per year) wikiVl, s concentrations above the NAAQS 24 h limit were
estimated. The estimated 98th percentiles from the different models were less nigam 35

The expected number of days pear thatPM, s was above NAAQS was less than one day.
These ambient measurements at the property line or at short distances from the source could

provide useful information for AFOs PM emission risk assessment.

Table 5.2. Lognormal distribution simulation, 98™ percentile concentration, expected number of
days per yearPM, s above NAAQS

Stations Geometric mean and Goodnesof-Fit Tests for Lognormal 98" percentiles Expected number of
standard deviation Distributions* (ug/m?) days per yeaPM, s
(ug/m?) above NAAQS(EPA,

20109
ST2 8.76 (1.52) P«=0.013,R=0.13,R+0.22 20.8 0.187
ST3 8.33 (1.51) P«>0.15,R>0.50,R:>0.50 19.3 0.085
ST4 8.08 (1.49) P«=0.076,R=0.23,R+0.38 18.4 0.045
ST5 8.00 (1.55) P«=0.047,R:+=0.12,R+0.11 19.8 0.15

*: P the p value of Kolmogore8mirnov test; Pcm: the p value of Crarvein Mises test, R the p value of Andersen
Darling test(SAS, 2011

5.4.2 Seasonal Variation ofPM, 5 Concentration

ThePM, s seasonal variation represents the impact of meteorological conditions and farm
management practices. In this study, the seasons were classified based on the dates of the
equinoxes and solstices. March 20 was the first day of sphimge 20 was the first day of
summer, September 20 was the first day of autumn, and December 21 was the first day of
winter. The seasonal variationsRifl, s at the five sampling stations are showrrigure
5.2; the mean and Tukeyauping information are shown rable5.3. ST1 had higher
means in spring and winter than in summer and autumn. In poultry houses, ventilation rates
in winter and spring are normally much lower than in summer and autumn, whichaday le
to significantly higher exhau$tM, s concentrations in winter and spring (Tukey grouping A)

than in summer and autumn (Tukey grouping B). For the ambient stations (ST2 through
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ST5), based on Tukey grouping, except for ST@b{e5.3), summelPM, s concentrations

were higher than those in other seasons.A¥lgs concentrations in summer at ST2, ST4,

and ST5 were significantly higher than in the other three seasons (Tukey grouping A vs. B).
However, for ST3, th®M, s concentrationg spring were not significantly different from

the other three seasons (Tukey grouping A and B in spiTiadpl€5.3). The highPM, 5
concentrations in summer may be due to the differences in atmospheric chemistry between
summer andther seasons. In summer, stronger photochemistry reactions tend to be more
efficient to produce fine particles, such as producing secondary sulfate from the ambient SO

in summerSong ¢al., 200).
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Table 5.3. Seasonal variatiors of PM, s concentrationsat five stations (ST1ST5)

N Mean (ugm°) Tukey Grouping*

ST1 Spring 12 248 A
(F value=23.1, yvalue Summer 16 352 B
<0.001) Autumn 17 144 B
Winter 8 280 A
ST2 Spring 12 9.4 B
(F value=11.62, ywalue Summer 16 141 A
<0.001) Autumn 24 7.29 B
Winter 8 8.15 B

ST3 Spring 12 9.78 A& B
(F value=B.0, p-value Summer 15 12.2 A
<0.001) Autumn 24 7.01 B
Winter 8 8.18 B
ST4 Spring 12 8.70 B
(F value=9.22, pvalue Summer 16 122 A
<0.001) Autumn 24 6.95 B
Winter 8 7.70 B
ST5 Spring 12 8.90 B
(F value=14¢, p-value Summer 14 13.4 A
<0.001) Autumn 25 6.57 B
Winter 10 7.64 B

*: Means with the same letter are not significantly diffeegrthe same statio(SAS, 200p

5.4.3 PM, s Emissions and Seasonal Variations

The cumulative frequency distributionsfif, s emissions are listed ifiable5.4. As
shown in this table, 95% of the tinfelM, s emissions were below 7.41 ¢ AU (or 21.0
mg d* heri), and 50% (median) of tim&M, s emission was below 3.08 g AU ™ (8.81 mg
d™* hen'). Figure5.3 shows the dailf’M, s emission rates (mgthen?) during the study
periods in a histogram superimpose&dh normal, lognormal, Weibull, and gamma curves.
For the statistical tests, the null hypothesis wasRMits emissions are random samples
from the specified normal, lognormal, Weibull, and gamma distributions. To determine how
well the theoretical disibutions fit thePM, s emissions, both the-yalues of the goodness
of-tests for the theoretical distributiongaple5.5) and the probability plots of normal,
lognormal, Weibull, and gamma distributiosqure5.3) were used. As shown ifable5.5,
the null hypothesis for all normal, lognormal, Weibull, and gamma distributions failed to be
rejected aq = 0.05. The probability plotsTable5.4) compared the orderd®M, s emission
values with the percentiles of a specified theoretical distribution. For normal distribution, the
points on the plot did not form a very good linear pattern. The lognormal, Weibull, and

gamma ditributions had better fits than the normal dimition. Overall, based onyalues
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and the probability plots, trgamma distribution could best fit tfM, s emissions. The
estimated means, standard deviations, and 95% confidence intervals from the four
distributions are listed iable5.5. The estimated means of Weibull and gamma were
identical to the normal mean (arithmetic mean), and the estimated mean of lognormal was
slightly higher than the arithmetic mean. However, the standard deviations of lognormal,
Weibull, and gamma @re higher than the normal standard deviation.

Limited research oRM, s emission in layer operations has been conducted. Fabbri et al.
(2007 reported 14.2 mg Hhen' of PM, s for a deeppit system and 6.24 mg*den’ of
PM_ s for a ventilated belt system. For the dgefsystem, the value was higher than our

results, and it did not fall into our estated 95% confident intervals.

Table 5.4. The cumulative frequency of PM emissionsitg unit of mg/d-hen andg/d-AU)

PM;s
mg/d-hen g/d-AU*

100% Max 23.3 8.24
99% 23.3 8.24
95% 21.0 741
90% 17.8 6.30
75% Q3 13.6 4.67
50% Median 8.81 3.08
24% Q1 5.14 1.72
10% 2.78 0.98
5% 1.64 0.55
1% 0.94 0.31
0% min 0.94 0.31

*1AU (animal unit) =500 kg live mass

Table 5.5. The estimated mean, standard deviatioiStdDeV) of the PM, s emissionrates

Model Mean (mgd-hen) StdDev (mgd-hen 95% confidence interval Goodnesof-fit tests (p
values)*
Normal 9.43 5.74 [7.81 11.1] Pcm=0.095,Pad=0.075
Lognormal 10.0 8.84 [7.97 13.1] Pcm=0.073,Pad=0.025
Weibull 9.43 6.70 [7.93 11.2] Pcm>0.250, Pad>0.250
Gamma 9.43 6.16 [7.86 11.4] Pcm>0.500, Pad>0.500

*. Pcm: the p value of Crameron Mises test, R the p value of AnderseDarling test(SAS, 2011
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5.4.4 Factors Influencing PM, s Concentrations
5.4.4.1 Layer House
Simple descriptive statistics for some of the environmental, animal inventory, and

ventilation variables in the testing house are listeBaible5.6. Daily animal inventory
informationwas documented in a farowned computerized system; the minimum values of
zero feed consumption and egg production indicated some possible input errors (these data
were excluded from the following plot and regression analysis). For this layer operation, th

rate of egg production was 79%.
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Table 5.6. Descriptive statistics for some of important variable$’

Variables Mean StdDev Min Max
Ambient T (C) 19.3 7.07 191 30.6
Ambient RH (%) 65.6 14.4 35.0 84.3
House T {C) 254 2.24 20.0 304
House RH (%) 68.2 10.6 48.4 84.2
Population (x18) 94.1 1.34 91.9 96.2
House Ventilation (x18n%min) 9.34 6.21 1.30 17.6
HenAge (days) 472 77 313 591
HenWeight (kg) 1.46 0.05 141 1.53
Mortality (hengd) 17 9 0 42
Egg Production (x1tunit/d) 74.4 31.3 0 145
Water Consumptiomng®/d) 17.9 3.60 0.20 204
Feed Consumption (xikg/d) 8.74 221 0.00 10.1
PM, 5 concentration(g/m?) 146 133 13.3 434
PM, s emission (mgi-hen) 9.46 6.21 0.94 23.3

* During period of thisstudy, two flocks diers were involved, anthis table only includefiock#1data.

In this study, siXPM, s sampling events were conducted during downtime when the house
was empty (no hens in house). The mB&h s mass concentration was 13§ m™ with
minimum of 10.6hg m™> and maximum of 17./g m™ during the downtime periodVhile
the house was occupied, the m&am, s mass concentration (148 m* in Table5.6) was
more than 10 times higher than during downtime. The emisaterwas 2.7 10 °1.633
10" mg d* for the empty house, which was 32 times lower than the occupied hous@ (8.91
10° °5.423 10° mg d%). To identify the key factors affectirRM, s concentrations, the
relationships between the variables and B\, s concentrations were analyzed and are
illustrated by the scatter plot matrix Figure5.5. As shown irFigure5.5, there is a linear
trend letweenPM, s concentrations and some of these variables, such as ambient
temperature, house exhaust temperature and RH, and hen age. Because of so many variables,
some are possible significantly redundant (collinear). The variance inflation factor (VIF) and
the conditionmdex values were applied to check multicollineaf®AS, 2009. If the VIF
and interceptdjusted condition index are larger than 10, then multicollinearity cowdd be
problem in the mod€lTao and Walsh, 2005Based on collinearity model diagnostics, hen
population, abient emperature, hen age, and house RH were excluded. The model
diagnostics were also checked for normality and constant variance assumptions, and no

violations of these assiptions were identified.
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Figure 5.5. Scatter plots of inhousePM, s mass concentration (yaxis) plotted against ambient
temperature, ambient RH, house temperature (measured at the exhaust), house RH (measured
at the exhaust), hen population, hen age, hen weight, daily mortality, egg produamti (total
counts), water consumption, feed consumption, and ventilation. Solid lines are the regression fit
to the scatter plot, and color bands are the confidence limits for a mean predicted value for each
observation.

After the multicollinearity, normdy, and constant variance check, the backward
elimination method was applied to choose the best mode(.2ndas the specified
significant level for staying in the mod@AS, 2009). The final model is:

PM, .conc=567- 3.26( AmbRH)- 6.33* 10“(eggproductior)- 1.55* 10*(ventilatio) R’=0.874
(5-1)

wherePM, s conc.= the PM, s concentrationsng m*) at ST1,Amb RH= the ambient RH
(%), egg. productiorr the daily counted egg numbers, arghtilation= the calculated

venilation (m® min%).
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Negative trends occur in ambient RH, egg production, and ventilasmative
coefficients). The negative effect of ventilation BRI, s concentration is a combination of
many factors. In animal houses, the ventilation flow is controlled by house temperature,
which influences the air exchange. This means that if the leaggerature is above the
setpoint of 21°C, then more fans turn on and the ventilation flow increases. An increase in
ventilation can increase the dilution rate by bringing fresh (low particle laden) air in and
moving heavy partickkaden exhaust air out.rhe other hand, an increase in ventilation can
increase air turbulence and air entrainment of small particles from manure, cage, hen body,
and building wall surfaces. As a result, the relationship between exdustoncentrations
and ventistion shoud consider the integrated effect of ventilation. As showRigure5.5
and equation 11, the overall effect of ventilationRi, s mass concentrations was negative,
which it means that increasing ventilation decre&dss mass cooentrations.

The statistical model in equation 11 suggests what proportion of the variability of the
concentrations was due to each of the factors. Based on this statistical model, the likely
concentration could be estimated if a value for each of therfsc known. Because the
model was based on historical data sets, the prediction assumption was that the influence of
the factors on concentrations will be the same in the future. This may be true on a short time
scale and in similar facilities, but onaust use extreme caution when extrapolating data to

other facilities and long time scale.

5.4.4.2  Ambient Stations

The strength of thenearrelationship of ambier®?M, s mass concentrations to emission
rate, temperaturé&H, solar radiation, and wind speed angkdiion were evaluated based on
correlation coefficients. The Pearson correlation coefficients are listabie5.7. The aim
of this statistical analysis was to gain some understanding of how the aRligsmass
concentrationstalifferent locations related to each other, to the source emissions, and to the
meteorological conditions. Scatter plots RVl s mass concentration were generated to
visualize the relationshipg-{gure5.6). ThePM, s mass concerdtions at ST2 appear on the

y-axis, while the independent variables appear omx-togs.
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Table 5.7. Pearson correlation coefficients of ambienPM, s mass concentrations and ambient
air conditions

ST2 ST3 ST4 ST5 PM,s Ambient Ambient Solar U of V of
PM, 5 Conc. PM,sConc. PM,s Conc.PM,sConc.  ER Temp. RH Rad. Wind Wind
(mgm®  (mym®)  (mgm®) (mum®) (mgd) (°C) (%) Wm*» (ms) (msh
ST2PM, 5 conc. 1.00 0.93 0.98 0.89 0.1F 040 -0.157 0.35 039 -0.0™
(g %)
ST3PM,s conc. 1.00 0.96 0.87 0.24 031  -0.2/ 044 034 -0.0™
(g %)
ST4PM,s conc. 1.00 0.90 017 038 -0.147 033 043 -0.1™
(mg ) e
ST5PM,s conc. 1.00 0.1 0427 0.0 0.30 028 -0.0M
(g ) ) )
PM,s ER 100 -0.167 7 -0.60 053 L0113 013
(mg d) I
Ambient temp. 1.00 023  -0.040 062 0.11%
(°C)
Ambient RH 1.00 -0.76  0.049 0.42
(%)
Solar radiation 1.00 0.01®  -0.18"
(W m?
U of wind 1.00 -0.49
(ms?h
V of wind 1.00
(ms?

EINot significantly different from zero at 95% confidence level.
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Figure 5.6. Scatter plots for ST2PM, s mass concentration (yaxis) plotted againstPM, 5
emission rate (ER), ambient temperature, ambient RH, solar radiation, U component of wind,
V component of wind, andPM, s concentrations at other ambient stations (ST3, ST4, and ST5).

No significant correlation was found between ambii s mass concentrations attte
measured houdeM, s emission ratesl@ble5.7). This observation may indicate that the
average mass concentrations from 24 h PM samples did not have enough temporal sensitivity
to link the source emission with ambient concerdres, because 24 h samples tended to
avaagePM, s from downwind and upwind. In a study that continuously monitored M
and WaneLi, 2011, Li et al., 201), it was found that downwind PM concentrations were not
constantly higher than upwind. Overall, the upwind concentratioR#/et andPM;, were
lower than the downwind concentrations; however, the differences egsréhan 1.6y m?*
for PM,sand 6.0mg m for PM;o(detailed information in Chapter.7s shown ifTable

5.7, PM, s concentrations at the four ambient stations were highly correlate®.00); the
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significant positivecorrelatians indicate that their sourceskil, s may be the same in
nature .Both solar radiation and temperature were positively correlated?Mthy mass
concentrations. These correlations indicate that stronger solar radiation and higher
temperature tended toquuce mord®M, s. Most of the atmospherieM; s is formed by
condensation of vapors onto geristing particles and nucléColls, 2002 Seinfeld and
Pandis, 1998b Swnlight is most likely needed to pduce the nucleating and condensing
vapors from their mcursors by photochemical reactions. Most photoreaction rates are
associated with tempature, and high temperature can increase photoreaction rates. In
previous studieMcMurry and Stolzenburg, 1989illmann et al., 201)) it was reported
that relative humidity could contribute to aerosol formationweler, this field study
showed that relative humidity had no significant effecPiy s mass concentration (p >
0.05). One possible explanation is that the parbdend water was lost during the process
of sampling and/or filter conditioning for pestighing. For all four ambient stations, thle
components of wind were positive correlated viAtA, s massconcentrationr(> 0.3 and p
value < 0.05), while th¥ components of wind were not significantly correlated Wi, 5
massconcentration (fwalue > 005). These indicate that the west wind tended to bring high
inland pollutants to the east ocean, so the highesmponent would result in highBiM, s

concentrations.

5.5 CONCLUSIONS

This study assess&M, 5 concentrations in the vicinity of a layer fabesed upon filter
based 24r PM samplingnethod. e results revealed that the observed amisiéhts was
below the NAAQS limits. The lognormal distribution could be used to simulate the ambient
PM s concentrations. The expected number of days per year Rifigs exceeded NAAQS
was less than one. Strong seasonal variatioR$/is concentrations at all PM sampling
stations were observed. Specifically, the ambient stations had the highest concentrations in
summer, and the ihouse station had the high&¥l, s concentration in winter. Egg
prodwction, ambient RH, and ventilation had negative relationships witlousePM, s
concentations. PM, s concentrations at the four ambient stations were highly correlated each
other. Solar radiation, temperature, anel component of wind were positively correlated
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with ambientPM, s mass concentrations. FBM, s emissions, 95% of the time they are
below 7.41 g @ AU™ (or 21.0 mg @ hen), and 50% (median) of time they are below 3.08 g
d* AU™ (8.81 mg d hen'). ThePM, s emissions could be best simulated by the gamma
distribution. Based on the gamma distribution, 95% confidence intervals of emissions (mg
PM,sd™ heri) were [7.86, 11.4].
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CHAPTER 6. CHEMICAL SPECIATION AND SIMULATION OF
PM2.5IN AN ANIMAL FEEDING OPERATION FACILITY ANDIT S
VICINITY

6.1 ABSTRACT

Investigation of the chemical compositiorPdfl, s inside and in the local vicinity of AFOs can help to
understand the impact of the AFO emissions on ambient secondary PM formation, and the fate and transport of
air pollutants associated with AFOs. This ydang field study was conducted on a commercial egg production
farm. SamplesPM, s were collected from five monitoring statiofis house andt four wind directionof
ambientlocationg. The major ionsgasNHs, elements, organic carbo®C) andelement carbofEC) were
analyzed by ion chromatography (ICk-ray florescence (XRF), and therroptical analysis, respectively
AmbientNH; concentrations ranged from 10 to Rg/nT, and were impacted by housiél; emisions.K*, Na*
and CI" were highly correlated with each other inside the layer hostsambientstations SO and NH,"

( } =0 . &l6trbng refationship, whereas in the layer hous&,* andNH," were not higly correlated.
PM, s had no linear response téH;, HNG;, H,SQ, precursor gases basexh thermodynamic simulatiofhe
changes iMH; in high concentration rangdsad small effect oflPM, s mass PM, s inside the layer house was
alkaline andPM, 5 in ambient was close to neutrdlhe ambientNH{)JSQf' molar ratio mean was 1.695At
all stations, 90% carbowasOC, and ST1 hdithehighest OC/TC ratio Methods fo calculating statistic
parameters of measuredement concentratiaincludedirect with zero, direct without zero (treated as
missing), uncensored (truncated) and left censofé@ results based on different methagse significary
different forlow concentrationelementsThe chemical mass balance analysis revealed@ttaccounted for
above 50% oPM, s mass in both house and ambient statiditd,”, SO, andNO; accounted fombout
400% of the totaPM, s massin ambient locationandfor only 12% of the totaPM, s massn house The
measuredPM, s masgsagreed with the susof themasses ofhemical componentt all stationsexcept for

ST1. In ST1, the measurBi, s mass was almost 408orethan themasssumof the chemical components

Keywords Animal Feeding Operations (AFOs), ChemichhracterizationFine particulate matter®fM; s),

lons, OC, EC, Elements, Mass balance.
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6.2 INTRODUCTION

To protect and assess ambient air quality, U.S. Environmental Protection Agency (EPA)
has developed sexal ambient air monitoring programs that are being operated by the state
and local agencies. These programs include three major national monitoring networks: State
and Local Air Monitoring Stations (SLAMS), National Air Monitoring Stations (NAMS),
and Speial Purpose Monitoring Stations (SPM$®)S EPA, 2010p Two PM; s monitoring
networks were established in the U.S. for fine particuldk, ) chemical speciation. These
two chemical speciation networks include the Interagency Monitoring of Protected Visual
Environments (IMPROVE}2010 and thePM, s National Chemical Speciation Network
(CSN)(RTI International, 2010aln addition,the Clean Air Status and Trends Network
(CASTNET) is designed to provide data to assess the air quality, and dep@s8i&irA,
2017 . These monitoring networks provide high quality data for air quality and public health
studies. However, they do not necessarily provide representative data for rural aghgultu
intensive areas due to lack of spatial coverage.

As a criteria pollutant?M, s is of increasing concer&tudies have demonstrated
evidence of its negative health effects on human and an{#adkersen et al., 20Q0&orrick
et al., 1998Kunzli and Tager, 20QMitloehner and Calvo, 2008Korrick et al(1998
found thatPM, s was associated with significant effects on pulmonary function in adults
duringprolonged outdoor exercisd?M, s can éo adversely impact visibilityand contribute
to acidfication of lakes and streams, thereby degrading ecosystem {ig¢&ItBPA, 2010p

PMg 5 can originate from anthropogenic and natural sources or form through atmospheric

reactiongHinds, 1998. Different areas and regions have different major emission sources,
climatology and geography, and therefore widegeral and spatial variation iPM, 5
concentrations and characteristics are expected. Because of its relatively long residence time
(3-5 days) in the atmosphefeM, s may transport large distances from emission sources
(Hinds, 1998. Geological materials, e.g. oxides of Al, Si, Ca, Ti and Fe, organic matter,
elemental carbon, sulfat8Q,%), nitrate NOs) and ammoniumNH,") are six major
components@ounting for majority oPM, s masgUS EPA, 199). The wateisoluble ions

(SO%, NO3, NH.", etc.) in many areas account for a major fractioRM§ s mass
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(Kerminen et al., 2001 The ionic compositions ¢?M 5 link to various chemicaleactions
in aerosolgLiang and Jacobson, 1999he chemical characteristics progibasic
information for studies dPM, 5 source apportionment and assessment that may lead to
development of cost effective migigon strategies.

The study of ambient PM and-pollutants patterns and characterization in rural AFOs
intensive areas is iportant to assess AF@adverse environmental impact and resulting
health effects. In this study, a field investigation was conducted to characterize the major
ions, elements, organic carbon (OC) and inorganic carbon ¢ER), s inside and in the
immedite vicinity of a large commercial egg production farm. This knowledge provides a
foundation to assess the role of AFOs on ambient air quality in agriculture intensive rural

ae as, which is absence in U.S. EPAdks. nati ona

6.3 METHODOLOGY
ThePM, schemical speciation sampling method and detailed sample collections are

presented in chapter 2.

6.4 RESULTS AND DISCUSSIONS

6.4.1 X-ray fluorescence (XRF) vs. ion chromatography (IC)

Both XRF(for Teflon filters)and IC(for Nylon filters) methods were used to measure
sufur, sodium, potassium and chlorinEigure6.1 andTable6.1 show the linear regressisn
of sulfur, sodium, potassium and chlormeasuredy XRFandIC. Themeasuremestfor
sufur were ingoodagreementthe ratio of watesoluble sulfate by IC to total sulfur by XRF
was about 3. Howevgior potassium, sodium and chlorine, the agreements were not
satisfatory. Nylon filters are known to have high efficiency to collgaseous nitric and
hydrochbric acids(Anlauf et al., 1985Tillmann et al., 201)) so the chlorine resulfsom IC
results accounted farticle phas€l” and gagphaseCl, although low gaseous hydrochloric
acid exists in agriculture sit€g/alker et al., 2006 The discrepancy for sodium mbhg due
to instrumental limitations and low-kKy yields for the light elements (sodium Z=11). The
reason for the discrepancy for potassiisnunknown so the potassium data should be used

with cauton.
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Table 6.1. XRF and IC method comparison (raw data usedjor four element measurements

W/ zero values

WI/O zero values

Ambient K

K(XRF)=0.029 +0.37K(IC)

K(XRF)=0.013 +0.62K(IC)

R°=0.24 R?=0.054
Ambient S S (XRF):%ZOZ ‘:;8437 SO4(IC) Same because of no zero values
. Na (XRF)=0.006+0.40 Na(IC) Na (XRF)=0.002+0.43 Na(IC)
Ambient Na R*=0.33 R%=0.34
Ambient Cl cl (XRF):6R.2(iI(E)41+90.11CI (IC) Same because of no zero values

140



A: Wi zero B: WIO zero

0.25 0.25
0.20 0.20
0.15 | o 015 o
= =
E E
El El
E E
< <
010 010
0.05 -| 0.05 -|
0.0 0.00]
T T T T T T T T
0.00 0.05 010 015 0.20 025 0.00 025
K+ (ug/m) K+ (ng/m?)
[@ 95% Confidence Limits Regression | [© 95% Confidence Limits Regression |
C: WI zero D:WIO zero

S g/m)
S g/m)

4 6 4 6
S04@2 (pg/m) S04@2 (pg/m)
0 95% Confidence Limits Regression 0 95% Confidence Limits Regression
E: Wi zero F: WIO zero
01 °
015 010 N

° 0.08

< =
£ £

2 2 o0
- -
= =

004

0.0

° 0.00

T T T T T T T T
0.000 0025 0.050 0075 0100 0125 0.000 0,025 0,050 0.075 0100 0125
Nas+ [ug/md) Na+ (ug/m?)
[ O 95% Confidence Limits Regression | [ O 95% Confidence Limits Regression |

Figure 6.1. XRF and IC method comparison(y-axis is XRF and xaxis is IC)

6.4.2 Data validation of major ions
Figure 6.2shows the boxplos (also known as beandwhisker plot) of mass
concentations for all ions KIH,*, Na", K*, SO CI', andNOs). Some very suspiciougot
necessaly mearnng invalid) large or small values located far away from the central of the

group data valuesere observedlrhese unusual valuesayindicatepossiblemeasurement
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errois (Barnet and Lewis, 1994Theerrorscould arise from filter contamination, analysis
process errotp some other uniehtifiable reasons. If these valugentundetected they
couldcause serious distortions in statistical inferenif¢be observations were more than
2*adjusted SDthen these suspicious observations were checked from field sampling,
transportation, labatory analysis, and data ingut

For comparison, another robust method devised by advocates of exploratory data analysis
(EDA) was applied to look for outlief€ody, 2008. An outlierwasdefined if the data point
wasabove or belowtte whiskers. The lower whisker represetithe lowest datum with 1.5
interquartile ranges (IQR) of theWer quartile, and the upper whisker represdttie
highest datum with 1.5 IQR of the upper quartii@is methodvas considered asrobust
method becausewasindependent of the distribution of the data valdesshown inFigure
6.2, the method basesh trimmed SD and mean accomplished very similar results as EDA
method. There were only few points above the upper whisker (Q3+1.5*IQRMHidr Na'
andClI’, and no pointsverebelow the lower whisker (Q1.5*IQR). Based on statistical and

professionaljudgment the validated data were applied fortheranalyses.
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Figure 6.2. NH,", K*, and Na" data comparison: with outliers vs.validated. The bottom and the
top of the box are the 28 and 75" percentiles, the line near the middle of the box is the 50
percentile (median) and the circle is the mean. The whiskers represent the lowest datum with
1.5 interquartile ranges (IQR) of the lower quartile, and the highest datum with 1.5 IQR of the
upper quartile. The small circle data points which are not included between the whiskers are
potential outliers. The number besides the symbol is the value of ion concentration
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6.4.3 NH3 concentrations at ambient stations

Although the Honeycomb denuder used in this studyahlarge internal surface area
(508 cnf) coated withl% citric acid and 1% glycerol iethanolffor the collection of basic
gasNH3;, and three denuders in series were apidtie irhouse sampling station (ST1)
the layethouse hd very highNH; concentrations (from several to over 100 ppm), denuders
breakthrough w&sobserved. As shown igure6.3, theNH; concentrations from the top,
middle andbottom denuders show no differences. Theoreticaltheife waso denuder
breakthrough, the topne or twodenudemvould collect almost 100%IH3 gas.

Figure6.4 shows theNH3 concentrationsimultaneouslyneasuredby an INNOVA 1412
multi-gas analyzer and the Denud€rmethod Concentrations diH; measured by the
INNOVA werein the range of 1.15 to 36.3 ppm. However, ki measured by tiee
denuerswerein the range of 0.06 to 0.72 ppimmdicating serious bredktough So ST1
NH3 concentrations measured by denuders were invaliddtedn a breakthrough occurred,
the collecting denuders reach their maximum capacity if the reagents of citrgeaeid
consumed during samplinglsing the results from saturated ddats the calculated
maximumNH3; was 910ug, so at 10 I/min flow rate and 24 hour samplitugation and the
maximumNHs concentration was about §&/m> (0.08 ppm). At ambient stations, all
denuders didndét reach t h evereaccepiakl@nthvaid. capaci t i

AmbientNH3; concentratios arelistedin Table6.2. Figure6.5 comparesNH;
concentations of denudesamples from 4 ambient stations using digleside boxplots.
ANOVA andysis was usedtcompare the medsdH; concentrations at ST2, ST2 had the
lowest mearNH; concentration, ST5 had lower mddhi; concentration than ST3 and ST4,
and ST3 was not significdgtdifferent from ST4 ST34 had much higheXHs
concentrations than ST2 and SAS.shown inFigure2.1, ST2 wasatthe farthestlistance

from the houseamong 4 stations, and it wkesslikely impacted by housBlH3; emissions.
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Table 6.2. Statistics ofNH; gas concatrations (ug/m® at 1 atm and 25°C) at 4 ambient stations

Station

a

n

Mean

Median

std Min Max

95% confidence interval for

mean
STP
ST2 56 10.0 6.4 8.3 0.4 31.2 7.7 12.2
ST3 52 26.4 27.1 14.2 0.4 54.4 22.4 30.3
ST4 53 27.0 27.4 13.7 0.3 58.8 232 30.7
ST5 54 17.0 14.2 13.8 0.3 59.1 13.3 20.8

2 the number of samplesST1 denuder breakthrough and no validbite; gas data.

NH3 Conc (pg/m?d)

In House: Top, Middle and Botton Denuders
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Figure 6.3. Denuder breakthroughat ST1
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Figure 6.4. ST1NH; concentration (ppb) measuredby INNOVA gas analyzerand by Denuder
method (Cycle symbol represents concentrationsom denuder method, and cross symbol
represents concentrations form INNOVA method
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NH3 concentration boxplot
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Figure 6.5. Ambient stations NH; concentrations {1g/m°). The bottom and top edges of the box
indicate the intra-quartile range (IQR=75" -25" percentiles); The diamond markers and the
lines inside the boxes are the mean and median values separately; THaskers that extend
from each box indicate the range of values that are outside of the IQR, but are closeough not
to be considered as outliers (a distance O 1.5
distance of more than 1.5 *IQR from the boxes are considered outliers

6.4.4 Averageionsconcentrations
The descriptive statistics of ion concentrations bP, s samples taken from five

stations across four seasons are presenfeahle6.3. The descriptive statistics include
numbers of observations (N), mean, SD, median, minimum (min) and maximum (max).
SO,%, andNH,4" weretwo mosty abundant irambient and housstations and their
concentrations were significapthigher tharNa'", K™ andClI". For comparison of the mean
ionconcent®t i ons among five sampling stations, th
(HSD) test esults are alstisted inTable6.3. ST1 (Tukeyds group A) ha
higherNH,*, Na", K*, SO andClconcentrations than all. other

ForNOs concentrations, ST1 was significantly higher than all ambient statexcept ST4.
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Table 6.3. Annual average concentratiors for ions (NH,4", Na*, K*, SO,%, CI', and NO3) at ST1-

ST5
N Mean SD Median Min Max Tukeyd
Grouping

NH. (ng/n?) ST1 59 1.23 0.76 1.12 0 2.85 A
ST2 58 0.7 0.35 0.73 0.27 1.66 B
ST3 58 0.89 0.36 0.8 0.2 1.68 B
ST4 60 0.96 0.42 0.87 0.34 1.% B
ST5 56 0.79 0.30 0.73 0.26 1.5 B

TotlAmb 239 0.86 0.37
Na' (ug/nt) ST1 58 0.62 0.55 0.41 0 1.95 A
ST2 55 0.05 0.03 0.04 0 0.14 B
ST3 55 0.04 0.03 0.03 0 0.13 B
ST4 58 0.05 0.03 0.04 0 0.13 B
ST5 54 0.04 0.03 0.03 0 0.11 B

TotlAmb 222 0.04 0.03
K* (ng/nt) ST1 60 1.29 117 1.15 0 391 A
ST2 59 0.03 0.03 0.02 0 0.10 B
ST3 60 0.03 0.03 0.02 0 0.10 B
ST4 60 0.02 0.03 0.02 0 0.09 B
ST5 60 0.03 0.03 0.01 0 0.1 B

TotlAmb 239 0.03 0.03
SO (ug/nr) ST1 59 2.52 0.91 2.49 0.98 4.50 A
ST2 57 2.03 0.78 1.94 0.80 4.07 B
ST3 57 1.98 0.72 1.94 0.80 3.51 B
ST4 59 2.04 0.80 1.91 0.77 4.09 B
ST5 57 1.92 0.72 1.86 0.76 3.49 B

TotlAmb 230 1.9 0.75
CI (ug/m’) ST1 58 1.10 0.92 0.75 0.04 3.19 A
ST2 57 0.11 0.06 0.09 0.02 0.27 B
ST3 58 0.09 0.06 0.07 0.02 0.24 B
ST4 58 0.08 0.05 0.06 0.02 0.20 B
ST5 55 0.09 0.05 0.08 0.03 0.22 B

TotlAmb 228 0.09 0.06
NO; (ug/nr) ST1 62 0.65 0.32 0.57 0.09 1.35 A
ST2 56 0.42 0.18 0.40 0.13 0.86 B
ST3 57 0.48 0.20 0.44 0.16 0.93 B
ST4 61 0.54 0.29 0.45 0.18 1.21 A/B
ST5 59 0.45 0.24 0.38 0.09 0.92 B

TotlAmb 233 047 024
PM,s mass ST1 65 156 129 144 106 434 A
conentration ST2 66 9.53 4.35 8.00 3.85 228 B
(ug/n) ST3 65 9.01 3.77 8.32 3.75 21.2 B
ST4 66 8.73 3.70 7.51 3.70 213 B
ST5 68 8.68 4.06 7.38 3.57 20.8 B

6.4.5 OC/EC Analysis

The average OC/EC concentrations inside house (ST1) and ambient statiorSTS)l&e

presated inTable6.4. The mean concentration of OC found in ST1 was signifigéigher

than ambient stations, which indicatbdtthe majorPM, s was organidén origin (such as

feed).
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Table6.5 shows the ratiof OCto totalcarbon(TC =elemental plus organic) at all
stations. The ratios of OC/TC listed in this table indicate tadve 90% of carbonsereOC
at all five stationsCompared with ambient station samples, the samples from ST1 (in house)
had statstically significanty higher OC/TC ratio. EC is a product of incomplete combustion
of fuels and biomass, and the particles from layer hasesemainly composed of organic
compounds.

Duringthewinter season, OC/TC ratat ST1hadthehighest mean vaki However,
OC/TC ratioatambient stations, spring, summer and winter were not signifycaifiterent

from each other and autumn higk lowest ratio.
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Table 6.4. statistics of theaverage concentratios of OC/EC

Station Labek Mean Std Dev Median Minimum Maximum
OC (pg/m3) 43.78 4558 24.81 3.48 209.63
EC (ug/m?) 1.16 211 0.68 -0.00 15.82
OC peakl (ug/m?) 2.15 3.73 0.75 0.07 21.34
ST1 OC peak2 (ug/m?) 22.41 25.01 11.30 1.64 120.20
(n=59) OC peald (ug/m?) 6.49 5.24 3.98 1.15 20.25
OC peak4 (ug/m?) 7.54 6.72 4.86 0.51 25.80
Pyrolysis OC (ug/m3) 5.19 9.14 0.12 -2.76 39.90
TC (ug/m?) 44.93 46.26 25.35 3.48 211.70
OC (ug/m3) 3.38 1.80 3.04 0.44 7.55
EC (ug/m?) 0.29 0.28 0.28 -0.01 1.45
OC peakl (ng/m?) 0.42 0.35 0.33 0.04 1.40
ST2 OC peak2 (ug/m?) 1.41 0.82 1.20 0.16 3.39
(n=59) OC peak3 (ug/m3) 0.95 0.48 0.94 0.13 2.32
OC peak4 (ug/md) 0.72 0.50 0.64 0.01 2.64
Pyrolysis OC (ug/md) -0.12 0.26 0.00 -1.23 0.06
TC (ug/md) 3.67 1.87 350 0.44 8.07
OC (pg/m3) 3.32 1.66 201 051 7.18
EC (ug/m?) 0.28 0.24 0.23 -0.00 0.89
OC peakl (ug/m3) 0.42 0.33 0.32 0.05 1.46
ST3 OC peak2 (ug/m3) 1.40 0.76 1.24 0.19 4.29
(n=59) OC peak3 (Hg/md) 0.92 0.44 0.82 0.13 2.14
OC peak4 (ug/m3) 0.68 0.47 0.58 0.05 2.51
Pyrolysis OC (ug/m?) -0.09 0.22 0.00 -0.81 0.08
TC (ug/m?) 3.60 1.71 3.37 0.53 7.63
OC (pg/m3) 3.26 2.01 2.86 0.71 8.93
EC (ug/m?) 0.29 0.26 0.29 -0.00 1.15
OC peakl (ug/m3) 0.38 0.39 0.23 0.04 1.70
ST4 OC peak? (g/n)? 1.39 0.86 1.14 0.31 402
(n=59) OC peak3 (ug/m3) 0.96 0.64 0.85 0.14 3.98
OC peak4 (ug/m3) 0.69 0.50 0.63 0.01 2.81
Pyrolysis OC (ug/m?) -0.17 0.26 0.00 -0.96 0.06
TC (ug/m?) 3.55 2.05 3.23 0.74 9.38
OC (ug/m3) 3.44 1.71 3.16 1.16 7.47
EC (ug/m?) 0.35 0.27 0.30 -0.00 1.25
OC peakl (ug/m3) 0.41 0.38 0.27 0.04 1.45
ST5 OC peak2 (ug/m3) 1.47 0.81 1.19 0.46 454
(n=59) OC peak3 (png/m3) 0.94 0.43 0.84 0.24 2.23
OC peak4 (ug/m3) 0.78 0.45 0.62 0.22 241
Pyrolysis OC (ug/m?) -0.16 0.28 0.00 -1.06 0.15
TC (ug/m?d) 3.79 1.75 3.59 1.27 7.95

*: PK1 C, Pk2 C, Pk3 C, and Pk4 C were calculated by integrating between specific times in the analysis. Pyrolysis OC was
determined by the time at which the transmittance of the filter pieteined tothe orighal value at the beginning of the
analysis.
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Table 6.5. Statistics of he OC/TC ratios at five stations

Station N Mean Std Dev  Median  Minimum Maximum  Tukey Grouping

ST1 62 0.96 0.05 0.97 0.76 1.00 A
ST2 59 0.92 0.07 0.92 0.74 1.00 B
ST3 61 0.92 0.06 0.91 0.73 1.00 B
ST4 62 0.91 0.08 0.93 0.69 1.00 B
ST5 60 0.90 0.07 0.91 0.73 1.00 B

6.4.6 Seasonal variations of ions
For analysiof seasonal variabilitythe period of study was grouped into four astronomical

seasongLi et al., 201). Since the ion means of four ambient stations were not significantly
different, these four ambient stations were combined together to increase sampigusize.
6.6 shows boxplatof concentrations dfiH,", Na", K*, SO*, NO3 andCI" of PM,s
sanplesat ST1 (insidehe housgand ambient stations (tla@erageof ST2ST5). At ST1,
NH," andNOs5 had similar concentrations throughout four seasdmeseasSO,>, Na', K*,
andClI" were significarly different at least in one of seasons. Insiuelayehouse the gas
phase\H3 concentratiorhad avery strong seasonal variatioesuling from interaction of
NH3 generation from poultry manuesmdhouseventilation. Winter hal much highein-
houseNH3 concentratioathan summern Figure6.6, snall seasoal variationin NH4"
indicates thatgas phas®&H3z wasnot the only major force driving its ggarticle
partitioning However, the interferences resultant from denuder breakthrough processes
tended to overestimate in house NHHigher in hous@&lHs concentrations in winter would
resultin greateroveresimaion magnitudeof NH4" than summerSoif with correction of
gas phasélH; retained by filter, the seasonal variatisauld likely show some significant
difference

Fortheambient stations, concentrations\ifl,*, Na', K*, SO, NOs andCl" of PM, s
samplesvere significary differentduring at leasbne of seasondlH," had higher
concaitrations in summer and spring than in winter and autiyfanation inhumidity,
temperature and acjutecursoiconcentrationsnay driveNH;" seasonal variationNOs had
the highest concentration in winter, which niegydue to low tempenate and higlRH

favorable of the formation of ammonium nitratéeasonal variability in atmosphengxing

151



layer heightmay also influence ambienbncentrationst downwind distancg®Rattigan et

al., 2008.
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Figure 6.6. Seasonal variations of ionsNH,", Na*, and K*) of PM, s samples takerat ST1 the

layer housg and at ambient stations surrounding the farm.
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6.4.7 lons correlation analyses

The correlation coefficients between aniond aationsof PM, s at in-housestation
(ST1) and ambient stations (SBX5) are shown iffable6.6. For ST1, K*, Na" andCI’
were highly correlated with each other. Also their concentrations were sigrifibagtier
thanthat fromambientstations(K*: 14.2vs.0.03 pg/ni, Na*: 0.77vs.0.06 pg/m® andCl;
1.31vs.0.10 pg/n?). The relativelyweak correlation betweddH,;" andSQ,* wasmost
likely due to other sources biH;" (such as NEOH). The highcorrelationsof K*, Na™ and
CI" indicate a possible common source for them, and they probably came from animal feed,
as they are normal added as anlynfded amendment. Howevett,ambient stations (SF2
ST5), the correlation fak*, Na” andClI were different from STINa" andClI" arerecognized
as marker elements associated with sea salt, Whileatrace for biomass burningChow,
1995).

Table 6.6 Pearson correlation coefficients between anions and cation§PM, 5 taken at in-
house station (ST1) and all ambient stations (STET5).

NH,* Na' K* SOZ Cr NOs
In House(ST1)

NH, 1

Na' NS* 1

K* NS* 0.97 1
soF 026 0.32 0.30 1

cr NS* 0.83 0.87 0.24 1

NO5 NS* 0.27 NS 0.41 0.32 1

Ambient (ST2ST5)

NH, 1

Na’ NS* 1

K* 0.13 0.16 1
SO? 0.80 NS NS 1

cr 0.32 0.52 NS 0.38 1

NOs 0.39 NS 0.23 NS NS 1

*NS: correlation coefficients are noigsificant from zero under 95% confidence level.

6.4.8 The balance ofpositive charges andnegativecharges ofions
lon balance was analyzed at five sites to investigate possible formation of sedekidamy
this analysis, the sum of cations and anions wepeessed in micr@quivalents per cubic
meter (umoleq/ry). Linear regression analyses between the sum of cations and sum of anions

was used to calculate slope values. In all five stations, the intercepts were not significant.
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Consequently, the intercepts menot included in regression equations. However, all slopes
were significant (p<0.001). As shownhingure6.7, alkalinePM, s was observed at ST1

(slope of 141), and the concentration of anions was not enough to neutralize thenammo
and other cations. The reason for alkafié, s at ST1 may be due to very hidHs gas
concentrations in the houdgecause of denuder breakthrough in house, the breakthrough gas
NH; can deposit onto PM surface via wet or dry deposition angadisle partitioning or

react with gaseous acid collected on the Nylon fikéso the results could be explained by
the presence of other anions (such as FIGOD:* , PQ, SiO(OH), organic acids). ST2

had the lowest slope of B8which indicates acid PM,s. ST2 was located at the entraraf

the egg production farm, 88neter away from the center of the animal facility with a tree
buffer between the station and the layer ho(Begire 21). TherewassufficientNH3 to
neutralize the anion speciéfowever, the time scale required for neutralization may be
insufficient.ST3, ST4 and ST5 had the slopes near unity, which indicates that cations were

balanced by anion species.
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Figure 6.7. 1on balance regression lines with 95% confidence limits. Ehcorresponding slopes
<1 indicatesPM, s samples having acidic properties, and the corresponding slopes >1 indicates
PM, s samples being alkalinity. A= ST1, B=ST2, C=ST3, D=ST4, and E=ST5.

6.4.9 Molar ratio s of NH,"/SOz*

It was assumed thambient inorgam PM, s werecontributed mostly from NENO;,
(NH4)2SQy, NH4HS Oy, (NH4)3H(SQy)2 and NHCI. To estimate thdlH," associated with
SO4?, the molar ratisof (NH,")y/S0Os* werecalculated by subtractingH," from NOs and
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CI (Walker et al., 2006 Figure6.8 shows the distribution of thélH,")¢SO,> molar ratics
with ameanof 1.695. Given the relatile high concentration oNH3 aroundthis egg
productionfarm, if gas phas&Hs; wasin equilibrium with sulfate aerosol, then the ratio
should be close to 2. The lonH,")JSO:* molar ratio were also observed by other studies
(Baek and Aneja, 2004Valker et al., 2006in agriculture areas, which is most likely due to

the short equilibrium timassociatedo the air masgansportatiorfWalker et al., 2006.

—molar ratio=2

N 205
nnn L Mean  1.695
51 L A StdDev 0423

Percent

2 B —

Il VT

L
0.35 0.50 0.65 0.80 0.85 1.10 1.25 1.40 1.55 1.70 1.85 2.00 2.15 2.30 2.45 260 2.75 2.80 3.05 3.20 3.35 3.50 3.65 380
NH4(+)/S04(2) molar ratio

Figure 6.8. The distribution of ambient (NH,")s/SO,* molar ratio, where (NH,)s=NH," - NO5-
CI', the superimposed curve was normal simulation

6.4.10 ISORROPIA Simulation

To further investigate possiblerfnation of secondary PMhérmodynamic modeling was
performed using the ISGROPIA (Koerkamp et al., 1998JSEPA, 2010bYu et al., 200%
Data collected from ambient stations (S3)2were used as an input for ISORROPIA, and the
summaryis listed inTable6.7. These inputs were in widanges, such d$H; ranged from
0.57-60.0pg/m3and temperature ranged from 1.74 to 2&2The predicted water plus the
dissolved salts accounted about 80% of the total predicted aerosol mass and solid mass
accounted less than 20%. The liquid aerosolgpeéticted bySORROPIA had a median
value of 7.43 and mean value of 6.44. The model assumed taemgss| equilibrium and
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SO,* completely neutralizedrao et al. (200psuggested that assuming completely

NH2/NH," would severely overestimaie situ aerosol pH and have small influence on the

predicted aerosol phase iH Considering the research sitasinfluenced by higiNHs

emissions from egg production and surrounding agriculture lands, it was expected to have
enoughNH3 to neutralize allacidty To future test pH simulatio
applied in the model simulation, and the liquid aerosols showed very strong acidity (pH=3.05

in Table6.7). Thesimulation data suggested that the model maybe underestmsitte

aerosol pH instead aiverestimate in situ aerosol pHe®wed in the study ofao et al.

(20086.
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Table 6.7. ISORROPIA inputs and simulation resultsof samples taken aambient sampling

stations
Variables (ug/m3) N Mean SD Median Min Max
Total sodium (gas+aerosgNa*) 43 0.66 0.53 0.52 0.05 1.91
Total sulfate (gas+aeroso(H,SO*) 43 2.43 0.%5 2.13 1.00 4.42
= Total ammonium (gas+aeros¢NHz* -mg/nT) 43 121 117 8.20 0.78 44.8
2 Total nitrate (gas+aerosqhiNOs*) 43 0.64 0.31 0.56 0.22 1.37
2 _ Total chloride (gas+aerosqhCI*) 43 1.23 0.9 0.96 0.09 3.28
2 3 Total Ca (gas+aerosol) 43 2.69 2.63 1.81 0.12 102
% § Total K (gas+aerosol) 43 1.61 1.36 1.47 0.09 5.00
3 Total Mg (gas+aerosol) 43 0.46 0.41 0.41 0.00 1.63
a RH on (0,1) Scale 43 0.69 0.12 0.71 0.44 0.85
2 Amb Temp (K) 43 291 6.32 291 282 304
k= 5 Aerosol water content 43 6.08 4.28 4.64 0.00 17.6
,g— Total aerosol ammonium (solid + aquep(NHz*) 43 0.21 0.30 0.00 0.00 1.25
@) Total aerosol nitrate (solid + agueo@dNO;*) 43 0.63 0.32 0.56 0.22 1.37
g Total aerosol chloride (solid + aqueo(@dCI*) 43 1.21 1.00 0.96 0.09 3.28
o] Aerosol aqueous phase mass (water+dissolved sa 43 9.29 5.57 7.67 0.00 22.0
2 Aerosol solid phase mass 43 2.84 1.46 2.55 0.64 6.01
Total sodium (gas+aerosda*) 161 0.04 0.03 0.03 0.00 0.14
Total sulfate (gas+aeroso{H,SO,*) 161 2.09 0.77 1.98 0.78 4.18
- Total ammoium (gas+aeroso(NHs*) 161 219 14.1 21.9 0.58 60.0
2  Total nitrate (gas+aerosqiNO;*) 161 0.49 0.26 0.41 0.14 1.21
E Total chloride (gas+aerosdBiCI*) 161 0.08 0.06 0.07 0.02 0.23
s Y Total Ca (gas+aerosol) 161 0.2 001 0.01 0.00 0.08
< § Total K (gas+aerosol) 161 0.04 0.03 0.04 0.01 0.13
g Total Mg (gas+aerosol) 161 0.00 0.01 0.00 0.00 0.15
@ RH on (0,1) Scale 161 0.65 0.14 0.67 0.34 0.85
g Amb Temp (K) 161 289 6.63 289 275 301
< < Aerosol water content 161 2.3 1.75 2.02 0.00 8.8
g— Total aerosol ammonium (solid + aqueo(i$iis*) 161 0.76 0.28 0.72 0.19 1.53
(@] Total aerosol nitrate (solid + aqueo(sNO3*) 161 0.3 0.268 0.270 0.000 1.07
g Total aerosol chloride (solid + aqueo@dCI*) 161 0.02 0.02 0.02 0.00 0.12
§ Aerosol @ueous phase mass (water+dissolved salt 161  4.34 3.16 4.24 0.00 151
Aerosol solid phase mass 161 1.08 1.3 0.28 0.00 460

6.4.10.1 TotalNH3, CI'and NQ  repartitioning and simulation

In Figure.9, the predicted gas phalsiéls (JNHs) and aerosol phase NHpNH,4") are
plotted against the measuris#ii; and NH,". The average ratio oNHs; and pNH™ was
27:1, which indicted only about 5% was partitioned into aerosol phase. The thermodynamic
equilibrium between gas and aerolibl; was depended on aerosol pH, aerosol species (such
as SQ*, NO; and Cl), gas species (such as HCl and HN@s well as temperature aReH
(Nenes et al., 1998lowak et al., 2006 Therewasgood agreement between the model
simulation and observations, aidble6.8 lists the linear regression analyses results. The
good agreement suggestinat the assumption of the thermodynamic equilibrium was

appropriate for most of our observations. In aerosol phase, the model predicted average
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31.0% N in solid phase (Nj3SOy, 0.05% N in solid phaddH3Cl, 4.0% N in solid
NH;NOs, and 64.9% N in aqueswphase NHi.

The repartitioned Chnd NQ' arelisted inTable6.7. Comparing the ratio of mean
concentrations, N@ exitedprimarily in the aerosol phase (Ratio=2.24), which is close to the
observation ofValker et al. (2006 However, most of Clvaspartitionedinto gas phase as
HCI. With the relativey high NH3 concentration in the resedr site, NH3z should react with
HCI to form NH,CI. As aforementioned, the model predicted strong acidity in aeresmlst
maybe a possible reason of the high predicted gas phase HCI.

Table 6.8. Simulation vs. Measurement

Station Variables Equations
Ambient (ST25) NHj; (Simulation (y)vs.Measured (x))  Y=-0.01 + 1.00 X R2=1.0
Ambient (ST25) NH," (Simulation (y)vs.Measured (x))  Y=0.16+0.74 X R2=0.87
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Figure 6.9. Simulation vs.measurement (A=gas phashlH; and B=aerosol phase NH)
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6.4.10.2 InorganicPM, s smulationsensitivity analysis

Table6.9 shows the medianpercentile and 95percentile of species concentrations,
RH and Temperature. The medians served as initial species concentrations as the model
inputs. For all sensitivity analyses, the concentrations af soifate (gas + aerosol), nitric
acid (gas + aerosol), ammonia (gas + aerosol), RH and temperature varied in the ranges of 0
50 pg/ms, 01 50 pg/m3, i 50 pg/m3, 0 100 %, and 275 310 K, respectively.

In the systems, because ammetoigulfatemolar rationsveregreater than 2, the exiting
components include@NH4),SO,, NH;NO3; and NH,CI. Adding 1 pg of sulfate to the system
will increasePM, s mass by 2.25 ug, which includes 0.90 pg aerosol water and 1.35 ug
(NH4)2SOy4. The predicted dry aerosmlass was close to the results from the GFEMN model,
in which aerosol watexas notreported/Ansari and Pandis, 1998The PM s response to
HNO3z and HCI were sinhar to that ofH,SO, in our specified model inputs conditions.

Figure6.10A shows the PM responselliid; and the PM level respoadnonlinearly to
changes iflNH; concentrations. In the vicinity of AFOs, there exist an eudficient
guantty of NH3, and PM concentratiowasinsensitive on changes MH3. Aerosol water
increasd with adding moréNHs to the system, which kiaimilar pattern as PM
concentrations. As showkigure6.10B, adding moréNH; cawsedgas phas®lH; increasing
and less aerosol NHwasformed as totaNHs > 10 ug/m3. Figure6.10C shows for a system
with HCI, HNO3z; andH,SQO,, NH3 first reaced with H,SOy, the remainindNH; reaced with
HCIl andHNO; depending b the RH and temperature.

To estimate the PM response to reductions in precursor concentrations, RH and
tempesture, the test included the reduction of sulfate, nitrate, ammonia by 50%, By
and temperature by £C usingthe oneyearfield data The test was conducted by assuming
stable concentrations and conditions of other varisbidnile a specific variable was tested.
Table6.10lists the simulated mean behavior of the PM. A reduction in each of the precursor
concentations resutdin net reductions in PM, decreasing RH results a significant aerosol
water loss, and decreasing temperature reduitPM increasingThe reduction of sulfate
has the most significant impact on the reduction of PM. A significant reduoctdH3; had

minimal impact on inorganiPM s at this research site due to high concentratioNbi; gas.
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Table 6.9. The initial species concentrations and meteorological conditions for ISORROPIA

sensitivity analyses

Inputs(ug/m3®)  Median 5" pctl 95" pctl
Na+ 0.032 0.004 0.095
SO* 2.101 1.069 3.322

NH,* 21.9 1.65 433
NO;3 0.527 0.192 1.002
Cr 0.071 0.028 0.156
ca* 0.016 0.002 0.037
K* 0.038 0.012 0.106
Mg2+ 0.000 0.000 0.003
RH 0.655 0.435 0.834
Temp. (K) 2876  277.9  298.9

Table 6.10. Gas and AerosolPhase concentrations for 50% reductions in precursor
concentrations for ambient samples

SO% NHs(g) HNOs(g) NH,' Cl NO; Water  PM @ ( P M) récapfon
Initial 2.027 21.2 0.151 0.733 0.024 0.303 220 5.382
@S H (50%)  1.013 21.6 0.178 0.371 0.018 0.276 113 2.904 2.44
gNH; (50%)  2.113 10.5 0.235 0.745 0.016 0.258 212 5.350 0.003
®NO3 (5 2113 21.7 0.097 0.720 0.023 0.0150 2.06 5.165 063
@RH (5 2113 21.7 0.285 0.725 0.001 0.208 0.000 3.145 4.47
g@lemg10°C)  2.113 21.6 0.029 0.818 0.053 0.464 2.183 5.730 0.035
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6.4.11 Element analyses
The values below the detection limit (Dlverea major statistical complication. The use
of such data (lefcensored) for detecting trends or relationship can be compromised despite
the most rigorous quality assurance prograigure6.11 shows two sample data sébr
element V (Vanadium) from ambient stations (ST4 and SB&th distributionsverehigh
skewed to right because of data truncation. The percentages of zero values for V were as high

as 58% and 62%r ST4 and STbhrespectivelyTable6.11 lists the summary of the reported

162



zero value percentagat ST1 to ST5 (exactly percentage values showreainle6.12 to

Table6.16). Using ST4asanexample, Ag, Ba, Cd, Ce, Co, Cs, In, Mg, P, Rb, Sn, Sr and Zr
had more than 66.7% reported zero values, Al, Ni, Pb, Sb, V had reported zero values in the
range of 33.3 to 66.7%, and As, Br, Ca, Cl, Cr, Cu, Fe, K, Mn, Na, S, Se, Si, Ti and Zn had
low percentage zero value (<33.3%). Obviously, direct substitution or detétamro

valueswill provide poor estimates. These substitutamudeletion methods include the use

of values above the detection limit (DL) only, or substitution afih DL/2, or the DL for

below DL values during the calculation of mean and variance. In the study, the trace element
data were treated as lefensored, andhe Tobit model(USDA, 2012 was applied, and

PM, s mass concentration was treated as a covariate. The Tobit modeakr&reefric

method, assumes a normal distribution and uses maximum likelihood methods to estimate
parameters, based primarily on the reemsored data but incorporating the size of the
censored and necensored components of the sample.

Table6.12to Table6.16 list the calculated results based on different metladdata
validationt direct with zero, direct without zero (treated as missing), uncensored (truncated)
and left censad. Taking Ag in ST1 aanexample, there were total 58 observations, but the
numbes of the reported zero values was 49. When treating zero as missing, the mean was
3.62+1.44 ng/m(N=9). When doing direct calculation with zero values, the mean was
0.56+143 ng/mi (N=58). The truncated method gave measi80 +0.50 ng/m(N=58). The
left-censored method gave mean = 0.51 + 0.08 h(n58). Figures 6.12 and 6.1®mpare
the resultant concentrations computedhsy different methods. When the percensagehe
values below DL (the zero value percentagejebelow 66.7%, all methods gave very
constant results and did not show significant difference. However for the high persaftage
the low DL values, different methods showed significant differencediraet substitution
and deletion methods gave biased results. The parametric methods can provide more
effective and accurate estimator. However, it is obvious that the parametric methods are very
sensitive tolie choice of a distributionWhether or not aistribution model is a goochoice
from a statistical pointhere are many statistical tools that can helgeicision making
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After fitting a distribution model to a data sgagnosing the model's fit or comparing the fit
of different distributionsre very important.

The measured elements were grouped based upomptbpértiesas indicated in the
period table Figure6.14). Following the group characterization, and treating the total
measured elements as one unit, the patstor different sites were developed and are listed
in Figure6.15. For ST1 (in house), alkaline metals (Mg: 540+493 fig®a; 3187+ 2829
ng/n?, Sr: 3.92 + 4.09 ng/Mmand Ba: 8.95 +11.0 ngfrhad 31.5% of total measured
elementmass. Nonmetals (P: 1294+1180 ny/Bt 1761 + 796 ng/fhhad 25.8% of total
measured element mass, then followed by alkali metals (Na: 770 + 70% Kg/t830+
1665 ng/m). For the ambient stations (SBX5), the element compositi®weredifferent
from ST1 (in House), the nonmetals had more than 70% of total measured elements (ST2:
825+375 ng/m, ST3: 787+366 ng/f ST4: 77.3+358 ng/M ST5: 757+ 336 ng/M. The
majority sulfur (S) exited in particle phase as sulfa83*), whichwasan important
component irPM; s.

As shown inFigure6.15, PM samples fronstation 1 (ST1) and ambient stations (ST2
ST5) had big differensein element compositienbut for ambient stations (ST&T5),the
elementcompositionsvere similar For different elements, the statistical test results are
shown inTable6.17. For majority elements (such as: Al, As, Ba), the concentrations at ST1
were significantly different from ambient stations. Only for several elements (Ag, Cd, Ce,
Cs, In, Rb, Se, Sn, and Zcpncentrationst ST1 and ambient stations (S$Z5)werevery
low, and showed no statistical difference. For ambient stations$35R Al, Fe,andSi at
ST2hadmuch higherconcentrationshan ST3ST5.All these elements (AFe, and Si) are
the marker elements from road dust emission source. This suggests the nearby local road and
entrance grave road may have big impact on PM element compssitlie.
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Table 6.11. The Reported zero value percentagsin samples taken aiST1 to ST5

Zero values percentage (%

>66.7%

33.31066.7 %

<33.3%

ST1

Ag, Cd, Cr, Cs, In,

Al, Ba, Ce, Co, Rb,

As, Br, Ca, ClI, Cu,
Fe, K, Mg, Mn, Na,

Sb, Sn, Zr Sr Ni, P, Pb, S, Se,
Si, Ti, V, Zn
Ba, Cd Ce, Co, Cs, Al, As, Br, Ca, Cl,
ST2 In, Mg, P, Rb, Sn, Cr, Ni, Pb, Sb, V Cu, Fe, K, Mn, Na,
Sr, Zr S, Se, Si, Ti, Zn
Ag, Ba, Ce, Cs, In, . As, Br, Ca, Cl, Cr,
ST3 Mg, P, Rb, sn, sr, A Cdégo\'/N" Pb. Cy Fe, K, Mn. Na,
Zr ' S, Se, Si, Ti, Zn
Ag, Ba Cd, Ce, Co, As, Br, Ca, Cl, Cr,
ST4 Cs, In, Mg, P, Rb, Al, Ni, Pb, Sb, V Cu, Fe, K, Mn, Na,
Sn, Sr, Zr S, Se, Si, Ti, Zn
Ba, Cd, Ce, Co, Cs, Ag, Br, Ca, ClI, Cu,
ST5 In, Mg, P, Rb, Sb, Al, As, Cr, Ni, V Fe, K, Mn, Na, Pb,
Sn, Sr, Zr S, Se, Si, Ti, Zn
Distribution of V_conc
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Figure 6.11.

Left censored data for V from ambient stations: ST4Up and ST5down

165



Table 6.12. ST1 Element concentration (ng/r), standard deviation (SD) and Nimber of
obse vations: Different method comparison

e WR' Wio Zen wiseo zern haeancd UMegmored St gy (85 ‘ol
Zero zero NObs
Al 45.15 47.78 31 24.13 41.45 0.07 16.51 25.96 7.72 58 47
As 8.65 5.05 58 8.65 5.05 8.65 2.80 8.72 2.75 58 0.0
Ba 17.33 12.23 30 8.96 12.35 3.77 15.19 8.95 11.00 58 48
Br 4.68 3.22 58 4.68 3.22 4.68 214 4.76 2.07 58 0.0
Ca 2991 3305 58 2991 33054 2991 3010 3187 2829 58 0.0
Cd 3.45 1.86 10 0.59 151 -5.35 0.21 0.56 0.04 58 83
Ce 6.29 5.40 32 3.47 5.08 1.42 5.88 3.57 4.18 58 45
Cl 1601 1597 58 1601 15979 1601 15647 1633 1532 58 0.0
Co 0.63 0.48 30 0.32 0.47 0.09 0.47 0.33 0.30 58 48
Cu 11.78 14.73 58 11.78 14.73 11.78 12.12 13.19 10.89 58 0.0
Fe 18566 113.12 58 185.66 113.12 185.66 100.90 185.98 100.59 58 0.0
In 6.64 11.79 13 1.49 6.09 -13.45 1.42 1.86 0.28 58 78
K 18091 1716 58 18091 1716 18091 16860 1830 16652 58 0.0
Mg 5312 5352 57 522 5358 5213 511 5406 493 58 1.7
Mn 35.00 40.21 58 35.00 40.2 35.00 35.63 37.86 33.03 58 0.0
Na 758.22 731.74 58 758.22 731.74 758.22 715.62 770.18 703.79 58 0.0
Ni 0.77 0.60 49 0.65 0.62 0.61 0.54 0.66 0.49 58 16
P 1262 1253 58 1262 1253 1262 1212 1294 1180 58 0.0
Pb 2.72 2.72 45 2.11 2.65 1.64 1.11 2.26 0.82 58 22
Rb 1.58 1.15 37 1.01 1.19 0.79 1.29 1.01 1.10 58 36
S 1761 894 58 1761 894 1761 797 1761 796 58 0.0
Sb 10.45 10.19 16 2.88 7.03 -10.87 0.86 2.97 0.23 58 72
Se 0.45 0.35 39 0.31 0.36 0.20 0.11 0.31 0.07 58 33
Si 263.78 21654 58 263.78 216.54 26378 159.69 271.95 152.53 58 0.0
Sn 5.13 4.76 14 1.24 3.17 -6.48 2.18 1.26 0.46 58 76
Sr 6.99 6.64 31 3.74 5.97 0.82 6.28 3.92 4.09 58 47
Ti 5.11 4.27 55 4.85 4.31 4.73 1.12 5.06 0.98 58 5.2
Y, 3.39 2.07 55 3.21 2.15 3.19 1.93 3.21 1.92 58 5.2
Zn 25546  236.11 58 25546  236.11 255.46 230.00 258.58 226.91 58 0.0
Zr 2.63 1.42 4 0.18 0.75 -8.02 0.53 0.17 0.04 58 93
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Table 6.13. ST2 Element concentration (ng/m), standard deviation (SD) and Number of observatios:
Different method comparison

Element I\\;Ive/%n V\SI/DO \é\g% Mvt\a/?n SZDe:/(\)l/ Un’c\:/leen;r?red Uncgrlljsored Cﬁ/lnes;rqed CensS)red "\ll'ootta)llS Ze{g/lTo
Zero zero NObs  zero
Al 48.66 57.55 42 34.06 52.99 19.95 35.79 37.77 26.27 60 30
As 0.85 0.46 41 0.58 0.55 0.44 0.21 0.56 0.16 60 32
Br 2.81 1.59 60 2.81 1.59 2.81 0.48 2.83 0.47 60 0.0
Ca 21.29 19.65 58 20.58 19.70 20.22 7.83 21.81 7.00 60 3.3
Cd 3.19 3.07 16 0.85 2.10 -3.51 2.10 0.88 0.74 60 73
Cl 8.51 12.83 59 8.37 12.77 8.24 1.77 10.25 135 60 17
Co 0.14 0.12 18 0.04 0.09 -0.12 0.03 0.04 0.01 60 70
Cr 0.69 0.49 39 0.45 0.52 0.28 0.03 0.45 0.02 60 35
Cs 2.22 1.46 10 0.37 1.01 -3.71 0.01 0.35 0.00 60 83
Cu 1.20 2.48 48 0.96 2.27 0.59 0.01 1.36 0.00 60 20
Fe 37.24 35.48 60 37.24 35.48 37.24 19.12 39.59 17.58 60 0.0
In 5.11 5.40 14 1.19 3.34 -6.93 1.00 1.25 0.25 60 77
K 46.91  28.78 60 4691  28.78 46.91 17.40 47.33 17.07 60 0.0
Mg 6.62 5.36 9 0.99 3.09 -12.93 2.22 0.98 0.29 60 85
Mn 0.99 0.78 56 0.93 0.79 0.90 0.38 0.95 0.34 60 6.7
Na 35.06 36.71 57 3331 36.58 32.26 0.65 36.37 0.52 60 5.0
Pb 1.60 2.26 34 0.91 1.87 -0.07 0.28 1.07 0.13 60 43
Rb 0.25 0.20 13 0.05 0.14 -0.33 0.13 0.05 0.04 60 78
S 825.04 42479 60 825.04 424.79 825.04 375.75 825.30 375.46 60 0.0
Sh 10.15  10.07 21 3.5 7.63 -5.90 3.86 3.70 1.60 60 65
Se 0.57 0.39 43 0.41 0.42 0.32 0.18 0.41 0.15 60 28
Si 129.77 137.76 60 129.77 137.76 129.77 75.42 141.12 68.06 60 0.0
Sn 7.26 4.94 16 1.94 4.09 -6.75 0.80 1.87 0.23 60 73
Ti 3.61 3.91 54 3.25 3.87 3.02 2.13 3.55 1.82 60 10
\Y 0.87 0.58 30 0.44 0.60 0.04 0.38 0.43 0.23 60 50
Zn 4.10 2.52 60 4.10 2.52 4.10 0.87 4.15 0.84 60 0.0
Zr 2.55 2.74 3 0.13 0.75 -10.40 1.42 0.13 0.06 60 95
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Table 6.14. ST3 Element concentration (ngh®), standard deviation (SD) and Number of
obse vations: Different method comparison.

Element Mean SD W/O Mean SD w/ Uncensored Uncensored  Censored Censored  Total  Zero/Tot

\é\/e/% \Qgr?) I\%Srt?s W/ zero Zero Mean SD Mean SD NObs al
Al 29.82 47.84 32 16.17 38.05 -6.29 16.74 20.07 8.73 59 46
As 0.58 0.44 44 0.43 0.46 0.34 0.04 0.44 0.03 59 25
Br 2.68 1.69 59 2.68 1.69 2.68 0.84 2.72 0.82 59 0.0
Ca 16.15  10.59 59 16.15  10.59 16.15 3.07 16.42 2.93 59 0.0
Cd 4.65 4.61 22 1.73 3.58 -2.53 2.43 1.81 1.06 59 63
Cl 12.17  18.93 58 11.96  18.83 11.77 1.75 14.84 1.31 59 1.7
Co 0.29 0.37 23 0.11 0.27 -0.19 0.05 0.13 0.02 59 61
Cr 0.68 0.70 44 0.50 0.67 0.37 0.09 0.54 0.06 59 25
Cs 1.42 0.69 11 0.27 0.63 -1.99 0.38 0.25 0.07 59 81
Cu 1.39 3.74 44 1.04 3.28 0.26 0.27 1.70 0.14 59 25
Fe 24.04  26.27 59 24.04  26.27 24.04 7.43 26.52 6.39 59 0.0
In 4.22 6.24 15 1.07 3.58 -6.47 0.41 1.25 0.10 59 75
K 39.73 2481 59 39.73 2481 39.73 12.41 40.19 12.06 59 0.0
Mg 2.26 2.27 11 0.42 1.29 -3.87 0.45 0.43 0.08 59 81
Mn 1.35 1.94 51 1.17 1.86 0.99 0.29 1.40 0.20 59 14
Na 3122 30.37 57 30.16  30.38 29.59 2.05 32.39 1.72 59 3.4
Ni 0.29 0.26 29 0.14 0.23 -0.02 0.01 0.15 0.00 59 51
Pb 2.07 3.88 36 1.27 3.18 -0.12 0.31 1.69 0.16 59 39
Rb 0.36 0.52 10 0.06 0.24 -0.84 0.22 0.07 0.04 59 83
S 786.95 418.21 59 786.95 418.21 786.95 366.57 787.55 365.84 59 0.0
Sb 8.71 9.96 21 3.10 7.21 -6.47 2.47 3.36 0.91 59 64
Se 0.48 0.34 42 0.34 0.36 0.26 0.14 0.34 0.11 59 29
Si 7581 94.61 58 7453 9431 73.58 26.42 85.35 21.74 59 1.7
Sn 4.62 3.83 16 1.25 2.85 -4.77 2.81 1.26 0.62 59 73
Sr 1.57 0.17 2 0.05 0.29 -6.28 0.94 0.05 0.05 59 97
Ti 2.74 4.53 49 2.27 4.25 1.67 1.64 2.88 1.15 59 17
Zn 4.21 2.45 59 4.21 2.45 4.21 0.91 4.25 0.89 59 0.0
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Table 6.15. ST4 Element concentration (ng/rf), standard deviation (SD) and Number of
obse vations: Different method comparison.

Element Mean SD W/O Mean SD w/ Uncensored  Uncensored Censored Censord Total Zero/Total
\é\/e/% \Q(/-:{r% I\%Srt())s W/ zero Zero Mean SD Mean SD NObs
Al 28.92 51.11 28 13.50 37.51 -17.17 22.07 17.38 10.56 60 53
As 0.67 0.54 40 0.45 0.54 0.29 0.30 0.45 0.22 60 33
Ba . . 0 0.00 0.00 -0.55 0.04 0.00 0.00 60 100
Br 2.62 1.73 59 2.57 1.75 2.56 0.80 2.61 0.76 60 1.7
Ca 16.31 1355 59 16.04  13.60 15.93 6.40 16.69 5.93 60 17
Cd 3.22 2.28 15 0.80 1.79 -3.26 0.96 0.78 0.28 60 75
Cl 14.65 30.58 59 1441  30.38 14.12 9.36 20.44 6.93 60 17
Co 0.14 0.12 18 0.04 0.09 -0.11 0.02 0.04 0.01 60 70
Cr 0.54 0.32 41 0.37 0.37 0.27 0.00 0.36 0.00 60 32
Cs 2.00 1.49 13 0.43 1.07 -2.60 0.05 0.42 0.01 60 78
Cu 1.13 2.67 45 0.84 2.36 0.31 0.01 1.28 0.01 60 25
Fe 21.67 26.37 60 21.67  26.37 21.67 8.91 24.61 7.55 60 0.0
In 3.37 2.34 12 0.67 1.69 -4.68 0.24 0.65 0.05 60 80
K 35.67 21.52 60 35.67 21.52 35.67 11.09 36.00 10.84 60 0.0
Mg 6.20 3.04 8 0.83 2.37 -11.87 1.94 0.76 0.32 60 87
Mn 0.82 0.59 49 0.67 0.62 0.60 0.29 0.68 0.25 60 18
Na 30.54 29.39 54 2748  29.34 25.70 0.99 29.40 0.79 60 10
Ni 0.17 0.18 32 0.09 0.16 -0.00 0.04 0.10 0.02 60 a7
P 2.17 2.72 2 0.07 0.53 -8.79 2.53 0.07 0.20 60 97
Pb 1.67 2.49 34 0.95 2.04 -0.12 0.20 1.14 0.10 60 43
Rb 0.35 0.37 11 0.06 0.21 -0.62 0.12 0.07 0.03 60 82
S 776.88 409.87 60 776.88 409.87 776.88 358.48 777.33 357.96 60 0.0
Sb 9.06 6.24 23 3.47 5.85 -3.69 4.52 3.39 1.45 60 62
Se 0.49 0.37 41 0.33 0.38 0.23 0.11 0.34 0.08 60 32
Si 50.81 90.16 60 59.81  90.16 59.81 29.30 73.13 23.60 60 0.0
Sn 4.06 3.21 13 0.88 2.22 -5.19 1.72 0.86 0.47 60 78
Sr 2.44 2.44 6 0.24 1.02 -6.85 1.27 0.25 0.16 60 90
Ti 2.98 3.73 42 2.09 3.40 1.16 1.61 2.37 1.10 60 30
\% 0.68 0.58 25 0.28 0.50 -0.19 0.40 0.29 0.21 60 58
Zn 3.72 2.24 60 3.72 2.24 3.72 1.04 3.76 1.01 60 0.0
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Table 6.16. ST5 Element concentration (ng/r), standard deviation (SD) and Number of
obse vations: Different method comparison.

Element Mean SD W/O Mean SD w/ Uncensored  Uncensored Censored Censored Total Zero/Total
\é\/e/% \Q(/-:{r% I\%Srt())s W/ zero Zero Mean SD Mean SD NObs
Al 38.36 61.15 32 20.12  48.a -10.12 32.42 24.83 17.70 61 48
As 0.61 0.54 39 0.39 0.52 0.21 0.27 0.40 0.19 61 36
Ba 0.46 . 1 0.01 0.06 -2.49 0.35 0.01 0.01 61 98
Br 2.74 1.90 61 2.74 1.90 2.74 0.63 2.80 0.60 61 0.0
Ca 18.68 16.79 60 18.37 16.82 18.22 9.50 19.30 8.77 61 1.6
Cd 416 3.28 17 1.16 2.53 -3.82 0.70 1.15 0.21 61 72
Cl 12.90 25.74 60 12.69  25.58 12.40 4.29 17.61 3.07 61 1.6
Co 0.27 0.23 16 0.07 0.17 -0.29 0.02 0.07 0.01 61 74
Cr 0.81 0.83 40 0.53 0.78 0.27 0.15 0.57 0.09 61 34
Cs 1.09 1.20 11 0.20 0.65 -1.86 0.55 0.21 0.13 61 82
Cu 121 2.75 48 0.95 2.48 0.48 0.37 1.41 0.22 61 21
Fe 26.70 32.90 61 26.70  32.90 26.70 13.96 30.39 11.97 61 0.0
In 4.31 4.26 11 0.78 241 -7.61 1.35 0.80 0.27 61 82
K 40.87 28.18 61 40.87  28.18 40.87 16.93 41.54 16.41 61 0.0
Mg 16.94 4163 12 3.33 19.07 -46.80 13.54 4.82 2.96 61 80
Mn 1.03 0.97 54 0.91 0.97 0.85 0.47 0.97 0.41 61 11
Na 39.74 41.55 56 36.49 41.28 34.43 5.62 39.79 4.52 61 8.2
Ni 0.27 0.21 30 0.13 0.20 -0.01 0.04 0.13 0.02 61 51
P 21.73 32.79 4 1.42 9.12 -81.16 27.04 158 2.98 61 93
Pb 1.60 1.82 43 1.13 1.69 0.69 0.08 1.25 0.05 61 30
Rb 0.29 0.18 11 0.05 0.13 -0.43 0.05 0.05 0.01 61 82
S 755.66 417.00 61 755.66 417.00 755.66 337.70 756.99 336.36 61 0.0
Sb 7.52 6.59 17 2.10 4.81 -6.68 3.51 2.11 1.21 61 72
Se 0.54 0.40 45 0.40 0.42 0.31 0.06 0.40 0.05 61 26
Si 81.62 115.20 60 80.29 11471 79.01 49.94 95.52 41.21 61 1.6
Sn 8.23 14.88 11 1.48 6.86 -20.54 1.93 1.85 0.30 61 82
Sr 1.37 0.90 9 0.20 0.59 -2.56 0.09 0.19 0.01 61 85
Ti 2.76 4.02 48 2.17 3.73 1.53 1.75 2.61 1.25 61 21
\% 0.93 0.78 23 0.35 0.66 -0.40 0.37 0.35 0.16 61 62
Zn 3.95 2.72 61 3.95 2.72 3.95 1.26 4.02 1.21 61 0.0
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Figure 6.12. The different data analysis methods comparison for ST1: Above: zero value% >
66.7%, low left: 33.3% <zero value% < 66.7%, and low right: zero value% <33.3%
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Figure 6.13. The different data analysis methods comparison foambient stations (ST2ST5):
Above: zero value% > 66.7%, low left: 33.%6 <zero value% < 66.7%, and lowright: zero
value% <33.3%
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Table 6.17. Different elements at different locations

House (ST1lysAmbient Housevs Ambient

Ambient (ST2ST5) Ambient (ST2ST5)
(ST2ST5) (Sig diff) (no Sig diff) (Sig diff)
(no Sig diff)
Ag, Cd, Ce, Cs, In,Rb, Se Al, As, Ba, Br, Ca, Cl, Co, Ag, As, Ba, Br, Ca, Ce, Al, Cd, Fe,Si

Sn, Zr

V, Zn

Cr, Cu, Fe, K, Mg, Mn, Na,
Ni, P, Pb, Rb, S, Si, Sr, Ti,

Cl, Co, Cr, Cs, Cu, In, K,

Mg, Mn, Na, Ni, P, Pb,

Rb, S, Sb, Se, Sn, Sr, Ti
V, Zn, Zr

Group 1 2 3 4 5 6 F

10 11 12 13 14 13 16 17 18
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Figure 6.14. Periodic table and group bbel© ot her
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ST1 Element

SUM of Censored Mean by E_label

Alkaline Metal
3739.21 Alkali_Metal
2601727

OTHER
31856

Trans Metal
506.27

Halogen
1638.19

Mon metal
3055.35

ST3 Element

SUM of Censored Mean by E_label

Metalloids
8916

Alkali_Metal
72.90

Non metal
788.05

OTHER

9932

ST2 Element

SUM of Censored Mean by E_label

Metalloids
145.38

Allali_Metal
8410

OTHER
Mon metal 78.00
82571

Trans Metal
52.68

ST4 Element

SUM of Censored Mean by E_label

Metalloids
76.98

Alkali_Metal
6589

Non metal
777.74

OTHER
96.03

ST5 Element

SUM of Censored Mean hy E_label

Mon metal
758.97

Metalloids
98.03

Alkali_Metal
81.59

OTHER
7345

Trans Metal
4225

Figure 6.15. Element compositiondor different stations (ST1: in house, ST2ST5: ambient)
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6.4.12 PM2 s mass balance closure

The average magercentagesf different chemical compositions in tofaM, smassesire
shown in Figure 6.16 The OC contributionsvereslightly different from ST1 to ST5,
approximately 50%. The ambient OC fractions were much higher than Pittsburgh area
(Vucemilo et al., 20017 which was only 23%. The iorfblH,*, Na", K*, SO,Z, CI', andNO3)
mass percentages at S$I5 variel significantly. ForST1 (nside the layehoused), all
these ios accounted fdess than 1% of the totaPM, s mass Specifically, SO;* accoungd
for 4.8%, andNH,4" accounted foR.6%. A considerable part ¢M,.s masswasorganicin
nature,nstead of inorganic, andwaspossibly originated from feethsidethelayer housg
gas phas&lH3; had relatively high concentrations (sevetaethundred ppm), but acidic gases
(NOy, SQ,) wereunlikely in high concentrations to react withH; to form secondary
inorganic aerosols, also the short residence time in the h@sdikely anothereason for
limited inorganic ammonium aerosol formationwksalsopossiblethatNH3; mayreact with
PM s bounded moisture to form ammonium hydroxide (WBH). However, NH4OHnNost
likely evaporatd during the filtertransportation, storingndconditioningprior to IC
analyses.

The mass percentagef ionsweresimilar at the 4 ambient stations, 8@, NOs and
NH,;" were the dominate iospecis on a mass bagiBigure 6.16) Estimates of the
cumulative contributiosiof SO,%, NOz andNH," to totalPM, s mass were 38% to 44%,
which wereslightly lower than previous studi€sl Homidan et al., 1998Tolocka et al.,
200)). In the ambient PM sampling stations, there are no major industry (the nearest coal
fired power station with capacity of 115 MWas20 km away in southeast) and highway
traffic sources around (one major highwags12.7km away in southeast). For ambient
NH3 gas concentrations, our previous stidyet al., 2008 showed that the meaNH3
concentrations ranged from 0.20 ppm (1202 m at the +eaghcorner of the farm) to 0.58
ppm (outside of the housed)H; concentrations in the vicinity of this AFO facility were
higher than some rural locations in North Carolina. k&faet al(2004r epor t ed® 5. 32 ¢
(72ppb)NHzi n Cl i nt o1, 7 pf)NKs6 ne i mst on 3&r2gpb) 0. 58 ¢ ¢

~

NH3 in Morehead City, NCIn generalNH; contributes to ammonium aerosol formation via
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reaction with gagphase nitric, sulfuric, and hydrochloacids, thus higiNH; concentrations
in the vicinity of AFOs may influence on secondary aerosol formation®k&hd
concentrations.

Table6.18 lists the overall oPM, s mass balance closure, the measibtl smases
was agreed witkthe suns of themasses of thehemical components all stationsexcept for
ST1. In ST1, the measur&iM, smass was almost 40forethan themasssuns of the
chemical component3he house discrepancy could be due to unceytairthe chemical
composiion measurements. The hed®yl loadingon the filters(PM thickness) from ST1
could have big influence on the accuracy of the technique &y uorescencéVarkowicz
and Abdunnabi, 1991Also the presence of bouediwater on the filter could cause
significant mass discrepancy. There was significant seasonal dependence of the mass balance
discrepancy in STIHgure6.17A). In spring &d winter, the measurdM, smass exceeded
themasssum of the chemical componentith morethan50%. As discussed befofei et
al., 2012ali et al., 201}, there were much highar-housePM concentrations spring and
winterthan summer and autumn. The high PM concentrations could cause heavy filter
loading, then cause large measurement uncertaingldorentconentrationsand mass
fraction determinationFor ambient stations, there was no significant seasonal dependence
(Figure6.17B).

Table 6.18. PM, s mass balance closure*

Station N I\;I(;)a)n Std Dev  Median  Minimum  Maximum cl:_EVf\grnigoa/; éJLpE)errl\igzﬁl
ST1 63 62.7 28.8 69.4 10.8 127.6 55.5 70.0
ST2 61 92.0 26.0 93.1 46.9 189.3 85.4 98.7
ST3 63 95.8 29.8 94.7 44.1 193.1 88.3 103.3
ST4 64 97.2 28.4 97.8 44.8 183.4 90.1 104.3
ST5 66 96.5 29.2 99.4 17.2 204.4 89.3 103.6

*: a value of 1.4 for OC multiplier, crustal oxides did not estimate.
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6.5 CONCLUSIONS

This study determirtethe major ionsOC, EC and elementd PM, semitted from a
commercial layer farm and its vicinity in North Carolina.OC accounted for above 50% of
PM, s mass irthehouse and ambient statiold,*, SO, andNO;™ accounted foabout
400% of the totaPM, s massin ambient locationandfor only 12% of the totaPM, s mass
in houseThe ion balance resultd PM samples takeinrom animalhouseindicatethe
alkalinity propertiesn PM; 5. In ambient locations, theations were balanced by anion
speciegwith ratio of cation/anion close to on@mbientNH3; concentrations ranged from 10
to 27ug/m®, and werempacted by housH; emissionsPM, s had no linear responsto
NH3, HNO3,H,SO, precursor gases based on thermodynamic simulation. In the vicinity of
this AFO, because of abundanceNifis, the changes iNH3; hadsmall effect orinorganic
PM, smass conadratiors. The measureBM, smasgsagreed with the susof themasses
of thechemical components all stationgexcept for ST1. In ST1, treum of chemical
componentsnass was almost 40% less thanrieasured®M, smass which maybe due to
XRF measurment uncertainty for heaugadedfilters and bound water on the filters.

Knowledge gained from this studyijth additioral consideation ofNH;3; concentrations and
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emissionswill lead to betteunderstandingf PM, s source and formation, fate and trangpo

and their atmospheric dynamics.
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CHAPTER 7. PARTICULATE MATTER | N THE VICINITY OF AN
ANIMAL FEEDING OPERA TION FACILITY: STATISTICAL
DISTRIBUTIONS AND UPWIND AND DOWNW IND COMPARISON

7.1 ABSTRACT
While animal feeding operations (AFOs) satisfy fast growdlegnand fomeat, dairy, and eggthey may

pose significant negativienpacton ambientair quality. Among all the air pollutantparticulate matter (PM) is
onemajor pollutant emitted from AF@acilities. In this studygoncentrations oPM, s and PM, were

simultaneously measureasing TEOMmonitors in one production house and at four ambient locafiotise

vicinity of a commercial egg production fafor over two yeargoncentrationsData of the house ventilation

and ambient weather conditions were alsocoledt t o assess the farmbés contribut
concentrations under different operational and meteorological conditibheambient PMmonitoring data

were grouped as upwind and downwittdvas observed thadf bothPM, s and PM, concentrations, the
downwind concentrations were higher than upwind concentrations, but jles$than 1.0 pg/ffor PM,

and 6.0ug/nT for PM;. The relationships of the ambient PM concentrations and the house PM emission rates
were detected to be significant at 0.08dke however, the strength of the linear relationship between ambient
PM concentrations and house PM emissions indicated by the Pearson correlation coefficient was relatively
weak (r=0.15 for PMpand r=0.33 forPM,¢). All ambient PM measuremetidta didnot exceedNational

Ambient Air Quality Standards f@4-hour PM, s and PMg standardé. The lognormal distribution could best

fit the 24hour average ambier?PM concentrationNeutral atmosphere stability (class D) resulted in the lowest
ambientPM, s concentration. Results of this study provide helpful information for estimation of egg production

farmdéds contri but PMconcentaationst s property | ine

Keywords. Particulate matterPM, s, PMy,, statistical distributions, animal feeding operationsnasphere

stability,
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7.2 INTRODUCTION

Animal Feeding Operations (AFOs) are definedtimsU . S. Edgricultaral i
enterprises where animals are kept and raised in confined situafjoi$DA, 2010. In
order to increase production, and provadéficient supplies fomeat, dairy, and eggs, AFOs
havebeen highly specialized in recently deca(RC, 2003. However, highly speciaed
AFOs can generate large amtaof animal wastes, air pollutants, heavy metadthogens,
hormones, and antibiotics, which pose substantial risks to water quality, air quality and
public health(NRC, 2003. It is a big challenge today to find a good balance between the fast
growing food demand and the need to sustain the enveinnTheAd Hoc Committee on
Air Emission from AFOs appointed by tiNational Research Council (NRC) recommended
that future research should focus onftiibwing substances in AFO emissions: ammonia
(NH3), particulate matter (PM), hydrogen sulfide@ nitrous oxide (MNO), nitric oxide
(NO), methane (CkJ, and volatile organic compounds (VOQKRC, 2003.

Particulate matter is one tthesix criteriaair pollutantgEPA, 2010§. PM, s can result in
negative health effects on hunsamd animalgAndersen et al., 200&orrick et al., 1998
Kunzli and Tager, 200Mitloehner and Calvo, 2008 PM can also have advensepacts on
theenvironmentsuch as visibility reduction, lake and stream acidification, changing the
nutrient balance of coastal waters and large rivers, damaging sensitive forests and farm crops,
and affecting diversity of the ecosyste(@®A, 2011h. To protect and assess ambient air
quality, EPA ha®stdlishedseveral ambient air monitoringetworks to provide high quality
data for ambient air quality and public health st(ieA, 2011h. However, the existing
ambient air monitoringetworksdo not provide representative data for rural areas, especially
in rural agriculture intensive areas.

AmbientPM concentrations depereh emissiosand meteorological conditions
(Seinfeld and Pandis, 1998&n many situations, the mean concentration is not enough to
depict the whole informatioto ascertain compliance witldational Ambient Air Quality
StandardsNAAQS) (Seinfeld and Pandis, 1998arhusit is necessary to study the
statisti@al properties of th&M concentrationsnd todevelop models to draw inferences from

observation datalhe purposes of thiprojectwere(1) to analyze the observétM mass
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concentrations in the vicinity of an AFO with respect to their statistical distribu{@ns
compare observed PM contetions toNAAQS; (3) to compare downwind with upwind

PM concentration; (4) to study atmospheric stability effect on PM concentrations.

7.3 METHODOLOGY
Concentrations of PM at all five monitoring locations were measured by FEMM

monitors. The detadld iformation aboutlata collection is presented in Chapter 2.

7.4 RESULTS AND DISCUSSION

7.4.1 TEOM Performance Check and Thirty-minute AveragePM,sand PMo Mass
Concentrations

Based on the status code, bypass and main flow rate, filter loading and noisddeyel, a
with operation field records, invalid data were flagged. The percentages of the flagged data
ranged from 2.8.2%. The TEOM filter was replaced when the loadiragclose to 60%.
After the first step of data cleaning, the filter loading (pressure) dbgpass and main flow
rate, and noise level of the TEOMs were plotted for further visual checks of the instrument
performance and data quality. For illustration purpose, plots for ST2 are shéwgutia 7.1
Other stations showed similar results. Asvghan this figure, only in a few periods, the filter
loading reached 60%. Flow rate and noise level met the quality assurance and quality control
plan (Table 4)Figure 7.2shows the cleaned 3@inute average PN andPM, s mass
concentrationsyg/m’) at ST2-ST5 over the whole data collection periotieToverall30-

minuteconcentrationsvere withinreasonableanges after initial data cleaning.
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Figure 7.1. ST2 TEOM performance check plots (Afilter loading (%); B=noise level; Chypass
flow rate in I/min; and D=main flow rate in L/min)
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