
ABSTRACT 

 

LI, QIANFENG. Particulate Matter from an Egg Production:  Emission, Chemistry, and 

Local Dispersion. (Under the direction of Lingjuan Wang-Li). 

 

 

The environmental and possible health effects of air emissions from AFOs are a 

significant concern not only at the local scale in rural areas, but also at regional and global 

scales. However, limited scientific data on AFOs’ emissions are available for particulate 

matter (PM) emission, chemistry and local dispersion. The effects of environmental factors 

and facility management practices on PM concentration and emission are important for 

developing mitigation technology and implementing regulations; however a knowledge gap 

remains to identify the key factors. Information of PM by mass only is not sufficient to 

provide a clear understanding of its environmental and health effects, fate and transport, 

comprehensive chemical composition analyses of PM are therefore needed.  

This study was conducted in response to the lack of consistence AFO PM data in the 

literature, the lack of sufficient baseline PM emission data for appropriate regulations, and 

the lack of comprehensive chemical compositions of PM from AFO. Particulate matter, 

including PM2.5, PM10 and TSP emission rates from two high-rise tunnel-ventilated layer 

houses at a commercial egg production farm were determined, based on two years of 

measurements of PM concentrations and house ventilation rates. In addition, the 

concentrations of PM2.5 and PM10 were simultaneously measured using TEOM monitors at 

four ambient locations in the vicinity of the farm for over two years. Furthermore, Partisol 

2300 PM2.5 speciation samplers were used to take daily PM2.5 samples in the layer house and 

at the four ambient stations. Comprehensive chemical composition analyses included: mass, 

major ions (NH4
+
, Na

+
, K

+
, SO4

2-
, Cl

-
, and NO3

-
), elements, organic carbon (OC) and element 

carbon (EC). The Winsorized 95% confidence intervals of PM2.5 emission rates were [0.44, 

0.63] mg/d-hen in one house (house 3), and [0.45, 0.64] mg/d-hen in the other house (house 

4); the Winsorized 95% confidence intervals of PM10 emission rates were [15.1, 15.7] mg/d-

hen in house 3, and  [17.7, 18.4] mg/d-hen in the house 4; the Winsorized 95% confidence 

intervals of TSP emission rates were  [32.2, 35.7] mg/d-hen in the house 3, and [39.9, 43.5] 

mg/d-hen in the house 4. Hen activity, house ventilation, temperature/RH and house NH3 



emissions demonstrated significant impacts on PM emissions. For both PM2.5 and PM10 

concentrations, the downwind concentrations were higher than upwind concentrations. 

Although the strength of the linear relationship between ambient PM concentrations and 

house PM emissions was relatively weak, the relationship was significant at probability level 

of 0.05.  None of the ambient PM concentrations exceeded National Ambient Air Quality 

Standards for 24-hour PM2.5 and PM10 standards. Organic carbon accounted for above 50% 

of the total PM2.5 mass in both house and ambient stations. NH4
+
, SO4

2-
, and NO3

-
 accounted 

for about 40% of the total PM2.5 mass in ambient locations but only 12% of the total PM2.5 

mass in house. The measured PM2.5 masses agreed with the sums of the masses of the 

chemical components at all sampling stations except for house station. Based on a 

thermodynamic simulation, PM2.5 had nonlinear response to NH3, HNO3, H2SO4 precursor 

gases. In the vicinity of this AFO, PM2.5 mass concentrations were not sensitive to the change 

of NH3.  

This study provides scientific data for developing and validating PM emission models. 

The comprehensive chemical composition data, spatial and temporal variations of PM add 

quantitative information for future studies of health, environmental impact and sustainability 

of egg production systems.  
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CHAPTER 1. INTRODUCTION  

1.1 ANIMAL FEEDING OPERATIONS 

Animal feeding operations (AFOs) are defined by the U.S. EPA as “agricultural 

enterprises where animals are kept and raised in confined situations. AFOs congregate 

animals, feed, manure and urine, dead animals, and production operations on a small land 

area. Feed is brought to the animals rather than the animals grazing or otherwise seeking 

feed in pastures, fields, or on rangeland.” (USDA, 2010). In the United States, animal 

production industry generates about $100 billion revenue per year; about 238,000 of these 

animal farms are AFOs (Coperlan, 2010). In the past several decades, market forces, 

technological changes, and industry adaptations have resulted in substantial changes in the 

animal production industry. Animal feeding operations involve specialty systems such as 

automation of feeders, water, and climate-control, and most AFOs in the United States have 

been industrialized. These industrialized AFOs have been associated with increasing facility 

size, animal numbers and density, and regional concentration. The highly 

specialized/concentrated AFOs have greatly increased production, and provided meat, dairy, 

and eggs to feed the population. However, the changes in AFOs, combined with changing 

community demographics and advances in science, have considerably narrowed the interface 

of farm-urban and increased the friction between producers and the public. Concerns have 

been raised over the management of animal wastes and potential adverse impacts on public 

health and environmental quality.  

Because large numbers of animals are raised and confined in relatively small areas, AFOs 

can yield large amount of animal waste (manure/lagoon water), air pollutants (such as odors, 

ammonia (NH3), and particulate matter (PM), heavy metals, pathogens, hormones, and 

antibiotics). This may result in a number of risks to water quality, air quality and public 

health (NRC, 2003). Numerous debates and related legislation have brought AFOs to the 

public forefront. Systematic assessment of AFOs’ environmental and health impacts and 

sustainability is seriously needed, which can identify current knowledge gaps and hence 

future research needs. This chapter reviews the literature of air pollutants released from 
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AFOs, and it is intended to address potential environmental problems associated to AFOs. 

Also it reports different methods and technologies that can be applied to air quality studies in 

AFOs. It covers: air emissions from AFOs, federal and state laws affecting livestock 

agriculture, ambient air monitoring programs, air pollutants (NH3 and PM) measurement 

technologies, PM chemistry and dispersion models.   

1.2 RATIONALE AND SIGNIFICANCE  

With AFOs increasing in size and geographic concentration, the concern regarding air 

pollutants from AFOs has grown recently. Knowledge of air pollutant emission and chemical 

information is needed to protect public health and environment, and to define and support 

feasible regulations. Also, this information can aid AFOs to apply mitigation techniques, 

protect workers’ health, and animal welfare. This study measured and estimated PM 

emissions, and concentrations from AFOs. Comprehensive chemical characterization and 

local transport could help to understand the impact of 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 as NH3, H2S, VOCs), PM, and odor. These emitted pollutants can affect air 

quality. Based on the characteristics, their production  amount, atmospheric dispersion, and 

potential impacts, the National Research Council (NRC, 2003) recommended the priority 

research needs to pollutants as listed in Table 1.1.  

 

Table 1.1. Prioritized air pollutants from AFOs 

Species  Main impact Formation/sources  

Ammonia (NH3) Aerosol formation, dry/wet 

deposition 

Urea hydrolysis  

Particulate matter (PM) Health/radioactive  Primary PM: animal activity, ventilation.  

Secondary PM: precursor gases (such as NH3, NOx, 

SOx) atmospheric reactions.  
Nitric oxide (NO) Ozone formation, haze, smog Nitrification in aerobic soils 

Methane (CH4) Greenhouse gas, global climate 

change 

Microbial degradation of organic matter under 

anaerobic conditions 

Volatile organic compounds 

(VOCs) 

Quality of life/health Microbial degradation of organic matter 

Hydrogen sulfide (H2S) Quality of life/health Anaerobic reactions (lagoon water, manure) 
   

Odors Quality of life/health Manure/lagoon/field application 

*source: (NRC, 2003) 
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Particulate matter generated from direct sources (such burning, industrial activities, 

road traffic and windblown soil) is called primary PM, and PM generated from precursor 

gases chemical reactions is called secondary particles. Particulate matter can be generated 

from AFOs by animal activity, animal housing ventilation, and air entrainment of manure, 

feed and soil (called primary aerosols). Also it can be formed from the atmospheric reactions 

of precursor gases (such as NH3, VOCs, NOx, and SO2). Particulate matter has very wide 

range of size distribution, physical properties and chemical compositions. Particle less than, 

or equal to 10 micrometers in diameter (PM10) and less than or equal to 2.5 micrometers in 

diameter (PM2.5) have big impact on radioactive effect, public health and animal welfare. 

Especially fine PM (i.e. PM2.5) can reach and deposit in the smallest airways in the lungs, 

causing respiratory health problems (NRC, 2003). The National Ambient Air Quality 

Standards (NAAQS) for PM were revised by EPA in 2006. Table 1.2 shows the new 2006 

standards for PM2.5 and PM10 (EPA, 2010a).  

 

Table 1.2.  National ambient air quality standards for PM pollution (EPA, 2010a) 

Pollutant Primary standards Averaging times 

Particulate Matter (PM10) 150 µg/m3 24-hour 

Particulate Matter (PM2.5) 15.0 µg/m3 

35 µg/m3 
annual 

24-hour 

 

Particulate matter especially PM2.5 play an important role in affecting animal/human 

health in AFOs. Non-biologic PM is generated from feed, skin, hair, manure and bedding 

materials. A number of studies have reported the relationship between the air quality and 

animal production efficiency (Al Homidan et al., 1997; Feddes et al., 1995; Hayter and 

Besch, 1974; Kristensen et al., 2000; Quarles and Caveny, 1979). Feddes (1995) found the 

relationship between PM concentration and the incidence of lung lesion for turkeys. 

Donham et.al (2000) observed a significant dose-response relationship between exposure 

and pulmonary function decrements for workers in AFOs. The exposure concentrations were: 

2.4 mg/m
3
 total suspended particulate (TSP), 0.16 mg/m

3
 respirable PM, 614 EU/m

3
 

endotoxin, and 12 ppm NH3. Randon et.al (2001b) conducted studies in Switzerland and 

Denmark. Their studies included questionnaires, lung function tests, and environmental 
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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 exposure to AFOs pollutants (Cole et al., 

2000). AFOs ventilation, lagoon water spray field application, and manure fertilization can 

distribute pollutants. Wing and Wolf (2000) surveyed residents rural communities, AFOs 

vicinity, rural agricultural areas, and found  residents in the vicinity of hog operation have 

higher occurrence of headaches, runny nose, sore throat, excessive coughing, diarrhea, and 

burning eyes.  

In poultry production systems, PM emission is a major concern as it leads to negative 

environmental and health effects (NRC, 2003). Limited research has been conducted to 

quantify the PM emissions from poultry production systems (Calvet et al., 2009; Fabbri et al., 

2007; Lacey et al., 2003; Lim et al., 2007; Modini et al., 2010; Roumeliotis and Van Heyst, 

2008). Specifically, very few PM2.5 emission data are available for poultry production 

systems (Fabbri et al., 2007; Modini et al., 2010). Some reported PM emission factors are 

summarized in Table 1.3.  

 

Table 1.3. Reported PM emission factors for layer operations 

Layer housing system 
Emission Factors 

(PM2.5, PM10 and TSP) 
Reference 

Battery Cage TSP: 15.3 g/day-bird (Takai et al., 1998) 

Perchery TSP: 73.93 g/day-bird (Takai et al., 1998) 

Battery Cage 
PM10: 230 mg/day-bird 

TSP: 21.6-52.8  g/day-bird 
(Wathes et al., 1998) 

High-rise 
PM10: 30±13 mg/day-bird* 

35±13 mg/day-bird* 
(Lim et al., 2007) 

Deep-pit system 
PM2.5: 14.16  mg/day-bird 
PM10: 48.24  mg/day-bird 

(Fabbri et al., 2007) 

Ventilated Belt 
PM2.5: 6.24 mg/day-bird 

PM10: 18.72  mg/day-bird 
(Fabbri et al., 2007) 

*: mean ± standard deviation 
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1.4 FEDERAL AND STATE LAWS AFFECTING ANIMAL AGRICULTURE  

As classified by the Food and Agriculture Organization of the United Nations, livestock 

is a major threat to environment (UNFAO, 2006). It is one of the largest sources of 

greenhouse gases (18% of the world's greenhouse gas emissions as measured in CO2 

equivalents), and it also generates 64% of ammonia. In recent years, U.S. EPA is under the 

increasing pressure to regulate emissions from animal agriculture, and it is expected that 

certain federal and state environmental regulations will affect livestock agricultures. Table 

1.4 provides an overview of the related regulations/laws that may affect AFOs (NRC, 2003). 

 

Table 1.4. Overview of environmental statutes and regulations affecting AFOs 

Statute Regulated activity Threshold  Impact 

CAA Major Stationary Sources 100 tpy of any air pollutant Federal permits, emission fees 

Major source of hazardous 10 tpy of a HAP or 25 tpy of 
HAPs 

Emission standards, permit 

General agriculture operations 

including gaseous pollutant and, 
PM 

 No permit, required to comply 

with BMP to control odors.  

CERCLA /EPCRA Reportable Release NH3, H2S: 100 ppd Reporting requirement 

CWA NPDES point source 

requirements 
 

Size or regulatory determination 

of CAFO status 

NPDES permit (state or federal) 

EPA effluent limitations and 

performance standards 

Size (1000 animal units) Effluent limitation guidelines and 

performance standards in 

NPDES permit 

CZMA Nonpoint source pollution Large or small AFOs without 

NPDES permits 

Management measures in coastal 

zones identified by states 

CAA= Clean air act. CERCLA=comprehensive environmental response, compensation, and liability act.  

EPCRA=emergency planning and community right-to-know act. CWA=clean water act. CZMA=coastal zone management 

act.  ppd=pounds per day; tpy=tons per year. Source: (NRC, 2003) 

 

1.5 THE AMBIENT AIR MONITORING PROGRAMS IN THE U.S. 

In 1970, the Clean Air Act (CAA) was signed into law. Under CAA, EPA established 

NAAQS for pollutants harmful to public health and environment. To protect and assess air 

quality, EPA developed the ambient air monitoring program, which is carried out by state 

and local agencies. There are three major categories of monitoring networks: (1) State and 

Local Air Monitoring Stations (SLAMS), National Air Monitoring Stations (NAMS), and 

Special Purpose Monitoring Stations (SPMS) (US EPA, 2010a). These three major networks 

are collecting samples and monitoring the six criteria pollutants included in the NAAQS. 
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These criteria pollutants are: PM (PM2.5 and PM10), sulfur dioxide (SO2), carbon monoxide 

(CO), nitrogen dioxide (NO2) and lead (Pb). Additionally, the Photochemical Assessment 

Monitoring Stations (PAMS), a fourth category monitoring program, was specially designed 

to monitor/measure ozone precursors (about 60 volatile hydrocarbons and carbonyl 

compounds). This network determine the highest pollutant concentration, the representative 

concentrations in high populated areas, the impact of significant sources, and the general air 

pollutants background concentrations (US EPA, 2010a). The map of these networks and 

descriptions are shown in Figure 1.1. 
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Figure 1.1. The U.S. EPA ambient air monitoring programs and descriptions (US EPA, 2010a) 

 

Using the nationwide networks, the PM2.5/PM10 trends developed by EPA are shown in 

Figure 1.2. The national average PM (both PM2.5 and PM10) concentrations have a decreasing 

trend over the years of 1990-2008 (PM2.5 started from 2000).   

 

 

 

SLAMS: About 4,000 monitoring stations.  Number and size of monitoring sites are based on State Implementation Plans 

(SIPs). States determine the monitoring sites with the purpose of attaining/maintaining the health-related primary and 

welfare-related secondary NAAQS. NAMS: 1,080 stations. Subset of the SLAMS network (Key sites under SLAMS). 

Urban and multi-source areas. PAMN: About 90 sites. Located in serious/severe/extreme ozone nonattainment areas Starting 

in 199. Special Purpose Monitoring Stations (SPMS): For special studies. No permanent sites 
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Figure 1.2. PM2.5 and PM10 trend (Source: http://epa.gov/airtrends/pm.html) 

 

In North Carolina (NC), the Department of Air Quality (DAQ) under the N.C. 

Department of Environment and Natural Resources (DENR) enforces the state and federal air 

pollution regulations.  Figure 1.3 shows the PM2.5 and PM10 monitoring sites in North 

Caronia. Table 1.5 lists the NC air quality monitoring sites, pollutants monitored and 

schedules.  

 

North Carolina PM2.5 air quality Sites North Carolina PM10 air quality sites 

 
 

Figure 1.3. North Carolina PM2.5 and PM10 air quality sites (http://epa.gov/airtrends/pm.html) 
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Table 1.5.  North Carolina air quality monitoring sites, pollutants monitored and schedules*. 

Site Pollutant /schedule Site Pollutant /schedule 

Alexander--Waggin Trail Rd O3 (Apr-Oct) Guilford--Mendenhall 

PM2.5 (year-round),O3 (Apr-

Oct) 

Avery--Linville Falls O3 (Apr-Oct) Haywood--Frying Pan O3 (Apr-Oct) 
Beaufort--Aurora SO2 (year-round) Haywood--Purchase Knob O3 (year-round) 

Buncombe--Bent Creek O3 (year-round) Haywood--Waynesville O3 (Apr-Oct) 

Buncombe--Board of Education Bldg PM2.5 (year-round) Jackson--Barnett Knob EBCI O3 (Apr-Oct) 
Caldwell--Lenoir O3 (Apr-Oct) Johnston--West Johnston O3 (Apr-Oct) 

Caswell--Cherry Grove 

CO(Mid-May 

through mid-Sep), O3 
(Apr-Oct), Nox (Mid-

May through mid-

Sep) Lenoir--Lenoir Community O3 (Apr-Oct) 

Catawba--Hickory First Street PM2.5 (year-round) 

Lenoir--Lenoir Community 

College 

NOx (year-round), NH3 (year-

round) 

Chatham--Pittsboro O3 (Apr-Oct) Lincoln--Crouse O3 (Apr-Oct) 

Cumberland--Fayetteville ABC 

CO (Oct through 

Mar) Martin--Jamesville 

NH3 (year-round),PM2.5 (year-

round),O3 (Apr-Oct),SO2 

(Year-round (every 3 years)) 

Cumberland--Golfview 

O3 (Apr-Oct), SO2 

(Year-round (every 3 

years)) McDowell--Marion O3 (year-round) 
Cumberland--Owen School PM2.5 (year-round) Mecklenburg--Arrowood O3 (year-round) 

Cumberland--Wade O3 (Apr-Oct) Mecklenburg--County Line O3 (year-round) 

Davidson--Lexington Water Tower PM2.5 (year-round) Mecklenburg--Garinger HS 

CO (year-round),PM2.5 (year-
round),NO2 (year-round), O3 

(year-round), SO2 (year-

round) 
Davie--Cooleemee O3 (Apr-Oct) Mecklenburg--Montclaire PM2.5 (year-round) 

Durham--Duke Street 

CO (Mid-May 

through mid-Sep), O3 
(Apr-Oct), NOX 

(Mid-May through 

mid-Sep) New Hanover--Castle Hayne 

PM2.5 (year-round),O3 (Apr-

Oct),SO2 (Year-round (every 3 

years)) 

Edgecombe--Tarboro O3 (Apr-Oct) 

New Hanover--Wilmington 

Hwy 421 SO2 (year-round) 

Forsyth--Clemmons Middle School 

O3 (Apr-Oct), PM2.5 

(year-round) Person--Bushy Fork O3 (Apr-Oct) 

Forsyth--Hattie O3 (Apr-Oct) Pitt--Farmville O3 (Apr-Oct) 
Forsyth--Hattie Ave B  PM2.5 (year-round) Rockingham--Bethany O3 (Apr-Oct) 

Forsyth--Hattie Ave. LP Ozone O3 (Apr-Oct) Rowan--Enoch O3 (Apr-Oct) 

Forsyth--Peters Creek Pkwy 

CO (Oct through 

Mar) Rowan--Rockwell 

CO (year-round),O3 (year-
round),Nox (year-round),SO2 

(year-round) 

Forsyth--Shiloh Church O3 (Apr-Oct) Sampson--Clinton Crops 
NH3 (year-round),NOx (year-

round) 

Forsyth--Union Cross O3 (year-round) Swain--Bryson City 

PM2.5 (year-round), O3 (Apr-

Oct), SO2 (Year-round (every 
3 years)) 

Franklin--Franklinton O3 (Apr-Oct) Union--Monroe O3 (Apr-Oct) 

Graham--Joanna Bald O3 (Apr-Oct) Wake--Crabtree CO (Oct -Mar),  
Granville--Butner O3 (Apr-Oct) Wake--Fuquay O3 (Apr-Oct) 

Guilford--Latham Park 

CO (Oct through 

Mar) Wake--Millbrook 

NH3 (year-round), CO (year-

round), PM2.5 (year-round), 
PM10 (year-round), O3 (year-

round), Nox (year-round), SO2 

(year-round) 

*: Detail site information, please ref (NC Division of Air Quality, 2010)    

  



 

10 

In addition to the ambient air monitoring programs aforementioned, two major PM2.5 

chemical speciation monitoring networks have been established in the U.S.: the Interagency 

Monitoring of Protected Visual Environments (IMPROVE) and the PM2.5 National Chemical 

Speciation Network (CSN) .  

The IMPROVE monitoring program (IMPROVE, 2010) was established in 1985 for the 

protection of visibility of 156 national parks and wilderness areas (Figure 1.4). The network 

began operating in 1988 with 20 monitoring sites (Class I Areas), and by 1999  the network 

expanded to 30 monitoring sites (Class I Area) and 40 sites using IMPROVE site and 

sampling protocols.  The objectives of IMPROVE are:   

“(1) to establish current visibility and aerosol conditions in mandatory class I areas;  

  (2) To identify chemical species and emission sources responsible for existing man-

made visibility impairment;  

 (3) To document long-term trends for assessing progress towards the national 

visibility goal;  

(4) and with the enactment of the Regional Haze Rule, to provide regional haze 

monitoring representing all visibility-protected federal class I areas where practical.” 

(IMPROVE, 2010) 

The PM2.5 CSN was established to support of the PM2.5 NAAQS, and to provide 

nationally consistent PM2.5 data for the assessment of trends at representative sites in urban 

areas in U.S. Approximately 230 different monitoring sites have been operated under the 

CSN program (Figure 1.4). The CSN provides mass concentrations, numerous trace 

elements, ions (SO4
2-

, NO3
-
, Na

+
, K

+
, and NH4

+
), elemental carbon (EC) and organic carbon 

(OC) (RTI International, 2010b). The objectives of the CSN include “(1) collect data relevant 

to protect human health; (2) assess ambient concentration trends in certain urban areas; (3) 

provide data supporting SIPs development for PM2.5” (RTI International, 2010b).  

All the EPA monitoring networks have provided numerous high quality data sets for air 

quality and public health studies. However, these existing networks do not provide enough 

representative scientific data for rural areas, especially in agricultural intensive areas. 
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Research in agricultural intensive areas is crucial to improve the spatial and temporal 

coverage of air quality data.  

 

  
IMPROVE monitoring program (national parks and wilderness 

areas ≈175)  
PM2.5 CSN programs (mostly urban, ≈230 sites)  

Figure 1.4.  Interagency monitoring of protected visual environments (IMPROVE) and the 

PM2.5 national chemical speciation network (CSN). Source: (IMPROVE, 2010) 

 

1.6 PM MEASUREMENT TECHNOLOGIES   

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 samples can ensure reliable results for PM emission and impact 

studies. Also representative samples are very important for the following characterization 

analysis, and source identification (source apportionment). Mass or number concentrations of 

PM can be measured based on different principles, and Table 1.6 lists different methods 

(Hinds, 1998). 
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Table 1.6.  PM measurement methods summary 

Concentration Method  

Mass 

Filter based gravimetric methods 
Time-average  values, simple, widely used, 

Federal Reference Methods (FRMs) 

PiezobalanceR 
Relationship between mass concentration and  resonant 

frequency 

Tapered Element Oscillating Microbalance 

(TEOM) 

Relationship between mass concentration and  resonant 

frequency 

Beta Gauge Beta ray attenuation 

Number 

Photometers Light scattering 

Nephelometers Light scattering 

Optical Particle Counters Light scattering 

Optical microscope Light 

Scanning electron microscopy  

Transmission electron microscopy Interaction of the electrons 

Dust-counting cell  

Coulter counter Electrical conductance 

Laser Diffraction Particle Counter Light 

Condensation Nuclei Counter (CNC) Electrical mobility 

Electrical mobility Analyzers Electrical mobility 

 

Concentration, size distribution and chemical compositions of PM are important 

parameters that determine PM environmental and health effects. There are a wide range of 

analytical methods that have been applied for PM chemical analysis (Finlayson-Pitts and 

Pitts, 1999). Ion Chromatograph (IC) has been widely used for major ions (NH4
+
, SO4

2-
, NO3

-
 

, etc.); High Performance Liquid Chromatography (HPLC) for organic compounds analysis; 

and Gas Chromatography (GC) for volatile organic compounds (VOCs) analysis. PM trace 

element analysis by Atomic Absorption Spectroscopy (AAS), inductively Coupled Plasma-

Atomic Emission Spectroscopy (ICP-AES), or inductively Coupled Plasma-Mass 

Spectrometry (ICP-MS) and X-Ray Fluorescence (XRF) have increased over the past several 

decades (Grohse, 1990).  

1.7 PARTICULATE MATTER MARKERS ASSOCIATED WITH VARIOUS 

EMISSION SOURCES  

The PM in atmosphere can undergo various physical and chemical transformations. 

Vapor condensation and coagulation make small particle grow to large size. Small particles 

(< 20 µm) have lifetime of days, while large particles have lifetime of hours (Hinds, 1998). 

Particle characterizations (such as concentration, composition, and size distribution) are 

highly temporally and spatially variable. Particulate matter from different sources and 

formation mechanisms will result in variations in size, composition and properties. Table 1.7 
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lists the major components of PM mass (Chow, 1995.). These components can be cataloged 

as geological material (such as oxides of Al, Si, Ca, Ti and Fe), organic matter, element 

carbon, sulfates, nitrate and ammonium.  

 

Table 1.7. Chemical markers associated with various emission sources 

Emission Source  
 

Chemical markers (by priority order) 

Soil Al, Si, Sc, Ti, Fe, Sm, Ca 

Road dust Ca, Al, Sc, Si, Ti, Fe, Sm 
Sea salt Na, Cl, Na+, Cl-, Br, I, Mg, Mg2+ 

Oil burning V, Ni, Mn, Fe, Cr, As, S, SO4
2- 

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 incineration K, Zn, Pb, Sb 

Biomass burning K, Cele, Corg, Br, Zn 
Automobile gasoline Cele, Br, Ce, La, Pt, SO4

2-, NO3
- 

Automobile diesel Corg, Cele, S, SO4
2-, NO3

- 

Secondary aerosols SO4
2-, NO3

-, NH4
+ 

 

1.8 RESEARCH OBJECTIVES  

The main goal of this project was to investigate emission, chemistry and local dispersion 

of PM from an industrial egg production farm. The dissertation had the following specific 

objectives:  

(1) Quantify baseline PM emissions as impacted by environmental and management 

factors. 

(2) Characterize PM2.5 from a layer house and in the vicinity.  

(3) Assess local dispersion of PM emitted from an egg production facility. 
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CHAPTER 2. METHODOLOGY  

2.1 THE PM MONITORING/SAMPLING FARM 

The PM monitoring and sampling was conducted on a commercial egg production farm 

located in North Carolina. The layout of the farm is shown in Figure 2.1.  The layer farm 

consisted of six high rise houses (Houses 1-6), three naturally-ventilated houses with 

shallow-pits (Houses 93, 102, 103), an egg processing plant, two solids trap lagoons, and two 

large treatment lagoons. Houses 1-4 were tunnel ventilated houses with 34 exhaust fans on 

west-east ends (Figure 2.2). Houses 5-6 were cross ventilated houses with 54 exhaust fans on 

north-south sides (Figure 2.3). Laying hens were placed in six (houses 1-4) or eight (houses 

5-6) rows of 4-tier curtain backed cages in the upper floor (referred to as 2
nd

 floor). The hens’ 

stocking density complied with the United Egg Producers (UEP) Welfare Guidelines (UEP, 

2010). Manure fell onto the curtain backed cages and then down into the pit (referred to as 1
st
 

floor, or pit), where it was stored for approximately 12 months. The stored manure was 

cleaned out annually and transported to an organic farm for land application. In the shallow-

pit houses (natural ventilation), laying hens were placed in five rows of 3-tier (house 93) or 

4-tier (houses 102,103) curtain backed cages. Manure fell onto the curtain backs and then 

down on the concrete floor. The concrete floors were flushed out twice daily to waste 

treatment 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 m apart. The detail characteristics of 

houses are provided in Table 2.1.  

Houses 3 and 4 were selected for the National Air Emissions Monitoring Study 

(NAEMS) (Figure 2.1), and the detail information about the NAEMS at this monitoring site 

was presented in Wang-Li et al. (2012b). These two houses were tunnel ventilated with 

seventeen, 122-cm (48-in) diameter, 480 VAC, 3-phase, belt-driven, single speed ventilation 

fans (Chore-time, Milford, IN) at each end-wall. As reported in Wang-Li et al. (2012b), fresh 

air entered the 2
nd

 floor of the house through 36.5 m long air inlets centered on the north-west 

and south-east sidewalls of the house in summer time. In winter time, fresh ventilation air 
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was drawn into the attic through the eave inlets, then further into the 2
nd

 floor through two 

ceiling baffles. Based upon the in-house temperature measurements and the house static 

pressure readings, the sidewall inlet curtains or the ceiling baffles were automatically 

controlled by the farm’s “poultry management system” (PMS). No supplemental cooling or 

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 pressure sensor were installed in each house, and the continuously 

monitored temperature and static pressure signals were sent to the control systems. In 

addition, each of the ventilation fans was equipped with a revolution per minute (rpm) sensor 

to monitor fan’s status. If a significant reduction in fan speed (approximately 5%) was 

observed, then the fan was maintained.   

The genetic of laying hens in the farm was W36, and they were delivered to the farm at 

about 18-week of age. Normally they were fed with corn/soy bean diet. Depending on farm 

management and market situations, some hens had a forced-molting procedure at around 60-

week of age. During forced-molting periods, different diets were feed to hens. Hens’ 

replacement was normally at the hen age of 110 weeks. The body weight was estimated by 

weighing 0.1% of the hens in each house once every four weeks. Eggs were counted 

automatically by a series of egg counters, which were located at the end of each row. Daily 

feed and water consumption were automatically recorded and stored in the farm’s PMS. 

Daily mortalities were manually removed and recorded in the PMS system. Also the lighting 

program and the feed delivery schedule were automatically controlled by the PMS system 

(Wang-Li et al., 2012b).   
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Figure 2.1.  The layer farm layout (not to scale) and the locations of PM sampling/monitoring 

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 in parentheses are relative to ST1 (Reprint with permission from L. Wang-Li)  
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Figure 2.2. Tunnel ventilation fans of houses 1- 4  

 

 

 

Figure 2.3. The cross ventilated fans of houses 5-6 
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Table 2.1. The detailed characteristics of high rise houses at the monitoring site (Purdue Ag Air 

Quality Lab, 2006c) 

Descriptive Parameters Houses 1-4 Houses 5-6 

Barn inventory 103,000 132,000 

# houses at site 4 2 

Barn type  HRa HRa 

Barn orientation  West-East West-East 

Type of birds (genetics) W36 W36 

Average weight (kg) 1.6 1.5 

Bird occupation (day) 644 644 

Are hens molted? 
Yes Yes 

Number of tiers of cages 4 4 

Numbers of rows of cages 6 8 

Type of cages A-frame/curtain backed H-frame/dropping boards 

Bird space, m2/bird 
0.04 0.04 

Barn width, m 18 21 

Barn length, m 177 177 

Ridge height, m 8.4 8.6 

Sidewall height, m 5.5 5.6 

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 Ramp 

Inlet adjustment method 
Auto, Cable Auto, Cable 

Inlet control basis (temp, press, both) Both Both 

Controls vendor/manufacturer PMS PMS 

Walls with fans (N,S,E,W) East, West South, North 

Number of exhaust fans 34 54 

Number of variable speed fans 0 0 

Largest fan diameter, m 1.2  1.2 

Smallest fan diameter, m 1.2 1.2 

Fan spacing, m 0.2 4.8-7.3 

Fan manufacturer Choretime Choretime 

# ventilation stages 11 20 

# temperature sensors 8 9 

Emergency ventilation Gen Set Gen Set 

a: HR= high rise house.  
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2.2 HOUSE MANAGEMENT ACTIVITIES 

At the beginning of the monitoring study, hens were 575 and 540 d in houses 3 and 4, 

respectively. The 24-month study was superimposed on two successive production cycles. In 

house 3, hen age ranged from 575 to 769 d in the 1
st
 cycle and 141-624 d in the 2

nd
 cycle. In 

house 4, hen age ranged from 540-790 d in the 1
st
 cycle and 128-561 d in the 2

nd
 cycle. One 

molting event, three manure cleanout events, and one spent hen removal event occurred 

during the course of the monitoring study.  Table 2.2 shows the manure cleanout events in 

each house. It was observed that manure was cleaned out once in the 1
st
 production cycle and 

twice in the 2
nd

 cycle. The typical practice of the farm was to clean out the dry manure in the 

high-rise houses once a year. However, due to the producer’s desire to move the cleanout 

time from spring to summer for control of flies, one additional cleanout event was conducted 

in July 2009 (Wang-Li et al., 2012b). 

 

Table 2.2. Major house management activities during the study from September 2007 to 

September 2009 (Wang-Li et al., 2012b)        

Event House 3 House 4 

2nd floor lights 
on 3:00am-8:00pm 

off 8:00pm-3:00am 

on 3:00am-8:00pm 

off 8:00pm-3:00am 

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 

Manure cleanouts  

03/12/08-03/19/08[3] 

03/24/09-03/27/09[5] 

07/21/09-07/25/09[7] 

03/08/08-03/13/08[4] 

03/23/08-03/27/09[6] 

07/21/09-07/25/09[8] 

Hen molting 04/ 3/09-04/22/09 --- 

House empty (no hens occupied) 04/09/08-04/29/08 
6/04/08-06/18/08 

9/30/09-10/28/09 

[1] Feed delivery duration was 14.5 min; [2] House cleaning included cleaning of the fans, east end of the floors using 

compressed air, and sometime manual cleaning of the ceilings; [3] 39 loads (24.5 tons each);  [4] 36 loads (24.5 tons each); [5] 

42 loads (21.5 tons each); [6] 47 loads (21.5 tons each); [7] 18 loads (19.2 tons each); [8] 23 loads (19.2 tons each). 

 

2.3 BASELINE PM EMISSION MONITORING PLAN 

2.3.1 Measurement and sampling locations 

Under the NAEMS, the PM emission monitoring system was set up following the EPA-

approved quality assurance project plan (QAPP) (Purdue Ag Air Quality Lab, 2006b) and a 

complete set of standard operating procedures. Figure 2.4 and Figure 2.5 show the 
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measurement and sampling locations. The on-farm instrument shelter (OFIS) was located 

between houses 3 and 4 towards the north-east ends of the houses, and two heated raceways 

connected the OFIS with the two 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 lightning in this area. 

 

Figure 2.4. House cross-section from the east end, showing measurement and sampling 

locations (Reprint with permission from A.J. Heber) 
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Figure 2.5. Schematic of measurement and sampling locations (Reprint 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). In strategy I (9/24/07-2/26/09), 

one TEOM-PM monitor was placed immediately upstream of the minimum ventilation fan 

(1
st
 floor, middle of the east end) in each house to simultaneously measure PM 

concentrations (Figures 2.4, 2.5 and 2.8). In strategy II (3/5/09 – 10/26/09), the TEOM in 

house 3 was relocated immediately upstream of fan 4 (2
nd

 floor, middle of the east end) in 

house 4 (Figure 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
st
 and 2

nd
 floors. The PM of the inlet air was measured using a Beta Gage PM monitor 

(Figure 2.9), which was located 1 m from the south end of tunnel inlet. PM2.5 was 

simultaneously measured at the three monitoring locations for 6-19 d in January – February 

2008, October 2008, and July-August 2009. TSP was simultaneously measured at all three 

locations for nine, 5-16 d periods, and PM10 was simultaneously measured at three locations 

for all other times.  

 

House 3 (18 x 175 m)

House 4 (18x 175 m)

S

Open anemometer

Activity sensor

Wind sensor

RH/T sensors

PM monitor

Thermocouple

Heated raceway

Loadout door

Exhaust fans

Solar sensorSLegend:

N

GSL
P port

OFIS

Air inlets

Walkway 

S

House 4 House 3

Air inlet

Heated 

raceway

OFIS

SLegend: GSL Solar sensor

Activity sensor

PM monitorExhaust fanThermocoupleP port

Wind sensor

RH/T sensor 

Weather tower

Air plenum 

Open anemometer

N

S

House 4 House 3

Air inlet

Heated 

raceway

OFIS

SLegend: GSL Solar sensor

Activity sensor

PM monitorExhaust fanThermocoupleP port

Wind sensor

RH/T sensor 

Weather tower

Air plenum 

Open anemometer

N

 



 

22 

Relative humidity (RH) and temperature were measured by Vaisala HMT100 Humidity 

Tranmitter (Vaisala Inc., Woburn, MA), and the sensors were installed 1 m away from house 

3 Fans#13 and 30 and house 4 Fans #13 and 30, and in two cages of houses 3 and 4 (East half 

the house (Figure 2.5). Thermocouples (TC) were installed at four locations in each house, 

one gas sampling point (Fan#4) (Figure 2.5). Also TC was installed in OFIS, heated raceway, 

and the Beta Gauge enclosure.  

In each monitored house there were total 34 exhaust fans with 11 stages ventilation settings 

(Table 2.4).  Fan operation status was monitored by either RPM sensors (Cherry Sensor, 

Model MP100701) or current switches (P/N: CR9380-NPN, CR Magenetics Inc.).  Figure 2.6 

shows the scheme of fan monitoring plan. RPMs sensors were installed for all stages 1-7 

fans. For high stages 8-11, either RPM or current switches were installed (Figure 2.6). Setra 

Model 267 differential pressure transducers (Figure 2.10) 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 located between houses #2 and #3, #3 and #4, #4 and #5, 

where the egg conveyor belt crosses (Figure 2.5). In the OFIS, a static pressure was applied 

to assure positive pressure inside. A field-portable FAN Assessment Numeration System 

(FANS) (Gates et al., 2004) was used to measure building ventilation. Table 2.5 lists the 

numbers of fans measured by the FANS analyzer (Wang-Li et al., 2012b).  

 

 

Figure 2.6. Fan operation status monitoring scheme (Reprint with permission from A.J. Heber)  

 

 

 



 

23 

Table 2.3. Measurement variables and equipment (Wang-Li et al., 2012b) 

Measured variables Equipment/sensor Vendor 

PM concentration (in-house) TEOM 1400a PM monitor 
Thermo Fisher Scientific, 

Waltham, MA 

PM concentration (inlet air) Beta Gage FH62C-14 PM monitor TFS, Franklin, MA 

In-house temperature 
Type T thermocouples 

TE Wire and Cable, Saddle 
Brook, NJ Raceway air temperature 

Sampling probe air temperature/RH 
Capacitance type RH/T probe (RHT-WM) 

Novus Automation, Porto Alegre, 

Brazil Cage air temperature/RH 

Animal and worker activities 
Infrared motion sensor 

Visonic PIR model VS-SRN200N 
 

Fan rotational speed MP100701 Hall-effect proximity sensor Cherry 

Fan on/off status CR9380-NPN current switch CR Magnetic 

Fan static pressure 
Differential static pressure sensor Model 

260 
Setra Systems, Boxborough, MA 

Wind speed 
Wind Sentry Model 03002VM anemometer RM Young, Traverse city, MI 

Wind direction 

Solar radiation Pyranometer Model LI-200SL LI-COR, Lincoln, NE 

Air temperature/RH at 10 m high Capacitance type RH/T probe (RHT-WM) 
Novus Automation, Porto Alegre, 

Brazil 
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Table 2.4. Fan numbers and ventilation stages for tunnel ventilated houses (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, 30, 31, 33 

5 8+2=10 10, 12, 13, 14, 16, 27, 29, 30, 31, 33 

6 10+2=12 10, 12, 13, 14, 15, 16, 27, 29, 30, 31, 32, 33   

7 12+2=14 10, 11, 12, 13, 14, 15, 16, 27, 28, 29, 30, 31, 32, 33 

8 14+4=18 9, 10, 11, 12, 13, 14, 15, 16, 17, 26, 27, 28, 29, 30, 31, 32, 33, 34 

9 18+4=22 4, 5, 9, 10, 11, 12, 13, 14, 15, 16, 17, 21, 22, 26, 27, 28, 29, 30, 31, 32, 33, 34 

10 22+6=28 3, 4, 5, 6, 7, 9, 10, 11, 12, 13, 14, 15, 16, 17, 20, 21, 22, 23, 24, 26, 27, 28, 29, 30, 31, 32, 33, 34 

11 28+6=34 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 
33, 34 

 

 

Table 2.5. Summary of the fan testing events for the two monitored houses (Wang-Li et al., 

2012b) 

Testing date Static pressure  Total # of fans # of fans tested  % tested 

11/13/07-11/21/07 As found  68 68 100 

6/9/08-6/13/08 As found  68 45 66.2 

7/15/09-7/17/09 As found  68 67 98.5 

7/28/09 Adjusted[1]  68 3 4.4 

[1] Fans were tested at three house static pressures (adjusted using the ventilation inlets) to determine in-field fan performance curves as 

compared with published fan curves. 
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Figure 2.7. the TEOM monitors in house 4 (right)  
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Figure 2.8. The TEOM monitors located at upstairs of house 4 

 

 

 

Figure 2.9.  The Beta Gage PM Monitor at the house inlet 
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Figure 2.10. Setra Model 267 differential pressure transducers 

 

Passive infrared activity sensors (Figure 2.11) were applied to monitor movement of hens 

and workers in the house, with a total of four such sensors positioned in each house (Figure 

2.5). One activity sensor was also used to monitor researcher activity in the OFIS. 
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Figure 2.11. Passive infrared activity sensor to monitor hen activity 

 

2.3.3 House inventory data collection  

To calculate bird-specific or live mass-specific 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 for each of the 

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 shown in Figure 2.1, the PM source sampling station (ST1) was located immediately 

upstream of the minimum ventilation fan 13 in house 4. This PREF was a minimum 

ventilation fan located in the middle of a group of 9 exhaust fans in the first floor. The PM 

sampler inlet was 2 m upstream from the fans, where airflow generated by the exhaust fans 

was observed to be low and have insignificant impact on the sampler’s performance. The 

four ambient PM sampling and monitoring stations, ST2-5 (Figure 2.1) were placed around 

the farm in four different directions (up to 480 m from ST1).   

2.4.1 Field PM2.5 sample collection for chemical characterization and continuous 

ambient PM monitoring 

Partisol
 
(Model 2300, Thermo Scientific) PM2.5 speciation samplers were used for 

simultaneous PM2.5 sampling at all five sampling stations. As illustrated in Figure 2.12, this 

speciation sampler can house up to four filter cartridges. Only three cartridges were used in 

this study, of which one was the Teflon filter cartridge for PM2.5 mass and element analysis, 

one Nylon filter cartridge for ion analysis, and one Quartz filter cartridge for carbon analysis. 

To quantitate particulate ammonium ion (NH4
+
), honeycomb denuders coated with citric acid 

were incorporated into Nylon filer cartridge to remove NH3 gas from the air that was  drawn 

through the filter. All sampling cartridges were prepared and assembled in the laboratory for 

each sampling event. The collected PM samples (filters) were transported to the laboratory in 

a cooler with ice packs (at 4 
o
C) for analysis. 

Most sampling events were conducted for 24 hours. The samplers recorded and stored the 

sampling time and flowrate for each of the events. In addition, the temperature and relative 

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

 

Continuous PM measurements at five stations were also conducted using TEOMs (Figure 

2.13). Using different sampling inlets, the TEOMs were applied to measure PM10 or PM2.5 at 

all five sampling and monitoring stations.   

 

Figure 2.13. Collocated PM2.5 Speciation sampler and a TEOM monitor with PM10 sampling 

inlet at ST2 
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2.4.2 PM2.5 chemical analysis 

The PM2.5 sample analyses were conducted by the collaborators at RTI International in 

Research Triangle Park, North Carolina. The analytical methods were based on standard 

operation procedures (SOPs) for U.S. EPA National PM2.5 Chemical Speciation Network  

(RTI International, 2010b).  

2.4.2.1 PM2.5 gravimetric analysis  

Gravimetric analysis of PM2.5 samples were conducted in an environmentally-controlled 

filter weighing chamber at RTI. This chamber’s temperature was controlled between 20-23°C 

with a standard deviation less than 2
o
C and 24-hour mean RH between 30-40% with a 

standard deviation less than 5% (RTI International, 2003). The filters (Whatman 2 µm 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 readability of ±1 μg 

and a repeatability of 1 μg. 

The concentration of the PM2.5 was calculated by dividing PM 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 standardized to 1 atm and 25
o
C for all calculations. 

2.4.2.2 PM2.5 cation and anion analyses 

For ion analysis, nylon filters were extracted for anion and cations analysis. First the 

nylon filters were placed in polypropylene centrifuge tubes with 25.0 mL deionized water in 

each tube. Then, the batch of tubes was ultrasonicated for 60 minutes (bath temperature was 

less than 27 
o
C), followed by mechanical shaking for overnight in a cold room (< 4 

o
C).  

Finally, the extracts were filtered through nylon membranes (0.45 µm pore diameter) and 

transferred to vials for chemical analysis by ion chromatography (IC). In this process, NH4
+
, 

Na
+
, and K

+
 were analyzed by the IC with a chemical suppressor, and the eluent was 11 

mmol/L sulfuric acid (H2SO4) at a flow rate of 1 mL/min.  SO4
2-,

 Cl
-
, and NO3

-
 were 

analyzed by the IC with a chemical suppressor, and the eluent was 0.3 mmol/L NaHCO3/2.7 

mmol/L Na2CO3 at a flow rate of 1.0 mL/min (RTI-International, 2009a, b).  
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2.4.2.3 X-ray fluorescence trace elements analysis  

The energy dispersive X-ray fluorescence (EDXRF) spectrometry was applied to 

determine trace elements of  PM2.5 deposits on the Teflon filters. The EDXRF technique is 

capable of analyzing elements with atomic number 11 (sodium) through 92 (uranium). The 

33 elements analyzed by the EDXRF technique for this project are listed in Table 2.6.  

 

Table 2.6.  Elements  analyzed by the 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 Strontium (Sr) 

7 Chlorine (Cl) 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, a filter sample was loaded into the sample cup, and each filter was 

analyzed using five different excitation conditions. For each group of elements, there were 

different optimal specific excitation conditions (Table 2.7). Elemental standards thin film 

(Micromatter, Inc) was used to calibrate the instrument.  Blank Teflon filter was used to 

correct for background concentration (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 Cl, 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, Rb, Sr, and Pb 

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

*Cs, Ba, Ce, Pb, are quantified from L-lines; all other elements are quantified from the K-lines. 
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2.4.2.4 Organic and element carbon (OC/EC) analyses 

Organic carbon (OC) and element carbon (EC) were analyzed by the thermo-optical carbon 

analyzer, which was based 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 volatilized at helium and low temperature, then oxygen (O2) was 

introduced to oxidized EC. All OC/EC were oxidized to CO2 and then reduction to methane 

(CH4), then methane (CH4) was quantified by flame ionization detector (FID). Optical 

method was used to correct pyrolysis 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 AND QUALITY CONTROL (QA/QC) 

2.5.1 PM monitor checks 

Tables 2.8 and 2.9  list the detail timelines for mass concentrations of PM monitoring by 

two TEOM monitors (at exhaust of houses 3 and 4) and a Beta Gauge PM monitor (at house 

inlet). At each weekly site visit, all the PM sampler heads (PM10, or PM2.5, or TSP) were 

thoroughly cleaned out. Based on QA/QC requirements and site specific situations, leak, 

flow rate, temperature, mass transducer maintenance and calibration activities were 

conducted on the TEOMs and Beta Gauge (Tables 2.8 and 2.9). 
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Table 2.8. Timeline for maintenance activities on two TEOMs (Wang-Li et al., 2012b) 

Date  TEOM 1: House 3  TEOM 2: House 4  

8/20/07 Power on, PM10 Power on, PM10 

9/26/07 Leak test: passed Leak test: passed 
11/20/07 Leak/flow/temp: passed  Leak/flow/temp: passed  

1/16/08 PM2.5 PM2.5 

1/18/08 Settings changed Settings changed 
2/4/08 PM10 PM10 

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   Powered on 

3/26/08 TSP TSP 

4/4/08  PM10 PM10 
5/12/08 TSP TSP 

5/28/08 Flow check: passed. PM10 Flow check: passed. PM10  

7/18/08 Leak/flow/mass: passed  Leak/flow/mass: passed  
8/7/08 TSP TSP 

8/21/08 Settings changed. PM10 Settings changed. PM10 

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 PM10 PM10 

10/24/08 PM2.5 PM2.5 
10/30/08 PM10 PM10 

11/26/08 Flushed tubing , leak/flow check Flushed tubing, leak/flow check 

1/9/09 TSP TSP 
1/15/09 PM10 PM10 

1/23/09 Leak/flow/mass: passed  Leak/flow/mass: passed  

2/26/09  

TEOM1 was moved into house 4 for collocation 

test with TEOM2 from 2/26/09-3/4/09; then it was 
relocated at the second floor of house 4 to 

investigate spatial variation of PM in house 4. 

Collocation test. PM10 

2/27/09  Collocation test. Leak/Flow/mass: passed. TSP 

3/4/09 PM10 

3/19/09 Pump test. PM10 

4/2/09 TSP 

4/10/09 Leak: passed. PM10 

5/21/09 Leak/flow/mass: passed  

6/4/09 TSP 

6/11/09 PM10 

7/24/09 PM2.5 

8/6/09 Leak/flow: passed 

8/7/09 PM10 

8/20/09 TSP 

8/27/09 PM10 

9/15/09 Leak/flow/mass: passed TSP 

9/22/09 PM10 
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Table 2.9. Timeline for Beta Gauge check and calibrations (Wang-Li et al., 2012b) 

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 µg foil) %diff=9.9% (1309 µg foil) 

8/17/09 High voltage adjustment Passed 

9/1/09 Mass verification % diff =-0.611 

 

2.5.2 Ambient TEOM data processing  

Procedure for ambient TEOM data processing and validation is shown in Table 2.10.The 

data were downloaded on a weekly basis, and the downloaded data included ten variables: 

date, time, instrument status code, 10-minute and 30-minute average mass concentration 

(µg/m
3
), filter loading (pressure drop, %), noise level (µg), ambient pressure (atm) or 

temperature (
o
C), bypass and main flow rate (l/min). In data checking and validation, status 

code, bypass and main flow rate, filter loading and noise level along with operation field 

records were used to flag and validate the data (Figure 2.18). The manufacturer 

recommended 3.0±0.2 l/min of main flow rate and 16.7±1.0 l/min of total flow rate to be 

acceptable for flow audit (Rupprecht & Patashnick. Co, 2001). At the first step to flag data, 

the flow rate limits for bypass was 12-16 l/min and main flow rate was 2-4 l/min, which were 

wider than the manufacturer flow audit acceptable limits, because the flows were constantly 

adjusted relatively to the filter loading (pressure drop), there were moment-to-moment 

variations in the recorded flow rates (NC Division of Air Quality, 2007 ). The noise level of 

0.1 is ideal, and some high values (>2.0) were recorded in the raw data (99% percentile value 

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



 

36 

Table 2.10. TEOM data validation criteria 

Parameter Valid Invalid 

PM mass conc (30-min average ) ug/m3 -100 to1000 <-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 %) 10-90 <10 or > 90 

Noise < 2.5  >2.5 

 

 

Figure 2.14. Ambient TEOM data validation and processing procedure 

 

2.5.3 Partisol PM2.5 speciation samplers 

Prior to use, temperature verification (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 Partisol PM2.5 speciation samplers. The sampler flow rates were calibrated 

within 1.0% using an external flowmeter (Mini-Buck calibrator M-30, A. P. Buck, Inc., 

Orlando, Fla.). All sampling cartridges were prepared and assembled in the laboratory for 

 



 

37 

each sampling event. The collected PM samples (filters) were transported to the laboratory in 

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

2.6 DATA ANALYSIS  

2.6.1 Field data processing and validation for PM baseline emission estimation   

Procedures for field data processing and validation consisted of three major steps: (1) 

import all data files and related information into SAS database; (2) flagging/validation; and 

(4) emission estimation and model development. Figure 2.15 shows the data processing 

procedures.  The data management was conducted according to SOP (Purdue Ag Air Quality 

Lab, 2006a), the algorithms used to automatically flag data were noted in SAS programs. 

Manual data flagging was record in the data processing notebook (or electronic file), which 

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

 

2.6.2 Field data processing and validation for PM chemical characterization 

The data analysis procedures for PM2.5 chemical characterization are shown in Figure 

2.16. The PM chemical characterization from 24-hr filter samples included mass 

concentrations, ions, elements and OC/EC concentrations. Based on four-season data, the 

seasonal variation, the correlation of chemical characterization and the relationship with 

source emission were analyzed using regression methods. The down/upwind concentrations 

were compared and emission source contribution was estimated, ANOVA and regression 

statistics methods were applied to test the difference between down and upwind 

concentrations, link the downwind concentration.  
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Figure 2.16.  Flow diagram of data processing and validation for PM characterization 

 

2.6.3 PM emission rate determination 

2.6.3.1 PM emission rates in strategy I data collection period: 1- stream method   

In strategy I (9/24/07 – 2/26/09), PM concentrations immediately upstream of a minimum 

ventilation fan on the 1
st
 floors of houses 3 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: 

 ' '

.1

273 20
* * *

273

o
PM stream o o i

atm o

P
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                                                                                (2-1) 

where ERPM.1-stream = house PM emission rate (g/s) calculated by treating the whole house 

ventilation as one exhaust stream, 
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Qo = whole house exhaust airflow rate at To (m
3
/s) = summation of individual 

airflows of all the fans,  

Po = pressure of exhaust air (atm),  

Patm= standard air pressure (atm), 

To = temperature of exhaust air (
o
C), 

C’o = PM concentration of exhaust air (g/m
3
) measured by the TEOM on the 1

st
 

floor (reported as under standard conditions of 20 
o
C, 1 atm), and 

C’i = inlet PM concentration (g/m
3
) measured by the Beta Gage (reported as under 

standard conditions of 20 
o
C, 1 atm). 

2.6.3.2 PM emission rates in strategy II data collection period: 1 - stream and 2- 

streams methods 

In strategy II (3/5/09 – 10/26/09), PM concentrations on the two floors of house 4 were 

simultaneously measured by the two TEOMs to capture spatial variations of PM 

concentrations. In this strategy, the house’s PM emission rate was calculated through a 1- or 

2-streams method. Like the emission calculation in strategy I, the 1-stream method treated 

the whole-house ventilation as one stream. Equation 2-1 was used to calculate the PM 

emission rate of house 4 in this strategy II. 

The 2-stream method considered two separate exhaust streams. All the fans on the 1
st
 

floor were treated as stream 1, and all the fans on the 2
nd

 floor 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 2-stream method, the PM emission rate of house 4 was calculated using the 

following equation:  

   ' ' ' '1 2
.2 1 1 2 2

1 2
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                (2-2) 

where ERPM.2-streams = house PM emission rate (g/s) calculated by treating the whole 

house ventilation as two exhaust streams with 1
st
 floor as the stream 1 and 2

nd
 floor 

as the stream 2, 
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Qo1 & Qo2= streams 1&2 exhaust airflow rate at To (m
3
/s) = summation of 

individual airflows of all the fans on the 1
st
 floor (stream 1) and on the 2

nd
 floor 

(stream 2),  

Po1 & Po2 = pressure of exhaust air (atm) of stream 1 (1
st
 floor) and stream 2 (2

nd
 

floor), 

To1 & To2 = temperature of exhaust air (
o
C) of stream 1 (1

st
 floor) and stream 2 (2

nd
 

floor), 

C’o1 & C’o2 = PM concentration of streams 1&2 exhaust air (g/m
3
) measured by 

the TEOM located on the 1
st
 floor and 2

nd
 floor under standard conditions (20 

o
C, 1 

atm),  

C’i = inlet PM concentration (g/m
3
) measured by the Beta Gage under standard 

conditions (20 
o
C, 1 atm). 

2.6.3.3 Comparison of PM emission rates determined by 1-stream and 2-streams 

methods 

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

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

 
100*

2/PMPM

PMPM
Rdiff

stream1emissionstreams2emission

stream1emissionstreams2emission

.emissionPM










                                                               (2-3) 

where RdiffPM-emission = relative difference in PM emission calculated using 1-stream and 2-

stream methods (%). 

2.6.3.4 Specific emission rates 

For comparison 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 hen-specific (g/d-hen) or live mass-specific (g/d-AU) 

emission rates by dividing the house PM emission rate by the hen population or total live 

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 

Wang-Li et al. (2012b). 

2.6.4 Spatial variations of PM concentrations 

To investigate spatial variation of PM concentrations, the relative difference in PM 

concentrations between the 2
nd

 and 1
st
 floors was defined and calculated by the following 

equation:       

 
100*

2/PMPM

PMPM
Rdiff

st1connd2con

st1connd2con

.conPM










                                                                               (2-4) 

where RdiffPM-con = relative difference in PM concentrations between 2 floors (%), 

PMcon-2nd = PM (i.e.PM2.5, PM10, TSP) concentrations measured by the TEOM on 

the 2
nd

 floor,  

PMcon-1st = PM (i.e. PM2.5, PM10, TSP) measured by the TEOM on the1
st
 floor. 

2.6.5 Cumulative frequency distributions of PM (PM2.5, PM10 and TSP) emissions  

To obtain insight on how often a certain emission value lies above (or below) a reference 

value, cumulative frequency analyses 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 numbers and cumulative frequency distribution was summed by sub-

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

100*)(
N

N
xF o

N                                                                                                                   (2-5) 

where FN(x) = cumulative distribution (%) 

No = number of values ≤ x 

N = the numbers of non-missing observations.  

The CDF is an increasing step function that has a vertical jump of 1/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 estimators – the Winsorized confidence interval of PM emissions  

In scientific studies, it is common to use a confidence interval (CI) with a particular 

confidence level (e.g. 95%) to indicate the reliability of an estimate of the true value. If a 

population follows a normal distribution, the classic 95% CI will include the true value of the 

parameter at 95% of the time. However, if 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 emission did 

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 are relatively insensitive to 

outliers and moderate or even large departures from the assumptions of normal distribution . 

This analysis method includes the following steps: 

 Calculation of the k-times Winsorized means:  
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where, n = the number of observation, and 

 x(i) = the i
th

 order statistic when the observations were arranged in increasing order 

of  x(1) ≤ x(2) …..≤ x(n-1) ≤ x(n).  

 Calculation of the  Winsorized sum of squared deviation:  
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 Calculation of the Winsorized standard error:  
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 Calculation of the Winsorized 95% confidence interval:  
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0.975, 2 1 ( )wk
wk n k x

x t SE                                                                                (2-9)                                                                              

2.6.7 Time-averaged transport winds 

Time-averaged transport winds were defined as the average wind speed and direction of 

all winds within a sampling period, which generalized the idea of the transport wind within 

the atmospheric layer bounded by the surface and the mixing height (National Oceanic and 

Atmospheric Administration, 2011). Time-averaged transport winds provide information 

about the horizontal dispersion of PM. As shown in figure 4, wind direction () was recorded 

as 0° to 360° with north as the reference. Since wind was a vector, the U component (zonal) 

and the V component (meridional) of the wind at each minute were calculated as: 

sin( )i i iU S                                                                                           (2-10) 

cos( )i i iV S                                                                                            (2-11) 

where Si and i = the wind speed and direction at time i.  

The zonal component (U) was positive when the wind was blowing from west to east, 

and the meridional component (V) was positive when the wind was blowing from south to 

north. 

The time-averaged U component (zonal) and V component (meridional) were calculated 

as: 
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i

V
N

1
V                                                                                           (2-13) 

where N=the total recorded data points. 

The speed )(S  and direction )(  of time-averaged transport wind is calculated as: 

22 VUS                                                                                     (2-14) 

0

V

U
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                                                                          (2-15) 
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where 0 = 180° if V > 0,  

0 = 0° if V < 0 and U < 0, and 

0 = 360° if V < 0 and U > 0. 

 

 

Figure 2.17. U component (zonal) and V component (meridional) of time-averaged transport 

wind. 

 

2.6.8 Multiple linear regression models 

Multiple linear regression analysis (Johnson and Wichern, 2007) is a classic statistical 

method for assessing the effects of multiple independent variables on the dependent variable. 

Specifically, linear regression modeling was conducted in this study to link PM2.5 

concentrations with several possible influencing factors. This regression model takes the 

following form: 

 
pp22110

x...xxy                                                    (2-16) 

where y= the PM2.5 mass concentration (i.e., the dependent variable); x1, x2, ..., xp = the 

independent variables;  is the regression coefficient; and  is the random error.  

2.6.9 Pasquill stability classes  

In study of meteorological impact on pollutant dispersion, 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 surface meteorological data including wind speed, the time of day, 

incoming solar radiation, and cloud cover (Colls, 2002; Copper and Alley, 2002). In this 

study, the atmospheric stability classes were derived on a scale from A (very unstable) to F 

(stable) based upon the onsite field measurements of solar radiation, wind speed (Table 2.12).    

 

Table 2.11. Pasquill stability classes
a,b

 

 Day time Sun (flux density in W/m2) Night time (cloud amount in oktas)c 

Surface wind 
speed (m/s) 

Strong (>590) Moderate (300-
590) 

Weak (<300) Cloudy (≥4/8) Clear (≤3/8) 

<2 A A-B B E F 

2-3 A-B B C E F 

3-5 B B-C C D E 

5-6 C C-D D D D 

>6 C D D D D 

a: table is adapted from Colls (2002); b: A=very unstable, B=moderately unstable, C=slightly unstable, D=neutral, 

E=slightly stable and F=Stable; c: 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 observed PM2.5 

and PM10 concentrations at four ambient stations, four potentially applicable distributions 

(normal, lognormal Weibull and Gamma) were selected, and their PDF functions are listed in 

(Table 2.12). 

 

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

distributions  

Distribution Name PDF function Note 

Normal 
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2.6.11 Upwind and downwind definitions  

Based on the measured wind directions, the hourly PM2.5 and PM10 observations were 

grouped as upwind and downwind. As shown in Figure 2.1, for the wind line on 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 Censored data analyses 

The EDXRF is a great method 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 sample is less than 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 estimate the 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 use of values 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 variety of statistical methods provides better estimators. The approach 

used in this study for processing measured elements concentrations was: (1) the censored 

values were replaced by detection limits; (2) parametric method was applied to assume a 

normal distribution and maximum likelihood method was used to estimate parameters, based 

primarily on the non-censored data but incorporating the size of the censored and non-

censored components of the sample.  

2.7 THERMODYNAMIC EQUILIBRIUM MODEL: ISORROPIA 

In this study, the ISORROPIA–II (Fountoukis and Nenes, 2007) was used to simulate 

partitioning of gas phase NH3 and particle phase inorganic aerosols and to conduct sensitivity 

analysis to quantify responses of inorganic aerosols to changes of precursor gas species.  The 

complete theory of ISORROPIA–II was presented in several studies (Fountoukis and Nenes, 

2007; Nenes et al., 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 aerosol particles are assumed to be internally mixed. The 

state of chemical equilibrium in a closed aerosol-gas 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 multicomponent activity coefficients are calculated using Bromely’s formula.  

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

For this study, the forward mode of ISORROPIA-II was applied in all simulations, in 

which temperature, RH and the total (gas + aerosol) concentrations of NH3, H2SO4, Na, HCl, 

K, Mg, Ca and HNO3 were known quantities (field measurements) and used as inputs.  

Thermodynamically stable state option (salts precipitate if saturation is exceeded) was 

selected to execute all simulations. Only observations, for which there were valid 

measurements of the total (gas + aerosol) concentrations of NH3, H2SO4, Na, HCl, K, Mg, Ca 

and HNO3, were used for simulations.    

For ambient stations, the total (gas+aerosol) concentrations of NH3 were calculated using 

the sum of NH3(g) measurements by Denuder-IC and NH4
+
 measurements by Nylon Filter-

IC. For in-house station, the total (gas+aerosol) concentrations of NH3 were calculated using 

the sum of NH3(g) measurements by the INNOVA1412 multi gas analyzer under the 

NAEMS (Wang-Li et al., 2012a) and NH4
+
 measurements by Nylon Filter-IC.  Total (gas + 

aerosol) concentrations of HCl, HNO3 and H2SO4 were estimated using Nylon filter-IC 

measurement.  
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CHAPTER 3. FIELD EVALUATION OF PARTICULATE MATTER 

MEASUREMENTS USING TAPERED ELEMENT OSCILLATING 

MICROBALANCE IN A LAYER HOUSE

 

3.1 ABSTRACT  

The tapered element oscillating microbalance (TEOM) is one type of continuous ambient particulate matter 

(PM) monitor. Adsorption and desorption of moisture and semi-volatile species may cause positive or negative 

artifacts in TEOM PM mass measurement. The objective of this field study was to investigate possible 

uncertainties associated with TEOM measurements in the poultry operation environment. For comparisons of 

TEOM with filter-based gravimetric method, four instruments (TEOM-PM10, low-volume PM10 sampler, TEOM-

PM2.5 and PM2.5 speciation sampler) were collocated and tested inside a poultry house for PM2.5 and PM10 

measurements. Fifteen sets of 24-hour PM10 concentrations and thirteen sets of 24-hour PM2.5 measurements 

were obtained. Results indicate that compared with filter-based gravimetric method, TEOM gave significantly 

lower values of both PM10 and PM2.5 mass concentrations.  For PM10, the average ratio of TEOM to the 

gravimetric method was 0.936. For PM2.5, the average ratio of TEOM to the gravimetric method was 0.738. 

Particulate matter in the poultry houses possibly contains semi-volatile compounds and moisture due to high 

levels of relative humidity (RH) and gas pollutants. The internal heating mechanism of the TEOM may cause 

losses in mass through volatilization. To investigate the effects of TEOM settings on concentration 

measurements, the heaters of two identical TEOMs were set at 50 
o
C, 30 

o
C or no heating at all. They were 

collocated and tested for TSP, PM10 and PM2.5 measurements in layer house for six weeks. For all TSP, PM10, 

and PM2.5 measurements, the internal TEOM temperature setting had a significant effect (p < 0.05). 

Significantly higher PM mass concentrations were measured at lower temperature settings. The effects of 

                                                 


 Adapted with permission from “Field evaluation of particulate matter measurements using 

tapered element oscillating microbalance in a layer house” by Q-F. Li, L. Wang-Li, Z. Liu 

and A.J. Heber. Journal of Air and Waste Management Association. 62(3): 322-335. . 
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environmental (i.e. temperature, RH, NH3 and CO2 concentrations) and instrumental (i.e. filter pressure drop 

and noise) parameters on PM measurements were also assessed using regression analysis.  Using 

thermodynamic equilibrium model (ISORROPIA), the inorganic nitrate, chloride, particle bound water and 

partial NH3 were lost in TEOM operation conditions. The predicted inorganic PM mass in TEOM operation 

conditions were 20% less than in weighing chamber conditions.  

Keywords: Tapered element oscillating microbalance (TEOM), Filter-based gravimetric method, Layer 

house, Comparison.  

3.2 IMPLICATIONS 

Because of its potential health and environmental effects, particulate matter (PM) 

emissions from animal feeding operations (AFOs) have been a great concern to the public 

and to the regulatory agencies. The tapered element oscillating microbalance (TEOM) PM 

monitor has been adapted for continuous PM measurements in some AFO air quality studies. 

This study investigated possible uncertainties associated with TEOM measurements in an 

egg production environment. It was discovered that there was a significant bias in TEOM 

measurements of PM10 as compared with federal reference method. Internal temperature 

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

3.3 INTRODUCTION 

As a US EPA federal equivalent method (FEM) for PM10 measurements (US EPA, 1997), 

the tapered element oscillating microbalance (TEOM) is a continuous ambient particulate 

matter (PM) monitor. The TEOM has been widely used in a variety of air quality studies and 

monitoring in recent years (Gilbert and Clark, 2001; Green and Fuller, 2006; Grover et al., 

2005; Rogers et al., 1998; Schwab et al., 2004). The TEOM measures PM mass 

concentration continuously with a microbalance. The filter and the sampled air passing 

through filter are conditioned to a constant temperature (50 or 30 
o
C) to minimize 

interference of water condensation and temperature variations with mass measurement. The 

default value for this constant temperature setting is 50 
o
C, which was determined 

empirically by the manufacturer (Patashnick and Rupprecht, 1991).  
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Allen et al. (1997) reported wide variations in the relationships between the  traditional 

filter-based method and the TEOM. The extent of variations depended upon monitoring 

location, sampling time, and PM concentrations. Ammonium nitrate (NH4NO3) and semi-

volatile organics (SVOCs) were suspected to be the cause for the observed discrepancies. 

Immediately following this study, a series of articles, responses, and rebuttals were published 

to discuss and debate the pros and cons of the TEOM method for various applications (Allen, 

1998; Patashnick, 1998). Since then, more studies reported that the TEOM gave lower PM 

mass concentration measurements as compared with filter-based PM samplers (Ayers et al., 

1999; Jaques et al., 2004; Lee et al., 2005; Price et al., 2003; Rizzo et al., 2003; Vega et al., 

2003).  Two plausible reasons discussed extensively from these studies are: 1) losses of 

particulate materials (semi-volatile PM and particle-bound water) in the TEOM due to its 

internal heating mechanism; and 2) negative and positive artifacts associated with changes in 

air mass composition (Allen et al., 1997) or thermal instability of the TEOM system (Page et 

al., 2007; Patashnick, 1998).  

To make TEOM measurements comparable with the regulatory PM federal reference 

methods (FRM) samplers, several approaches, such as correction factors (Green et al., 2001; 

Green and Fuller, 2006; King et al., 2000; Muir, 2000; Patashnick and Rupprecht, 1991), 

(NH4)2SO4  loss correction (Charron et al., 2004; Price et al., 2003) instrument settings 

change (Patashnick et al., 2001) and use of the differential TEOM monitor (Jaques et al., 

2004; Patashnick et al., 2001)  have been studied. Based upon field evaluations at several 

U.S. and overseas sites (Patashnick and Rupprecht, 1991), the manufacturer recommended 

the following correlation between TEOM monitors and the reference samplers as:  

XY  03.10.3                                                                                                (3-1) 

where Y =the PM10 concentration measured by an FRM PM10 sampler and  

  X = the PM10 concentration measured by a TEOM-PM10 monitor with default 

internal settings (µg/m
3
).  

To use TEOM PM10 data for regulatory compliance with the European Air Quality 

Standard, Muir refined the correlation factors for different application scenarios (Muir, 
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2000). However, Muir’s study indicated that there was no universal correction factor for 

different applications. PM sampling location, sampling time and season, PM size, and 

instrumental settings all have different significant impacts on the correction factors. Charron 

et. al (2004) found that both PM10 and PM2.5 TEOM data were significantly improved by 

adding the particulate NH4NO3 at a rural site.  In 1993, a TEOM temperature setting of 30 
o
C 

was approved by EPA on a case-by-case basis (Patashnick et al., 2001). It was specified that 

if there is a significant portion of volatile organic compounds (VOCs) in PM10 and if the 

measurements are to be conducted in winter with outdoor temperature less than 25 
o
C, 

instead of using default setting of 50 
o
C, a lower temperature of 30 

o
C can be used. In 2001, 

Patashnick et al. (2001) developed a differential TEOM system to overcome the bias of  

semi-volatile PM mass loss. The preliminary data demonstrated its ability to track adsorption 

and desorption from sample filters. (Jaques et al., 2004; Patashnick et al., 2001)   

TEOM resonant frequency changes are not only influenced by the collected PM but also 

by air stream relative humidity (RH) and temperature, gaseous pollutants, and particle 

characteristics.  The absorption of gaseous species and moisture in the sample stream onto 

the filter will result in positive measurement artifacts. The semi-volatile and particle-bound 

water desorption from the filter will result in negative measurement artifacts. How these 

positive and negative artifacts are handled has significant impacts on TEOM measurements.  

The Division of Air Quality at North Carolina Department of Environment and Natural 

Resources recommended that negative values up to -10 µg/m
3
 should be kept and below -10 

µg/m
3
 should be flagged. But in its standard operating procedure (SOP), no detailed scientific 

basis was provided for this recommendation.  The exact reasons for the positive and negative 

artifacts in TEOM mass concentration measurements are very complex and not fully 

understood.  Gilbert and Clark (2001) and Jarret et al. (2001) reported that moisture 

adsorption and desorption by the filter were the primary sources of negative and positive 

artifacts. The mechanism for moisture adsorption and desorption can also likewise apply to 

other semi-volatile inorganic and organic compounds. Moisture adsorption and desorption 

are illustrated in three case scenarios in Figure 3.1. 
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In recent years, animal feeding operations (AFOs) shifted to fewer farms with greater 

numbers of animals raised on each farm. PM concentration and emission at AFOs have been 

of increasing concern to the public and the U.S. EPA. (NRC, 2003)  The TEOM has been 

adapted for indoor PM concentration measurements in some AFO air quality studies (Heber 

et al., 2006).  However, only for PM10 in ambient air, TEOM was approved by U.S. EPA as 

an equivalent method for 24-hour average concentration (Patashnick et al., 2001).  

In poultry houses, air consists of a mixture of dry air mass, moisture (H2O) and several 

other gases like carbon dioxide (CO2), ammonia (NH3), hydrogen sulfide (H2S), and VOCs 

and SVOCs. The gaseous pollutants may be present at high concentrations.  In-house 

moisture production includes water vapor evaporated from wet manure and exhaled by the 

birds. CO2 originates mainly from air exhaled by the birds, and can be used to assess the 

effectiveness of ventilation.  NH3 originated mainly from bacteriological process in the 

manure, and it is easily bound with water to form NH3.H2O. In-house NH3 concentrations 

depend on ventilation, temperature, RH, bird stocking density, and manure conditions. 

Particle phase NH3.H2O may affect TEOM measurement. VOCs and SVOCs are produced 

from decomposition of amino acids and carbohydrates (Mackie et al., 1998; Mata-Alvarez et 

al., 2000). The reported top five VOCs or SVOCs include: acetic acid, butanedione, 

methanol, acetone, and ethanol (Trabuea et al., 2010). High PM concentrations were 

observed in poultry houses, and the influencing factors on  PM concentrations in poultry 

houses include ventilation, bird activity, bird age 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 withstand.  

For data quality assurance, there is an urgent need to investigate possible uncertainties, 

and limitations associated with TEOM measurements in AFO environments so that the 

measurements by TEOM and FRM methods can be comparable with each other. The 

objectives of this study were to 1) compare PM measurements by TEOMs and gravimetric 

filter-based PM samplers; 2) investigate the influence of TEOM internal temperature settings 
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on PM measurements, and 3) assess the effects of instrumental and environmental variables 

on PM measurements in AFO-poultry environments.   

Figure 3.1. Illustration of three case scenarios to explain positive and negative artifacts from 

moisture adsorption and desorption in TEOM mass measurement. A: moisture adsorption and 

desorption from TEOM filter and collected PM are in equilibrium, the “true” mass 

concentration is measured. B: during an increase RH, TEOM filter moisture absorption rate is 

faster than desorption rate, resulting in a higher TEOM mass concentration measurement (Δm 

+ absorbed moisture) than the “true” value (Δm). C: during decrease in RH, TEOM filter 

moisture absorption rate is slower than desorption rate, resulting in a lower mass concentration 

(Δm – desorbed moisture) than the “true” mass (Δm)  

 

3.4 METHODOLOGY 

3.4.1 PM Monitors & Samplers: TEOM-PM2.5/PM10/TSP monitors, Partisol 2300 

PM2.5 Speciation Sampler, Low-volume PM10 Sampler 

   The TEOM (1400A, Thermo Scientific, Franklin, MA) is a “gravimetric” instrument that 

measures PM mass concentration using a tapered element oscillating microbalance.  It draws 

air through a filter, continuously weighs the filter and calculates mass concentrations. The 

fundamental measurement principle by the tapered oscillating element is based upon the 

following equation:  
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                                                                          (3-2) 

where M = the mass change in g,  

f0 = measured initial frequency in Hz, 

 ft  = measured frequency at time t in Hz, and  

K0 =the characteristic constant of each instrument.  

In this study, for PM2.5, PM10, or TSP measurements, the TEOM was operated with 

PM2.5, or PM10, or TSP sampling inlets, respectively.  

The Partisol 2300 PM2.5 Speciation sampler is one type of filter-based PM2.5 sampler. This 

speciation sampler consists of four filter sample cartridges and a flow control system. These 

cartridges can hold quartz filters for organic carbon (OC) and element carbon (EC) analysis; 

Nylon filters for ions (cations and anions) analysis and Teflon filters for trace elements and 

PM2.5 mass analysis, respectively. Each cartridge contained a sharp-cut PM2.5 impactor 

operating at a flow rate of 10.0 l/min (for Nylon and Quartz filters) or 16.7 l/min (for Teflon 

filters). In this study, 24-hr PM2.5 samples collected on the Teflon filters were analyzed for 

mass concentrations following EPA’s standard operating procedures for the National 

Chemical Speciation Network (CSN) at RTI international (2003). The gravimetric analysis of 

PM2.5 samples was conducted in a temperature and RH controlled chamber. The temperature 

was controlled between 20-23°C with a standard deviation less than 2
o
C.  The RH was 

controlled between 30-40% with a standard deviation less than 5%. The filters (46.2 mm dia. 

Whatman 2-µm PTFE) were conditioned in this chamber for a minimum of 48-h prior to 

determining the pre and post weights of the filter using a microbalance with a minimum 

readability of ±1 μg and a repeatability of 1 μg. NIST-traceable standards were applied to 

determine the microbalance performance.   

The filter-based low-volume PM10 sampler (LV-PM10) consisted of a FRM PM10 sampling 

head and flow control system (Wang et al., 2005).  The LV-PM10 flow control system was 

designed and manufactured by Texas A&M University (Wang et al., 2005).  The flow rate 

through the PM10 inlet was 1 m
3
/h. This flow rate was maintained with less than 1% variation 

by monitoring pressure drop across a sharp-edge orifice meter. The PM10 sampling duration 
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for the 46.2 mm diameter 2- µm PTFE (Whatman) was 24 hours. The total volume of air was 

calculated based on sampling time and air flow rate (Wang 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 20-23 
o
C and 30-40% RH for pre- and post- weights. Each filter sample 

was weighed three times, and the mean was used to calculate PM10 concentrations.  

3.4.2 PM Samplers Placement and Settings 

The field PM sampling and monitoring were conducted in a high-rise layer house at a 

commercial egg production farm in North Carolina. It was a typical tunnel-ventilated house 

in the Southeast U.S. with dimensions of 175 m (L) by 18 m (W). The house contained 

approximately 95,000 hens in six rows of 4-tier A-frame and curtain backed cages on the 

upper floor. Manure fell onto the curtain backed cages and then down into the first floor (pit), 

where it was stored for approximately one year.  

As illustrated in Figure 3.2, for comparison of TEOM and filter-based samplers, the 

TEOM-PM10, TEOM-PM2.5, LV-PM10 and Partisol 2300 PM2.5 speciation samplers were 

placed immediately upstream of the primary representative exhaust fan on the first floor of 

the layer house. The sampler inlets were 2 m away from the fans, where airflow generated by 

the exhaust fans was observed to be low (less than 2 m/s) and had insignificant impact on the 

samplers’ performance.  In this set of comparison studies, the internal temperatures of two 

TEOMs were set at 50 
o
C (the manufacturer default value). Fifteen filter based 24-h samples 

were taken for PM10, and 13 filter based 24-h samples were taken for PM2.5 during 

November, 2009 to December 2009.   
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Figure 3.2. Collocated PM samplers on the first floor of the high-rise layer house. From left to 

right: Partisol PM2.5 speciation sampler, TEOM PM2.5, TEOM PM10, and LV-PM10 

 

To investigate the effect of TEOM operating temperature (internal temperature setting), the 

two side by side TEOMs (Figure 3.2) were tested with both units equipped with TSP, or 

PM10, or PM2.5 sampling heads. One TEOM (labeled as TEOM 1) was set at the default 

temperature setting (50 
o
C). The other TEOM (labeled as TEOM 2) was set at either 30 

o
C or 

no internal heating. No internal heating means that the internal temperature control of this 

TEOM was turned off (in inactive mode). The continuous data collection occurred 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 investigate their potential impacts on TEOM measurements. Surrounding 

air temperature and RH were measured by capacitance-type RH/T probes located in the 

house beside the TEOM units. Concentrations of NH3 and CO2 at this location were also 

measured with a photoacoustic infrared multi-gas monitor (INNOVA Model 1412, 

LumaSense Technologies A/S, Ballerup, Denmark). From December 2008 to December 

2009, sixty-six (66) PM2.5 Nylon filter samples were taken using the Partisol 2300 Speciation 

sampler for analysis of anion (SO4
2-

, Cl
-
, and NO3

-
) and cations (NH4

+
, Na

+
, and K

+
).. The 
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ion analysis was conducted using ion chromatography (IC) by RTI International at Research 

Triangle Park (RTP), North Carolina.  

3.4.4 TEOM Operation and Data Validation 

The negative and positive artifacts/biases can be minimized when the average 

concentrations are calculated over longer periods of instantaneous monitoring data. The 

longer periods can smooth out short-term fluctuations and highlight longer-term trends. 

Meanwhile, the effect of moisture and volatile compounds could be minimized by limiting 

filter loading because accumulated PM results in more adsorption (Heber et al., 2006). In this 

study, the TEOM filters were replaced when the loading reached 50%, and 30-min average 

data were recorded.  Except for some ghost peaks, both positive and negative artifacts were 

kept in average mass concentration calculations. Deleting of negative values results in 

overestimating mass concentration and therefore should be avoided.  

3.4.5 Statistical Analysis 

All univariate data analyses, T-tests, and linear models for 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 

Table 3.1 presents the means and medians of PM10 and PM2.5 mass concentrations from 

the filter-based samplers (LV and Partisol) and the TEOMs. During sampling period, the 

temperature ranged from 18.0 to 22.0 
o
C with mean 20.2 

o
C and standard deviation 1.2 

o
C, 

and the relative humidity (RH) ranged from 56% to 79% with mean 70% and standard 

deviation 5.6%. The TEOM reported lower PM10 and PM2.5 mass concentrations than the 

filter-based gravimetric method. Also robust estimators (medians) were calculated (Table 

3.1), and they were influenced less by skewed data (occasional low/high concentration data) 

than the TEOM means. The TEOM and LV sampler had similar median values of PM10, but 

significantly different medians of PM2.5.   
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Table 3.1. PM10 and PM2.5 concentration comparison 

PM10  Concentration (µg/m3, n*=15) 
 TEOM-PM10 LV-PM10 

Mean ±SD 902±263 968±284 

Median  974  977 

Test for difference between methods of TEOM-PM10 and LV-PM10 samplers 

Test  Statistic  p-Value  

Students’ T (t) 2.4 0.029 

Sign (M) 4.5 0.035 
Signed Rank (S) 40 0.021 

PM2.5 Concentration (µg/m3, n*=13) 

 TEOM-PM2.5 Speciation (Partisol) PM2.5 

Mean ±SD 125±41.0 193±65.5 
Median 132 202 

Test for difference between: TEOM-PM2.5 and Partisol PM2.5  

Test  Statistic  p-Value  

Students’ T (t) 4.89 0.0004 
Sign (M) 5.50 0.0034 

Signed Rank (S) 43.5 0.0007 

n*: the number of samples.  

 

Both paired t-test and non-parametric sign and signed rank tests were conducted to test 

the difference between these two methods (SAS, 2009). The paired t-test looks for a 

difference in means and assumes the observations are independent and identically normally 

distributed. While the non-parametric sign and signed rank tests look for a difference in 

medians, neither of these tests assume the data to be normally distributed. For PM10 

comparisons, the p-values for the paired t-test (0.029), signed (0.035) and signed rank tests 

(0.021) were less than 0.05 (Table 3.1). Thus, there are significant differences between the 

PM10 means and medians of two methods. This observation agrees with other studies (Allen 

et al., 1997; Park et al., 2006; Rizzo et al., 2003; Vega et al., 2003).  Also, for PM2.5, 

statistical tests show the two methods had significantly different means (p < 0.05).  

    Reasonable strong correlation between PM10 concentrations determined by the TEOM and 

the LV sampler were obtained Figure 3.3A, and is expressed by eq 3-3.   

3.71858.0 1010 
LVTEOM

PMPM
    R

2
=0.86                                 (3-3) 

where PM10TEOM  =  the PM10 mass concentrations measured by the TEOM µg/m
3
, and 

 PM10LV = the PM10 mass concentrations measured by the LV-PM10 sampler µg/m
3
.   
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The linear fit between PM2.5 concentrations measured by the TEOM and Partisol 

samplers is shown in Figure 3.3B.  PM2.5 data were more scattered than PM10, and the linear 

regression between those two methods is given in equation:    

8.43443.0 5.25.2 
ParTEOM

PMPM
,    R

2
=0.48                                          (3-4) 

where PM2.5TEOM = the PM2.5 mass concentrations measured by the TEOM µg/m
3
, and 

 PM2.5Par = the PM2.5 mass concentrations measured by the Partisol PM2.5 sampler 

µg/m
3
.   

Intercepts close to zero and slopes close to 1 indicate equivalency of the methods. In the 

two regression models (eqs 3-3 and 3-4), large intercepts (71.3 for PM10 and 43.8 for PM2.5) 

suggest a systematic bias between these two methods. In this study, the PM10 ratio 

(TEOM/gravimetric) averaged 0.936 (sd=0.112), and varied between 0.704 and 1.148. The 

PM2.5 ratio (TEOM /gravimetric) averaged 0.738 (sd=0.319) and varied between 0.373 and 

1.672. The variability of the ratios further indicates the lack of agreement between TEOM 

and gravimetric methods.  

The most frequently identified cause of difference in PM mass concentration 

measurements by filter based and TEOM methods is the loss of semi-volatile mass and PM-

bound moisture due to heating of the TEOM sampling stream to 50 
o
C (Allen et al., 1997; 

Grover et al., 2005; Jerez et al., 2006; Vega et al., 2003).  Therefore, to correct for possible 

loss of particulate NH4NO3 by heating, the concentration of particulate NH4NO3 was used to 

adjust TEOM measurements. The mean concentration of particulate NH4NO3 in the testing 

layer house was observed to be 0.843 µg/m
3
. Adding NH4NO3 to the TEOM-PM2.5 

concentration did not make any significant improvement to the comparison between TEOM 

and filter-based methods. Compared with the PM2.5 mass concentration (mean=195 µg/m
3
), 

the particulate NH4NO3 concentration (mean = 0.843 µg/m
3
) in the layer house was 

negligible. NH4NO3 was not the dominant compound, and did not contribute significantly to 

the overall PM mass. Therefore, a substantial portion of mass loss may have been from the 

volatilization of PM-bound moisture and VOCs/SVOCs. The National Air Emissions 

Monitor Study (NAEMS) at this research farm detected 20 most prevalent VOCs in Canister 
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samples taken at the same sampling location as it for this study. The top 5 VOCs were 

acetaldehyde, pentane, 2-butanone, isopropanol, and dimethyl sulfide (Wang et al., 2010). 

Total VOCs concentration ranged from 0.26 to 0.81 mg/m
3
. 

The results of this field study show that TEOM and filter-based methods are not 

interchangeable in determining PM concentrations in layer houses. Also this field 

comparison results motivated a follow-up study on the effects of TEOM internal temperature 

settings on PM measurements.   

 

Figure 3.3. Measurement comparisons: (a) PM10: TEOM vs. Low-Volume (LV) sampler and (b) 

PM2.5:  TEOM vs. Partisol sampler 

 

3.5.2 Effects of Internal TEOM Temperature Settings 

Lower PM with the TEOM as compared with filter-based sampling was hypothesized to 

be due to heating of the TEOM sampling stream (usually 50 
o
C).  The PM lost in the 

sampling stream of the TEOM was assumed to be mainly SVOCs and PM-bound water.  

However, the amount of adsorption or desorption cannot be directly quantified. Temperature-

dependent studies of the dynamics of adsorption and desorption may provide some insight on 

the impacts of adsorption or desorption. Therefore, two TEOM units were tested side-by-side 

with internal temperature settings of 50 
o
C and 30 

o
C, and the mass concentrations measured 

by the units were compared.  
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Prior to the comparison test, two identical TEOM monitors (Model 1400A) were tested side-

by-side for TSP and PM10 for a total 4 weeks to assess agreement.  Figures 3.4 and 3.5 show 

one example for each of TSP, and PM10 collocation test results.  The TEOM 1 and TEOM 2 

had very similar mass concentration time series (Figures 3.4A and 3.5A).  Figures 3.4B and 

3.5B show agreement of the two units. The TEOM 1 and TEOM 2 were highly correlated 

(R
2
>0.9). Also the paired t-Test showed there were no significant differences between the 

TEOMs for TSP (p= 0.139 and 95% confidence interval (CI) = [-5.39 38.4]) and PM10 

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

very good, and both tracked well over the entire testing period.  

 

Figure 3.4. A: TSP 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 dashed lines=95% prediction 

limits) 
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Figure 3.5. A: PM10 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 dashed lines=95% 

prediction limits) 

 

Figure 3.6 shows the comparison of PM2.5, PM10 and TSP measured by TEOM 1 at 50 

o
C and TEOM 2 at 30 

o
C. It is observed from Figure 3.6A that the TEOM operating at 50 

o
C 

measured much lower mass PM2.5 concentrations as compared with 30 
o
C.  For PM10 (Figure 

3.6B) and TSP (Figure 3.6C), the magnitudes of the differences in mass concentrations from 

the TEOMs operated at 50 
o
C and 30 

o
C were smaller than for PM2.5. This lower magnitude 

of the differences in PM10 or TSP than in PM2.5  is consistent with the losses of SVOCs and 

bound moisture associated with the fine PM, because SVOCs and PM-bound moisture have 

larger proportions in the fine PM fraction than in larger particles (Finlayson-Pitts and Pitts, 

1999).  Statistical analyses (Table 3.2) showed significant differences between these two 

TEOMs for PM2.5 measurements (p<0.0001). The mean difference was 59.3 µg/m
3
 (50

 o
C vs. 

30 
o
C) and the relative difference percentage (RDiff) was 49.2%, which means almost half of 

PM2.5 mass was lost when TEOM operation temperature setting was changed from 30
o
C to 

50
o
C.  For PM10 measurements, the mean difference was 58.6 µg/m

3
 and RDiff was 5.72%. 

For TSP, the mean difference was 182 µg/m
3
 and RDiff was 11.0%.  Higher errors in TSP 

than PM10 was possibly due to higher frequency noise error (TSP noise level of 0.46 vs. PM10 

noise level of 0.16) and larger standard errors. The noise is an indicator of how well the mass 

transducer is performing, and it is considered to be normal if less than 0.10. The results show 
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that TEOM internal temperature settings have significant impact on PM mass concentrations. 

Figure 3.7  shows the comparison of PM2.5, PM10 and TSP concentrations measured by 

TEOM 1 (50 
o
C) and TEOM 2 (temperature control was inactive).  It was observed that in 

house temperature variation had big effect on the resonant frequency of the tapered element. 

This is apparently the reason for the negative and positive artifacts in the TEOM signals 

(Figure 3.7). For TEOM 2, there were 16% negative mass signal for PM2.5, 7.8% for PM10, 

and 36.1% for TSP. When TEOM temperature control is inactive, air mass composition 

changes and thermal instability cause negative /positive artifacts. (Allen, 1998; Allen et al., 

1997; Patashnick, 1998)  Also as shown in Figure 3.7, both positive and negative amplitudes 

of the response increased when TEOM’s temperature control was inactive.  Moreover, when 

the temperature control was inactive, there were higher noise levels.  When TEOM operated 

at 50 
o
C, the noise values were normally in the range of 0.1 to 2.0 (higher than ambient 

measurement noise level). However when TEOM operated at ambient conditions 

(temperature control was inactive), the noise values varied from 0.5 to 20. Such high noise 

level interfered with the signal.  

 

Table 3.2. Effects of TEOM internal temperature settings (30 
o
C vs. 50 

o
C) on PM 

measurements and the statistical test results 

 Diff Conc = TEOM 2a   -TEOM 1   RDiffb (%)  

 Diff Conc Mean ± SD (µg/m3) p-value Pct Mean ± SD 

PM2.5 (n
c=166) 59.3±29.6 < 0.0001 49.2±18.3 

PM10 (n
c=250) 58.6 ±122 < 0.0001 5.72±17.5 

TSP (nc=120) 182 ±186 < 0.0001 11.0±8.71 

a: TEOM 1: Temperature setting =50 oC, TEOM 2: Temperature setting=30 oC;   

b: RDiff= Diff Conc/TEOM 1*100= (TEOM 2-TEOM 1)/TEOM 1*100; c: number of measurements (30-minute mass 

concentration averages) 

 

Statistical analysis (Table 3.3) showed there were significant differences between the 

TEOMs for PM2.5 measurements (p<0.0001). The mean difference was 100 µg/m
3
 (50 

o
C vs. 

inactive) and the relative difference percentage (RDiff) was 55.9%. For PM10 measurements, 

the mean difference was 271 µg/m
3
 and RDiff was 27.0%. For TSP, the mean difference was 

-552 µg/m
3
 and RDiff was -21.6%. The significant disagreement of TEOM 1 and TEOM 2 

for TSP may have been due to high noise level from TEOM 2.    
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Table 3.3  Effects of TEOM internal temperature settings (Inactive vs. 50 
o
C) on PM 

measurements and the statistical test results 

 Diff Conc = TEOM 2a   -TEOM 1a   

(with negative reading) 

RDiffb (%)  

 Diff Conc Mean ± SD (µg/m3) P-value Pct Mean ± SD 

PM2.5 (N
c=144) 100±218 < 0.0001 55.9±240 

PM10 (N
c=125) 271 ±646 < 0.0001 27.0±102 

TSP (Nc=120) -552 ±1.971x103 < 0.0001 -21.6±330 

a: TEOM 1: Temperature setting =50 oC, TEOM 2: Temperature setting= Inactive;   

b: RDiff = Diff Conc/TEOM 1*100 = (TEOM 2-TEOM 1)/TEOM 1*100; c: 30-minute mass concentration averages 

 

The TEOM measurement is based upon the change in the tapered element’s natural 

resonance frequency and spring constant of Ko. The “Young’s modulus” (a measure of the 

stiffness) of the tapered element changes with the temperature. Therefore, the spring constant 

of the tapered element (Ko) will change as the temperature changes, thus induces thermal bias 

for TEOM measurement.  The inactive mode reflects environmental temperatures, and 

therefore will be more subject to the surrounding air temperature fluctuation effects. The 

inactive model was used in this study for comparison purpose only. It is not recommended in 

the actual operations. Maintaining a constant sample temperature is critical. In the future, 

some advanced computer algorithms can be applied to analyze and transform the signal while 

suppressing the effects of noise, so useful information contained in the raw signal can be 

obtained.  These experimental results indicate that the TEOM monitor could not operate 

correctly when the internal heating was turned off.  
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Figure 3.6. The effects of internal temperature setting on TEOM measurements (TEOM 1=50 
o
C vs. TEOM 2=30 

o
C). (A): PM2.5 50 

o
C vs. 30 

o
C test; (B) PM10 50 

o
C vs. 30 

o
C test; and (C) 

TSP 50
 o
C vs. 30 

o
C test 
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Figure 3.7. TEOM temperature settings tests:  50 
o
C vs. Inactive. (A): PM2.5, (B) PM10 and (C) 

TSP. TEOM 1: 50 
o
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 

environmental and instrumental factors (called predictor variables) on TEOM measurements 

(called the response). The environmental factors included RH, in house temperature (Temp), 

and NH3 and CO2 concentrations. NH3 and CO2 were used in this study as practical 

substitutes to assess the VOCs effect on PM measurements. VOCs are produced from the 

degradation of amino acids and carbohydrates in birds and from incomplete anaerobic 

digestion of manure (Mackie et al., 1998; Mata-Alvarez et al., 2000).  It is very difficult to 

quantify VOCs accurately in AFOs at present. On the other hand, CO2 is produced mainly 

from air exhaled by the birds, and NH3 is produced mainly from bacteriological process in 
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the manure. The NH3 and CO2 may reflect the variation 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 indicator of the filter’s total capacity. The descriptive statistics of the environmental and 

instrumental factors are listed in Table 3.4.  The PM10 and TSP, instrument noises were 

higher than defined normal value of 0.1.  Also, the layer house had high levels of RH (61% 

in the layer house vs. 50% annual average ambient RH in North Carolina), NH3 (60 ppm in 

the layer house vs. several ppb in the background ambient locations) and CO2 (2000 ppm in 

the poultry house vs. 300-400 ppm in the background ambient locations).  

The relationship between the environmental and instrumental factors on the difference of PM 

mass concentrations between two TEOMs is shown in Figure 3.8.  From this figure, it 

appears that there are some relationships between the predictor variables and the response. 

By using regression analysis, the effects of the predictor variables on the response were 

estimated (Table 3.5) for PM2.5, PM10 and TSP. Variance inflation factors (VIF) were used to 

diagnose independent variable multicollinearity because multicollinearity 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. The estimate p-values associated with the slopes for six 

independent variables indicate (Table 3.5): (a) for PM2.5, the slopes of noise diff, RH, and 

CO2 were significantly different from zero at α=0.1; (b) for PM10, the slopes of noise diff, 

and RH were significantly different from zero at α=0.1; (c) for TSP, only the slope of CO2 

was significantly different from zero at α=0.1.  

Based upon LASSO method of Tibshirani, (Tibshirani, 1996) the best general linear 

models are  

 PM2.5:  

   DiffConc=-49.0 + 276 DiffNoise +1.27 RH + 0.01 CO2          R
2
=0.35            (3-5)  

 PM10:  

    DiffConc=289-0.39DiffPressDrop-253DiffNoise-3.10RH     R
2
=0.13             (3-6) 
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TSP:   

   DiffConc=566-2.57 RH -0.07 CO2                                            R
2
=0.13             (3-7) 

where DiffConc is the difference of mass concentrations measured by two TEOMs 

(concentrations at 30 
o
C minus concentrations at 50 

o
C), DiffNoise is the difference of noises 

from two TEOMs (noise at 30 
o
C minus noise at 50 

o
C), DiffPressDrop is the difference of 

filter pressure drops from two TEOM, RH is in house relative humidity and CO2 is in-house 

carbon dioxides concentrations in ppm.  

The percentages of the variability in mass difference (Diff Conc) explained by these 

models are approximately 35%, 13% and 13% for PM2.5, PM10 and TSP, respectively. It is 

obvious that these environmental and instrumental factors did not well explain the mass 

differences. Perhaps some unknown important factors existed but were not included in the 

models.  In addition to these additive models (equations 3-5 to 3-7), models with interactions 

between variables were also tested, and the interactions among these variables were not 

significant.  

Although there was some evidence showing impacts of environmental and instrumental 

parameters on TEOM measurement (especially for PM2.5), it is very difficult to quantify and 

to minimize their impacts.  How to reduce errors and increase the accuracy remains a great 

challenge for TEOM and FRM data comparison.   
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Table 3.4.  Descriptive statistics of the environmental and instrumental factors 

 PM2.5 (N
a=78)  PM10 (N

a=120) TSP (Na=56) 

 Mean ± SDb Min/maxc Mean ± SDb Min/maxc Mean ± SDb Min/maxc 

T2_PressDropd  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_PressDrope 21.2±1.57 18.0/24.0 43.2±24.3 18.0/87.0 21.6±3.05 18.0/27.5 

diffPressDropf 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_noiseg 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_noiseh 0.03±0.01 0.02/0.06 0.12±0.08 0.03/0.62 0.30±0.15 0.07/0.73 

DiffNoisei 0.01±0.02 -0.02/0.05 0.04±0.08 0.03/0.62 0.16±0.19 -0.14/0.77 

RHj (%) 61.1±7.12 44.0/70.7 74.6±4.95 63.1/85.5 71.6±7.12 55.7/79.2 

Tempk (oC) 18.9±1.51 15.8/21.6 21.4±0.83 19.8/23.1 18.3±1.51 15.9/21.2 

NH3 (ppm) 59.6±27.2 5.55/130 65.1±31.4 10.8/145 52.8±25.7 9.69/99.6 

CO2
 (ppm) 2446±557 949/3569 2363±734 1071/4748 2720±432 998/3568 

a: data points; b: standard deviation; c: maximum and minimum values; d: TEOM 2 (50 oC) filter pressure drop; e: TEOM 

1 (30 oC) filter pressure drop; f: the filter pressure drop difference between TEOM 1 and TEOM 2; g: TEOM 2 (50 oC) 

instrument noise level; h: TEOM 1 (30 oC) 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 for PM2.5, PM10 and TSP measurements* 

 PM2.5  

(R2= 0.36)  

PM10  

(R2= 0.15) 

TSP 

(R2=0.17) 

 Parameter 

Estimate 

p-value Variance 

Inflation 
factors 

Parameter 

Estimate 

p-value Variance 

Inflation 
factors 

Parameter 

Estimate 

p-

value 

Variance 

Inflation 
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 1.11 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 

CO2 0.015 0.03 2.17 0.005 0.76 3.07 -0.12 0.02 1.09 

*: Notations as in Table 3.4.  
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Figure 3.8. The relationships between the PM mass difference (Diff Conc=MC_30 
o
C-MC_50 

o
C) and the environmental and instrumental parameters:  diff filter loading = filter loading 

difference, diff Noise=noise difference, RH= relative humidity of surrounding air, 

temperature=in house air temperature, NH3 and CO2.  A: PM2.5, B: PM10 and C: TSP 

 

3.5.4 Thermodynamic equilibrium (ISORROPIA) simulations of PM mass loss  

As aforementioned, TEOM operation conditions (50 
o
C) could lead to some loss of 

particulate bound water and semi-volatile material. This also could happen to manual filter 

measurements, because the ambient conditions of temperature, RH and gas concentrations 

that samples are exposed to both during, after collections, and with the equilibration vary 

significantly.  Using the ISORROPIA model, inorganic PM mass loss test was conducted on 

all ambient PM2.5 samples. The measurement data were from one-year speciation study (see 

chapter 7).  Figure 3.9 shows the PM mass loss comparison in real (using measured 
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temperature and RH) and TEOM operation conditions (50 
o
C and RH calculated based 

temperature=50 
o
C and relative humidity at ambient conditions).  The predicted PM mass 

was significantly reduced in TEOM operation conditions:  

1.48 1.32Y X    R
2
=0.46              (3-8) 

where X is predicted PM2.5 mass concentrations (µg/m³) in TEOM operation conditions, and 

Y is the predicted PM2.5 mass concentrations (µg/m³) in real conditions.  

All particulate bound water, nitrate, chloride and partial NH3 were also lost in TEOM 

operation conditions. More (NH4)2SO4 solid was formed due to moisture, chloride and nitrate 

loss.  Figure 3.10 shows the PM mass loss comparison in real and weighing chamber 

operation conditions.  Also the predicted PM mass was significant reduced in TEOM 

operation conditions, but less than that in TEOM condition:  

1.42 1.14Y X    R
2
=0.46            (3-9) 

where X are predicted PM2.5 mass concentrations (µg/m³) in weighing chamber operation 

conditions, and Y are the predicted PM2.5 mass concentrations (µg/m³) in real conditions.  

All particulate bound water was lost in weighing chamber operation conditions; however, 

nitrates, chloride, NH3 were not significant reduced.  

Compared predicted PM mass between in TEOM and weighing chamber conditions, the plots 

are shown in Figure 3.11.. Less PM mass was lost in weighing chamber conditions than in 

TEOM operation conditions and solid (NH4)2SO4 was very similar. The linear relationship 

between two methods was:  

0.004 1.20Y X     R
2
=0.953              (3-10) 

where X is predicted PM2.5 mass concentrations (µg/m³) in weighing chamber conditions, 

and Y is the predicted PM2.5 mass concentrations (µg/m³) in TEOM operation conditions.  

The relationship equation indicted at least 20% difference between these two methods. If 

considering semi volatile organic material loss in TEOM operations, then it is expected 

TEOM will measure more than 20% less PM mass than filter-based methods.   
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Figure 3.9.  Thermodynamic equilibrium simulations (real vs. TEOM operation conditions) 
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Figure 3.10.  Thermodynamic equilibrium simulations (real vs. weighing chamber conditions) 

 

Figure 3.11.  Thermodynamic equilibrium simulations (TEOM conditions vs. weighing 

chamber conditions) 

 

3.6 CONCLUSIONS 

In this study, a field evaluation of TEOM PM measurements in a high-rise layer house 

was conducted to investigate possible uncertainties and limitations associated with TEOM 

measurements in poultry operation environment. It was observed that TEOM gave lower 

readings of both PM10 and PM2.5 mass concentrations as compared with measurements by the 
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filter-based gravimetric method in a poultry house. The inclusion of particulate NH4NO3 did 

not significantly improve the comparison of TEOM-PM2.5 measurement and filter-based 

PM2.5 measurement. The most likely explanations for the difference between these two 

methods are the TEOM internal heating, moisture and VOCs adsorption and desorption.  

For TSP, PM10, and PM2.5 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, and their significances varied in difference conditions.  It was very difficult to 

quantify the impacts of the environmental and instrumental parameters on TEOM 

measurement. Using thermodynamic equilibrium model (ISORROPIA), it was discovered 

the inorganic nitrate, chloride, particle bound water and partial NH3 were lost in TEOM 

operation conditions for ambient PM samples. The predicted inorganic PM mass in TEOM 

operation conditions were 20% less than in weighing chamber conditions. For AFOs related 

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

challenge.  
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CHAPTER 4. PARTICULATE MATTER EMISSIONS AND 

INFLUENCING FACTORS

 

4.1 ABSTRACT 

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

poultry industries to address the lack of scientific emission data needed for properly assessing compliance with 

the laws. Among other pollutants, particulate matter (PM) emission rates from two high rise layer houses at the 

NC2B site were determined based upon two years of measurement. It was 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 emission. The Winsorized 95% confidence intervals 

in house 3 were [0.44, 0.63] mg/d-hen of PM2.5, [15.1, 15.7] mg/d-hen of PM10, and [32.2, 35.7] mg/d-hen of 

TSP. The Winsorized 95% confidence intervals in house 4 were [0.45, 0.64] mg/d-hen of PM2.5, [17.7, 18.4] 

mg/d-hen of PM10, and [39.9, 43.5] mg/d-hen of TSP. Significant daily, seasonal and spatial variations in PM 

concentrations and emissions were observed. Hen activity, house ventilation, temperature/RH, ambient RH and 

house NH3 emissions demonstrated significant impact on PM emissions. The house lighting program had 

significant impact on PM emissions. Manure clean out activities generated dust plumes and caused high PM 

emission. After manure cleanout, PM emission decreased gradually. No significant changes in egg production, 

mortality, water and feed consumptions were observed during manure cleanout period. For the impact of the 

hen sold-out event, when compared to the occupied house, empty house emission rates of PM (PM10 and TSP) 

decreased by more than 90%.   

                                                 

  Adapted from “National Air Emissions Monitoring Study-Southeast Layer Site: Part II-Particulate Matter & 

Part VI-Impact of the Farm Management Practices” by Q.-F. Li, L. Wang-Li, B.W. Bogan, K.Wang, I. Kilic, J-

Q. Ni, A. J. Heber. Transaction of the ASABE. In review 
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Keywords. National Air Emissions Monitoring Study (NAEMS), particulate matter, PM10, PM2.5, TSP, house 

emission rate, hen-specific emission rate, live mass-specific emission rate, spatial variation, management 

practices, house lighting program, molting, manure cleanout, 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 States (EPA, 2008). Driven by domestic 

economics and export markets, the size and geographic concentration of 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 scales. Highly specialized AFOs can generate large 

amounts of animal wastes and pollutants that pose substantial risks to water quality, air 

quality and public health. The important gases in AFO emissions that have potential effects 

on human health and environment include: ammonia (NH3), particulate matter (PM), 

hydrogen sulfide (H2S), nitrous oxide (N2O), nitric oxide (NO), methane (CH4), and volatile 

organic compounds (VOCs) (NRC, 2003).  

Under the Clean Air Act (CAA), if AFOs emissions of the criteria pollutants PM10 and/or 

PM2.5 reach specified thresholds, they are potentially subject to permitting 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 available for properly regulating AFOs 

emissions (NRC, 2003). For poultry production sector, research on air emissions from 

poultry housing system have been conducted by various research groups in recent years 

(Fabbri et al., 2007; Lacey et al., 2003; Lim et al., 2007; Lin et al.; Modini et al., 2010; Qi et 

al., 1992; Roumeliotis and Van Heyst, 2008). However, the results from these studies showed 

large variations among studies. Extensive field monitoring studies are much needed to assess 

variations caused by geographic locations, different operational practices and different 

monitoring techniques. Moreover, modern statistical analyses based upon extensive field 

observations can be performed to generalize the population of studies. 
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In response to the lack of consistency of the AFO air emission data in the literature, and 

the lack of sufficient baseline air emission data for appropriate regulation, the livestock and 

poultry industries decided to fund the National Air Emissions Monitoring Study (NAEMS) 

(EPA, 2011a). The NAEMS was started in 2007 to measure air pollutant emissions at 

poultry, swine and dairy operations at 20 sites in nine states (Heber et al., 2008). The North 

Carolina egg layer farm (also known as NC2B) was one of 15 NAEMS house emission 

monitoring 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 chapter are to (1) report 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 concentrations and measurements of environmental and 

operational parameters were conducted following the EPA-approved quality assurance 

project plan (QAPP).  Detailed information about field data collections is presented in 

Chapter 2.  

4.4 RESULTS AND DISCUSSIONS 

4.4.1 PM monitor checks 

Table 4.1 and Table 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 Ko audit) except for the test on 9/15/09. Two TEOMs passed the flow 

audits (main flow=3.0±0.2 L/min, total flow=16.67±1.0 L/min) and leak checks (main flow ≤ 

0.15 L/min, total flow ≤ 0.62 L/min). The average differences between collocated TEOM 

tests were 8.7% for PM10 (21.5 h) and 9.2% for TSP (91.5 h), respectively (Li et al., 2012b).  
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Table 4.1. Flow checks of TEOM #1 ((Wang-Li et al., 2012b) 

Date 
Time since last 

test, d 

Mass error, % 

(Ko audit) 

TEOM flow rates, L/min Leak test flow rates, L/min 

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 TEOM #2 (Wang-Li et al., 2012b) 

Date 
Time since last 

test, d 

Mass error, % 

(Ko audit) 

TEOM flows, L/min Leak test flows, L/min 

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 House inventory  

Tables 4.3 and 4.4 list the descriptive statistics of animal inventory in houses 3 and 4. Time 

series plots of the inventory variables are illustrated in Figure 4.1 and Figure 4.2. The 

average feed consumption was about 80 g/d-hen, water consumption rate was about 180 

mL/d-hen, and egg production rate was 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/off of the belt conveyors was dictated by the egg plant’s schedule (Figure 4.1D and Figure 

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

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

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

conducted. Two groups of 20 hens were randomly selected from houses 3 and 4. These hens 

were weighed using the farm’s scale and the research team’s scale. The difference between 

the observed hen weight and the inventory report was -5.2% for house 3 and -0.3% 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 

9/23/07 - 
4/5/08 

195 

Hen age (d) 672 56 575 769 

Hen mass (kg) 1.7 - 1.7 1.7 

Population (hens) 96,912 736 95,494 9801 

Egg production: eggs per 100 hens 71.1 33.6 0.0 177 

Feed consumption: g/d-hen 83.4 9.2 40.2 105 

Water consumption: mL/d-hen 180 8.2 154 199 

Mortality rate: deaths per 100,000 hens 13.5 7.6 0.0 41.8 

5/5/08 -

8/31/09 
484 

Hen age (d) 383 140 141 624 

Hen weight (kg) 1.5 - 1.2 1.6 

Population (hens) 96,097 1,311 93,727 97,961 

Egg production rate: eggs per 100 hens 79.0 33.3 0.0 182 

Feed consumption: g/d-hen 87.2 18.9 1.0 192 

Water consumption: mL/d-hen 196 25.0 70.1 316 

Mortality rate: deaths per 100,000 hens 9.4 8.5 0.0 81.2 

Empty (4/6/08-5/4/08): waiting for replacement of the new hens 

 

Table 4.4. Statistics of house 4 inventory 

Period Days Variable Mean SD Min Max 

9/23/07 - 

5/31/08 
251 

Hen age (d) 665 73 540 790 

Hen weight (kg) 1.5 - 1.5 1.6 

Population (hens) 92,227 1,326 89,548 94,064 

Egg production Rate: eggs per 100 hens 69.1 33.6 0.0 174 

Feed consumption: g/d-hens 88.7 6.9 53.3 105 

Water consumption: mL/d-hens 186 7.9 162 233 

Mortality rate: deaths per 100,000 hens 19.6 11.4 0.0 63.3 

6/22/08 - 

8/31/09 
436 

Hen age (d) 344 125 128 561 

Hen weight (kg) 1.4 - 1.2 1.5 

Population (hens) 95,543 1,295 92,558 97,347 

Egg production Rate: eggs per 100 hens 79.4 32.3 0.0 186 

Feed consumption: g/d-hen 93.8 10.3 43.2 115 

Water consumption: mL/d-hen 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/d-hen) and water (ml/d-hen) consumptions; D: egg 

production (%)) 
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Figure 4.2. Time series plots of House 4 inventory variables (A: hen age (days) and weight (kg); 

B: mortality rate (#/100Khens); C: feed (g/d-hen) and water (ml/d-hen) consumption; D: egg 

production (%))  

 

4.4.3 House ventilation rates  

Some descriptive statistics of the house ventilation rates are listed in Table 4.5 and the time 

series plots of the house ventilation rates are illustrated in Figure 4.3. The diurnal and 

seasonal variations of the house ventilation rates are illustrated in Figure 4.4 and Figure 4.5. 

As observed, houses 3 and 4 show similar ventilation trends. Low ventilation rate occurred in 

cold weather (e.g. months 1-2, 11-12) and high ventilation in hot weather (e.g. months 6-9). 

The diurnal ventilation pattern indicates that ventilation was 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 260 dsm
3
/s. The average ventilation rate ranged from 0.3 

to 6.0 dsft
3
/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 15.0 260 

House 4 (m3/s) 15,843 108 95.6 15.0 260 

House 3 (ft3/min-hen) 14,346 2.5 2.2 0.3 5.9 

House 4 (ft3/min-hen) 15,324 2.3 2.1 0.3 6.0 

[1] The total numbers of hours 

 

Figure 4.3. Time series plots of the house ventilation rates in dsm
3
/s (A: house 3; B: house 4) 
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Figure 4.4. Diurnal patterns of the house ventilation rates in dsm3/s (A: house 3; B: house 4). 

The symbol ⌶ is one standard error 

 

Figure 4.5. Seasonal patterns of the house ventilation rates in dsm3/s (A: house 3; B: house 4). 

The labeled data are means and the symbol ⌶ is one standard error 

 

4.4.4 House inlet PM concentrations  

The statistical summary of the hourly house inlet PM concentrations is listed in Table 4.6, 

and the quantile estimations of the house inlet PM concentrations are listed in Table 4.7. 

Because PM2.5 was slightly skewed to the right (Skewness=0.94), PM10 and TSP were highly 
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skewed to the right (Skewness=9.8 and 3.4), median values should be better statistical 

inferences for drawing conclusions for the house inlet PM concentrations. The PM10 median 

was almost three times higher than PM2.5, and the TSP median was very close to PM10.  

 

Table 4.6. Statistics of the house inlet PM (PM2.5, PM10, and TSP) concentrations (µg/dsm
3
) 

Inlet PM N[a] Mean SD Median Min[b] Max 95% confidence interval 

PM2.5 1567 11.4 9.0 10.0 -12.1 53.4 [11.0 11.9] 

PM10 14209 35.4 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] 

[a]N = the number of hourly data points; [b]the negative values were due to the shortcomings of Beta Gage instrument 

(yielding negative concentration values from moisture/semi-volatile compounds desorption from filter media under certain 

conditions)  

 

Table 4.7.  Quantile estimations of the house inlet PM (PM2.5, PM10, and TSP) concentrations 

(µg/dsm
3
) 

Quantile PM2.5   PM10   TSP   

100% max 53.4 1021 456 

99% 40.4 152 155 

95% 28.2 77.8 98.3 

90% 23.3 60.7 75.4 

75% Q3 16.0 42.3 49.1 

50% median 9.96 28.0 30.4 

25% Q1 5.18 18.0 18.7 

10% 1.29 11.8 11.5 

5% -0.57 8.69 7.39 

1% -4.52 3.17 2.43 

0%  min -12.1 -17.1 -7.47 

 

Figure 4.6 shows inlet PM concentrations by hour class, illustrating the diurnal pattern of 

the inlet PM concentrations. The inlet PM (i.e. PM2.5, PM10 and TSP) had relatively higher 

concentrations in the afternoon, which may be due to higher afternoon house ventilation rates 

leading to more PM circulating on the farm. Figure 4.7 shows time-series plots of the daily 

house inlet PM concentrations for PM2.5, PM10 and TSP with the National Ambient Air 

Quality Standards (NAAQS) lines as references. Spikes in PM10 concentrations in March 

2008, March 2009, and July 2009 coincided with manure cleanout activities. As it can be 
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seen, the NAAQS were only exceeded on the farm during manure cleanouts, and, with 

dispersion, would likely never be approached downwind. It needs to be clarified that 

although the NAAQS lines are included in Figure 4.7, one should not apply the NAAQS to 

this dataset to make any judgmental statement (Environmental Integrity Project, 2011), since 

the PM monitoring point (the house inlet) is not an EPA defined “ambient location”. It is not 

public accessible and does not represent a reasonable or plausible exposure scenario. Figure 

4.8 shows the inlet PM10 concentrations by month class, illustrating seasonal variation of the 

inlet PM concentration. March had the highest inlet PM10 concentrations (63.4 µg/dsm
3
), 

which was most likely caused by the farm manure cleanout events in the month. December 

and January had the lowest inlet PM10 concentrations (23.0 µg/dsm
3
 and 24.2 µg/dsm

3
), 

which was probably due to the low PM emissions from the houses. PM2.5 and TSP did not 

have enough measurements during each month to generate the monthly plots. 
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Figure 4.6. House inlet PM concentrations by hour class (A: PM2.5; B: PM10; C: TSP; mean with 

95% confidence limits)  
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Figure 4.7. House inlet 24-hr average PM concentrations (µg/dsm3) with NAAQS reference 

lines (A: PM2.5; B: PM10; C: TSP) 
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Figure 4.8. The house inlet PM10 concentration by month class (mean with 95% confidence 

limits) 

 

4.4.5 House exhaust PM concentrations  

Figure 4.9 shows the time series plots of hourly PM concentrations in houses 3 & 4. To 

be consistent with the data in House 3, only the 1
st
 floor TEOM measurements were included 

for house 4. Table 4.8 lists the statistical summary results of the PM concentrations. In order 

to avoid biased summary results, negative values in PM measurements were kept in all 

calculations because they may come from desorption of moisture/semivolatile compounds in 

TEOM filters (Li and Wang-Li, 2011).  The distributions of PM concentrations were 

obviously right skewed so that the means, standard deviations (SDs), medians, and several 

others were reported in Table 4.8 to provide an accurate descriptive summary of central 

tendency for the data. Table 4.9 lists the quantile estimations of the PM concentrations. As 

shown in this table, the dataset had almost 10% extremely high (PM2.5 > 100 µg/dsm
3
, PM10> 

1000 µg/dsm
3
, and TSP > 2000 µg/dsm

3
) and negative values. The further time frequency 

analysis indicates that about 30% of these extremely high PM concentrations occurred during 
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the house cleaning periods (16:00-18:00).  Negative values did not show any special time 

pattern, and they had uniform distribution during most days.  

Figure 4.10 shows PM concentrations by hour class, illustrating the diurnal patterns of 

the in-house concentrations. The house lighting program consisted of daily dark and light 

periods. The dark period was from 8:00 pm to 3:00 am, when all the lights on the 2
nd

 floor 

were off and hens’ activity was at minimum. The light periods were from 3:00 am to 8:00 

pm, when all the lights on the 2
nd

 floor were on and hens were quite active. As shown in 

Figure 4.10, PM (PM 2.5, PM10 and TSP) had much higher concentrations during light periods 

than during dark periods. It was observed that higher ventilation occurred during the light 

periods and lower ventilation occurred during the dark time. Intuitively, lower ventilation 

should result in higher in-house concentration; thus, the observation of higher PM 

concentrations during light period (with higher ventilation) suggests that impact of lighting 

program on PM concentrations surpassed the impact of ventilation. Since the hen’s activity is 

closely related to the lighting program, PM concentrations in layer houses are very strongly 

affected by hen activity. This was also observed by Calvet et al. (2009).   

Figure 4.11 shows PM10 concentrations by month class, illustrating seasonal variation of 

the concentration. The cold months (e.g. Jan-March) had higher PM10 concentration due to 

low ventilation rates, and the hot months (e.g. Jun- Sep) had lower PM10 concentration due to 

the higher ventilation rates and less animal activity under high temperature condition.  

 

Table 4.8.  Statistical summary of hourly concentrations (µg/dsm
3
) of PM (PM2.5, PM10, and 

TSP) in houses 3 and 4
[a] 

PM indicator Location N[b] Mean SD Median Min[c] Max 95% CI Skewness 

PM2.5 
house3 540 44.9 90.7 47.1 -335 561 [37.3 52.6] 0.63 

house4 1013 36.6 59.9 36.6 -356 440 [32.9  40.3] 0.22 

PM10 
house3 10019 449 423 267 -378 2652 [440  457] 1.16 

house4 14302 481 449 310 -131 5094 [474  489] 1.76 

TSP 
house3 1177 698 826 315 -135 4635 [650 745] 1.64 

house4 2166 978 1091 521 -100 7383 [933 1025] 1.41 

[a]from dataset of the hourly PM concentrations  measured on the 1st floor of two houses through strategy I &II periods; [b]N 

= the number of hours, [c]the negative values were due to the shortcomings of TEOM instrument (yielding negative 

concentration values from moisture/semi-volatile compounds desorption from filter media under certain conditions) 
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Table 4.9.  Quantile estimations of the house exhaust PM (PM2.5, PM10, and TSP) concentrations 

(µg/dsm
3
)

 [a] 

Quantile 
PM2.5   PM10  TSP  

House 3 House 4 House 3 House 4 House 3 House 4 

100% max 561 440 2652 5094 4634 7383 

99% 426 212 1696 1928 3133 4273 

95% 160 102 1273 1389 2597 3277 
90% 101 81.7 1075 1111 2177 2668 

75% Q3 74.5 58.9 728 701 915 1540 

50%  median 47.1 36.6 267 310 315 523 
25% Q1 22.1 17.5 127 166 164 164 

10% -34.9 -5.58 52.4 75.3 74.0 36.5 

5% -118 -42.4 28.1 44.6 34.9 15.2 
1% -256 -160 -19.7 12.3 -24.8 -3.34 

0% min -335 -358 -378 -131 -135 -100 

[a]from dataset of hourly PM concentrations  measured on the 1st floor of two houses through strategy I &II periods 
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Figure 4.9.  Hourly exhaust PM10 concentrations (µg/dsm
3
) (A: House 3; B: House 4; the plots 

include hourly PM concentrations measured on the 1st floor of two houses through strategy I 

&II periods) 
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Figure 4.10. PM concentration (µg/dsm
3
) by hour class (A: PM2.5 in house 3; B: PM2.5 in house 

4; C: PM10 in house 3; D: PM10 in house 4; E: TSP in house 3; F: TSP in house 4; Note: the limit 

bars are 95% confidence limits; the plots include hourly PM concentrations measured on the 

1st floor of two houses through strategy I &II periods)  
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Figure 4.11. PM10 concentrations (µg/dsm
3
) by month class (A: House 3; B: House 4; Note: the 

limit bars are 95% confidence limits; the plots include hourly PM concentrations measured on 

the 1st floor of two houses through strategy I &II periods) 

 

4.4.6 Particulate matter emissions 

Time series plots of the hen-specific emission rates for PM10 are shown in Figure 4.12. 

Houses 3 and 4 show some similarities with most emission rates lower than 100mg/d-hen and 

a spike in July. Table 4.10 summarizes means, medians, and SDs of hourly PM (PM2.5, PM10 

and TSP) emissions through strategy I data collection period in the units of g/d-AU, mg/d-

hen, and g/d. The distributions of the hen-specific PM emission rates are illustrated in Figure 

4.13. For PM2.5, there were some relative large negative values that caused its distribution 

skewed to left (House 3 Skewness= -2.9 and House 4 Skewness= -2.7), however for PM10 

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 estimates of location and scale, Winsorized means, 

standard errors and 95% CIs were calculated and provided in Table 4.10. To compare the 

emission rates from this study with the reported values in the literature, some peer-reviewed 

published studies on layer PM emissions are summarized in Table 4.11. There are large 

variations among the outcomes of the individual studies, causing by differences in 

operational management, climate, and measurement methods. Compared with filter-based 
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gravimetric method from the same facility, TEOM method gave significantly lower PM2.5 

concentrations (Li et al., 2012b). This was most likely due to the fact that PM in the poultry 

houses contained high levels of semi-volatile compounds and moisture, and TEOM internal 

heating mechanism caused volatilization and mass losses of those semi-volatile compounds 

and moisture (Li et al., 2012b).  

The cumulative frequency distributions of the hourly PM (PM2.5, PM10 and TSP) 

emissions are listed in Table 4.12. Only measurements of strategy I period with 1-stream 

method for emission rate calculation were used to develop these cumulative distributions. As 

shown in Table 4.12, 99% of the time, house 3 PM2.5 emission was below 8.63 mg/d-hen, 

and 50% (median) of time, house 3 PM2.5 emission was below 0.61 mg/d-hen. It is clear that 

the cumulative frequency distributions can provide much more emission information.  

The hen-specific PM emission rates by hour and by months are shown in Figure 4.14  and 

Figure 4.15, 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 for PM2.5 emission rates were due to small sample size (Figure 4.14A and 

B). It was observed that PM (mainly PM10 and TSP) in (Figure 4.14) emission rates 

depended greatly on the photoperiod, and the dark period (house lights off) had much lower 

emission rate than light periods (house lights on). During light periods, PM2.5 emission rates 

by hour class had very clear bimodal distribution, however, PM10 and TSP did not have such 

clear bimodal distribution. The monthly PM emission rates illustrate seasonal variations in 

emissions mainly affected by ventilation changes. House 3 had the highest PM10 emission 

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 emission rates 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 rates for houses 3 and 4
[a]

   

Unit Label House N[b] Mean[c] SD Median 
Winsorized 

mean 
Winsorized 
Std Error 

Winsorized  
95% CI 

g/d-AU 

PM2.5 
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] 

PM10 
3 9124 5.39 4.74 4.72 5.06 0.04 [4.98 5.15] 

4 9346 6.58 5.52 5.74 6.20 0.05 [6.10 6.31] 

TSP 
3 1189 12.3 10.8 10.0 11.7 0.32 [11.1  12.3] 

4 1189 14.8 11.9 13.9 13.9 0.31 [13.3 14.5] 

mg/d-hen 

PM2.5 
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 0.64] 

PM10 
3 9124 16.3 13.8 14.7 15.4 0.13 [15.1 15.7] 

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 [32.2 35.7] 

4 1189 44.3 36.2 40.7 41.7 0.93 [39.9 43.5] 

g/d 

PM2.5 
3 543 34.5 306 58.0 50.7 4.70 [41.5 60.0] 

4 548 34.0 284 66.2 49.2 4.75 [39.9 58.5] 

PM10 
3 9673 1492 1370 1341 1421 12.3 [1397 1445] 

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 I dataset only with 1-stream 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 I period, no daily 

or seasonal effects were taken into considerations in these means. 

 

Table 4.11. Reported PM emission rates for layer operations 

Layer housing system PM emission rate PM measurement method Reference 

Layers, cage 
Inhalable: 537 mg/h.(500kg) 

Respirable: 78.3 mg/h.(500kg) 
Filter-based PM sampler (Phillips et al., 1998) 

Perchery 
Inhalable: 3080 mg/h.(500kg) 

Respirable: 596 mg/h.(500kg) 
Filter-based PM sampler (Phillips et al., 1998) 

Layers, cage 
TSP: 44.2 mg/d.hen 

Respirable: 31.7 mg/d.hen 
Optical particle counter (Qi et al., 1992) 

Battery cage 
Inspirable: 0.8 g/h.(500kg) 

Respirable: 0.5 g/h.(500kg) 
Filter-based PM sampler (Wathes et al., 1997) 

Percery 
Inspirable: 1.8 g/h.(500kg) 

Respirable: 0.23g/h.(500kg) 
Filter-based PM sampler (Wathes et al., 1997) 

High-rise 
PM10: 30±13 mg/d-hen[a] 

35±13 mg/d-hen[a] 
TEOM-PM monitor (Lim et al., 2007) 

High-rise 
PM2.5: 5.9±12.6mg/d-hen[a] 

PM10: 33.4±27.4 mg/d-hen[a] 

TSP: 78.0±42.7mg/d-hen 

TEOM-PM monitor (Lin et al., 2012) 

High-rise 

PM2.5: 9.43±5.74 mg/d-hen[a] 

8.81 mg/d-hen[b] 

[7.86 11.4][c] 
Filter-based PM sampler (Li et al., 2011) 

High-rise 
PM2.5: 3.6±3.7mg/d-hen[a] 

PM10:26.1±15.8 mg/d-hen[a] 
TEOM-PM monitor (Li et al., 2011) 

Deep-pit system 
PM2.5: 14.16  mg/d-hen 

PM10: 48.24  mg/d-hen 
Haz-Dust EPAM-5000 (Fabbri et al., 2007) 

Ventilated belt 
PM2.5: 6.24 mg/d-hen 

PM10: 18.72  mg/d-hen 
Haz-Dust EPAM-5000 (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 PM emission rates (mg/d-hen)
 [a]

  

 
House 3  House 4  

PM2.5 PM10 TSP PM2.5 PM10 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 1.11 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 I dataset only with 1-stream method for emission rate calculations 

 

Figure 4.12. The hen-specific emission rates of PM10 (mg/d-hen) (A: House 3 with 

measurements in strategy I period; B: House 4 with measurements in strategy I period using 1-

stream method and strategy II period using 2-streams method). 
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Figure 4.13. Distributions of the hen-specific PM emission rates (A: PM2.5 from house 3; B: 

PM2.5 from house 4; C: PM10 from house 3; D: PM10 from house 4; E: TSP from house 3; F: 

TSP from house 4; Note: the superpose lines were normal curves) 
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Figure 4.14.  PM emission rates (mg/d-hen) by hour class (A: PM2.5 from house 3; B: PM2.5 

from house 4; C: PM10 from house 3; D: PM10 from house 4; E: TSP from house 3; F: TSP 

from house 4; Note: the limit bars are 95% confidence limits; for strategy I dataset only with 1-

stream method for emission rate calculations)  
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Figure 4.15. The hen-specific emission rates (mg/d-hen) of PM10 by month class (A: House 3, B: 

House 4; Note: for strategy I dataset only with 1-stream method for emission rate calculations) 

 

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, ventilation rate, house temperature/RH, 

ambient temperature/RH, CO2/NH3/H2S emission) and the PM emission rates were 

investigated. Since the measurements of PM2.5 and TSP did not cover a wide range for 

meaningful analysis, only PM10 emissions were included. The scatter plot matrices of PM10 

emission rates are illustrated in Figures 4.16 (house 3) and 4.17 (house 4). As shown in these 

two figures, there are some linear trends between PM10 emission rates and variables of hen 

activity, ventilation, exhaust air temperature and RH, ambient air temperature and RH. Some 

factors were possibly significantly redundant (collinear), and these redundant factors affect 

the parameter estimates because they will depend upon the correlated independent factors 

included in the regression 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 model (Tao and Walsh, 2005). Based on collinearity model diagnostics, hen population, 

weight, age and ambient temperature were excluded. The model diagnostics were also 

checked for normality and constant variance assumptions, and no violations of these 

assumptions were identified. Table 4.13 lists the regression analysis results for the hen-
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specific PM10 emission rates in houses 3 and 4. From standardized coefficients, hen activity, 

house RH and temperature have the greatest effects on the PM10 emission rates in the 

multiple regression analysis. 

 

Table 4.13. The regression analysis results of the hen-specific PM10 emission rates in houses 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 (m3/s) 0.01 <0.001 0.09 0.03 <0.001 0.17 

NH3 emission (g/d-hen) -2.03 <0.001 -0.04 -2.16 <0.001 -0.03 

House temp (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 

  R2=0.35   R2=0.35  
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Figure 4.16.  Scatter plots of  House 3 PM10 emission rates (mg/d-hen) against hen bird 

population, hen weight, hen age, hen activity, ventilation rate, house temperature/RH, ambient 

temperature/RH, CO2/NH3/H2S emission (solid lines are the regression fit to the scatter plot) 
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Figure 4.17. Scatter plots of  House 4 PM10 emission rates (mg/d-hen) against hen bird 

population, hen weight, hen age, hen activity, ventilation rate, house temperature/RH, ambient 

temperature/RH, CO2/NH3/H2S emission (solid lines are the regression fit to the scatter plot) 
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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 I data collection period in 10/1/07 – 2/26/09) are listed in Table 4.14. There was no 

significant difference between house 3 and house 4 for PM2.5 concentrations; however, house 

4 had significantly higher concentrations of PM10 and TSP.  The magnitude of the differences 

depended upon the differences in bird age, in-house temperature, RH, ventilation rate, and 

bird activity. The parameters estimated from linear regressions are listed in Table 4.15. Based 

on standardized coefficients, the difference of temperature had 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 

Table 4.14, PM2.5 emission rates from houses 3 and 4 were statistically the same. House 4 

had higher emission rates of PM10 and TSP than house 3. The differences in RH, bird activity 

and ventilation rate had significant impacts on the difference of PM10 emission rate, while 

differences in bird age, temperature and bird activity had significant impacts on difference of 

TSP emission (Table 4.15). Because no variables were controlled in this study, the 

observational conclusions 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 (PMH3-PMH4)
[a] 

  N[b] Mean Median SD 95% Confidence interval 

Concentration (µg/dsm3) difference 

PM2.5 535 0.76 0.80 61.2 [-4.43   5.96] 

PM10 9968 -25.8 -18.7 209 [-29.9  -21.7] 

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

Emission rate (mg/d-hen) 

difference 

PM2.5 538 -0.01 0.00 2.18 [-0.19   -0.18] 

PM10 8459 -2.66 -1.25 9.82 [-2.87   -2.45] 

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

[a] for strategy I dataset only with 1-stream method for emission rate calculations ; [b] N= the number of hours. 
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Table 4.15. The regression analysis results of differences in PM concentration and emission 

between houses 3 and 4
[a],[b]

  

Difference (H3-

H4) 
Variable 

PM10 TSP 

Coef. p  Std Coef.  Coef. p  
Std 

Coef.  

Concentration 
(µg/dsm3) 

 

Intercept  -28.1 <.0001 0 -223 <.0001 0 

Bird age diff -0.12 <.0001 -0.10 -0.28 0.006 -0.15 

Temp diff  55.5 <.0001 0.45 129 <.0001 0.49 

RH diff -4.93 <.0001 -0.06 18.5 0.017 0.10 

Activity diff 240 <.0001 0.21 583 <.0001 0.14 

Ventilation diff -0.21 0.005 -0.03 -1.52 0.001 -0.15 

 (R2=0.26) (R2=0.20) 

Emission  

(mg/d-hen) 

Intercept  -2.71 <0.001 0 -14.4 <0.001 0 

Bird age diff -7.8e-4  0.50 -0.01 0.02 <0.001 0.28 

Temp diff  0.20 0.17 0.02 -2.87 <0.001 -0.24 

RH diff -0.57 <0.001 -0.12 0.35 0.33 0.04 

Activity diff 2.93 <0.001 0.05 34.1 <0.001 0.18 

Ventilation diff 0.06 <0.001 0.15 -0.02 0.28 -0.05 

 (R2=0.02) (R2=0.08) 

[a] for strategy I dataset only with 1-stream method for emission rate calculations; [b] PM2.5 not included due to insignificant 

difference. 

 

4.4.8.2 Floor variation  

In the strategy II data collection period (March-October 2009), PM concentrations on the 

two floors of house 4 were simultaneously monitored. Investigation of floor variation was 

conducted using this dataset. The descriptive statistical results of PM concentrations on both 

floors are listed in Table 4.16. The 2
nd

 floor had higher PM concentrations than the 1
st
 floor, 

but the magnitude of this difference varied among PM2.5, PM10 and TSP. TSP showed the 

greatest difference. Also shown in Table 4.16, the 2
nd

 floor had higher variations in PM 

concentrations than the 1
st
 floor, especially for PM10 and TSP. Because all the hens were 

housed on the 2
nd

 floor, the hen activity had more direct impact on PM concentrations on 2
nd

 

floor. The relative differences of hourly PM concentrations (2
nd

 -1
st
) by hour class are 

illustrated in Figure 4.18. Most of times of day, concentrations of PM2.5, PM10 and TSP had 

significant differences between 2
nd

 and 1
st
 floors. From the PM10 relative difference plot 

(Figure 4.18B), the difference pattern was highly coincident with the house lights on/off 

schedule. In addition, the PM concentrations on 1
st
 and 2

nd
 floor were not only dependent 

upon emission sources, but also on ventilation. As shown in Figure 4.19A, the relationship 
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between PM10 concentration relative difference and ambient air temperature varied 

throughout the year. High ambient temperature required high ventilation rate to adequately 

cool the house. PM10 concentration relative difference lagged behind ambient temperature. 

PM10 concentration had the largest relative difference (>60%) in August.  

The statistics of relative differences in PM emission rates calculated using 1-stream 

(equation 1) and 2-streams (equation 2) methods are listed in Table 4.16. It is important to 

clarify that the Rdiff (%) values in Table 4.16  were the means of the individual Rdiff of all 

the observations in the strategy II data collection period. When interpreting these means 

(Rdiff), caution needs to be taken, and daily and seasonal variations need to be taken into 

consideration.  

In general, the 2-steam method yielded higher PM emission rates. The relative 

differences of emission rates by these two methods varied among PM2.5, PM10 and TSP. TSP 

had the highest difference. The comparative histograms for PM emission rates based on 1-

stream and 2-streams calculations are shown in Figure 4.20. These histograms reveal that the 

distributions of PM emission rates based on 2-streams method had longer tails than those 

based on 1-stream method, and the means were shifted.  The relationship between the 

ambient temperature and the relative difference in PM10 emission rates (calculated by two 

methods) during different months of a year is shown in Figure 4.19B. When ambient 

temperature was below 20 
o
C, the high-stage ventilation fans on the second floor were off. 

Consequently, the emissions based on 1-stream equaled to the emissions based on 2- streams. 

Significant differences occurred only in the hot months, when high ventilation on the 2
nd

 

floor occurred. Similarly, hourly class plots of relative differences in PM emission rates 

calculated using 1-stream and 2-stream methods (Figure 4.21) show that the difference in 

PM10 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 2
nd

 floor during the warmer time of a day.  
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Table 4.16. Statistical results of spatial variations in PM concentrations and hen-specific 

emissions  

  N[a] Floor/method Mean Median SD Rdiff 

Concentration (µg/dsm3) 

PM2.5 259 1st 23.7 24.9 26.8 30%[b] 

  2nd 28.8 30.3 46.8  

PM10 4193 1st 494 313 499 32%[b] 

  2nd 656 511 572  

TSP 775 1st 724 338 993 47%[b] 

  2nd 1069 640 1280  

Emission (mg/d-hen) 

PM2.5 156 1-stream 4.95 4.67 2.60 2.9%[c] 

  2-streams 5.41 4.81 3.47  

PM10 2704 1-stream 38.0 36.4 33.8 18%[c] 

  2-streams 47.5 43.9 37.2  
TSP 479 1-stream 65.8 64.1 43.7 23%[c] 

  2-streams 86.4 79.1 60.7  

[a]N=the number of hourly data when both TEOMs have valid measurements; [b]Rdiff was calculated using equation 4;  
[c]Rdiff was calculated using equation 3. 
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Figure 4.18. Relative differences in hourly PM concentrations by hour class (A: PM2.5; B: PM10; 

C: TSP) 
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Figure 4.19. The relationships between the ambient temperature and the relative differences 

(%) in monthly PM10 concentrations (A) and PM10 emission rates (B) 
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Figure 4.20. Comparisons of the distributions of the hen-specific PM emission rates calculated 

using 1-stream (top) and 2-steam (bottom) methods (A: PM2.5; B: PM10; C: TSP) 
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Figure 4.21. Hourly class plots of relative differences in PM emission rates calculated using 1-

stream and 2-stream methods (A: PM2.5; B: PM10; C: TSP)  

 

4.4.9 Impact of the farm management practices on PM  

4.4.9.1 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 of PM10, ambient temperature, and ventilation rate were 

calculated through averaging of hourly data over the whole monitoring period from 

September 2007 to December 2009 in houses 3 and 4. As an example, Figure 4.22 shows the 

diurnal pattern of the examined parameters from house 3. It was observed that when the 

lights of the 2
nd

 floor (where the hen stayed) were on from 3:00 am to 8:00 pm, the hens were 

quite active. When the lights were completely turned off from 8:00 pm to 3:00 am, the hens’ 
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activity was very low (Figure 4.22A). The hen s’ activity was measured by three activity 

sensors with outputs in volts. In examining PM concentrations (Figure 4.22B), it was 

observed that PM10 concentration were significantly lower during darkness as compared with 

light, even though ventilation rates were lower at light time (Figure 4.22F) in response to 

lower ambient temperature at night (Figure 4.22 E). This observation indicates significant 

impact of house lighting schedule on animal activity, thus on PM 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 analysis (Table 4.17.) was used as an indicator to 

compare significance of hen activity over ventilation. As shown in Table 4.17., for PM2.5, 

Houses 3 and 4 gave a little contradictory result. If hen activity was constant, increasing 1 

standard unit of ventilation could result in 0.13 units of PM2.5 decreasing in house 3, while 

could result in 0.21 units of PM2.5 increasing in house 4.  For PM10 and TSP, ventilation had 

slightly greater effect on their concentrations. If keeping hen activity constant, one standard 

unit ventilation increasing would decrease PM10 and TSP concentrations by about 0.6 and 0.7 

units. However, if keeping ventilation constant, one standard unit activity increasing would 

increase PM10 and TSP only by about 0.3 units.  

 

Table 4.17. The standardized coefficient as an indicator to estimate the effects of hen activity 

and ventilation on the concentrations of PM2.5, PM10 and TSP   

 House 
Standardized coefficient 

(activity  vs. ventilation) 

PM2.5 (µg/m3) 
H3  

H4 

 0.56              -0.13 

 0.77               0.21 

PM10 (µg/m3) 
H3  

H4 

 0.40              -0.68 

 0.32              -0.50 

TSP (µg/m3) 
H3  

H4 

 0.32              -0.66 

 0.31              -0.83 
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Figure 4.22. Interactions among hen activity, air pollutant concentrations, ambient temperature 

and ventilation rate shown as diurnal variations (A: hen activity; B: PM10 concentration; C: 

NH3 concentration; D: CO2 concentration; E: ambient temperature; D: ventilation rate; lines 

represent mean values with 95% confidence interval; the mean values were average of hourly 

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

Analysis of the manure cleanout impact was started with checking on the production 

performance of the laying hens during manure cleanout periods. Statistics of the hen 

performance during the cleanout time are shown in Table 4.18. 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 uncomfortable.  The egg production, mortality, water and feed consumptions were in 

close agreement with the average values of the whole monitoring period observations.  

 

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

periods 

House  Performance parameters N[1] Mean SD Median 
Lower 95% 

CL for mean 

Upper 95% 

CL for mean 

H3 Egg production (%) 336 79.8 33.6 79.5 76.2 83.4 

 Mortality #/100K  13.0 6.5 12.5 12.3 13.7 
 Water consumption (ml/d.hen)  195.7 7.3 197.3 194.9 196.5 

 Feed consumption (g/d.hen)  83.7 14.3 91.4 82.1 85.2 

H4 Egg production (%) 312 81.5 27.5 86.8 78.4 84.5 
 Mortality #/100K  15.4 10.9 14.2 14.2 16.6 

 Water consumption (ml/d.hen)  198.0 8.1 193.3 197.1 198.9 

 Feed consumption (g/d.hen)  95.1 9.4 96.5 94.0 96.1 
[1]N=number of hourly data 

 

 Figure 4.23 illustrates PM emission against manure accumulation days. For comparison 

purpose, NH3 and CO2 emissions were also included in this figure. PM emissions had 

different pattern from gas pollutants. Manure clean out activities generated dust plumes and 

caused high PM emission. After manure cleanout, 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 reduce air entrainment of small particles from manure 

surfaces.  
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Figure 4.23. NH3, CO2, and PM emissions over manure accumulation time (number of days) 

(manure cleanout time labeled as negative days; A: house 3 NH3 and CO2 emission rate; B: 

house 3 PM10 emission (TEOM was turned off during cleanout period); C: house 4 NH3 and 

CO2 emission; D: house 4 PM10 and PM2.5 emission rates)  

 

4.4.9.3 Impact of hen sold-out event: empty vs. occupied houses 

Table 4.19 summarizes PM emissions for the two houses with (occupied) and without 

(empty) hens. In this table, the median values are more representatives of the central 

tendency of the measured variables and were less sensitive to extreme values because of 

relatively small samples size in house empty period and right-skewed distribution. House 

emission rates of PM (PM10 and TSP) decreased by more than 90% during the house empty 

period. As shown in Figure 4.24, the hen activity signals represent very low background 

noise during empty period, and the activity signals increased gradually as the new hens got 
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used to feed/water supplies and new environments. For PM10, lower emissions were observed 

during the empty period caused by lack of hen activity. Some spikes were most likely from 

house clean up and disinfection activities (Figure 4.24).   

 

Table 4.19. Statistics of PM emissions: empty vs. occupied houses 

House Status Variables N[1] Mean SD Median 
95% confidence 

interval 

H3 

Empty 
PM10 emission (g/d) 421 9.86 517 0.00 [-39.6      59.3] 

TSP emission (g/d) 0 ---[2] ---[2] ---[2]  

Full 
PM10 emission (g/d) 9237 1569 1338 1412 [1541     1596] 

TSP emission (g/d) 1189 3486 3076 2917 [3310     3660] 

H4 

Empty 

PM10 Emission (g/d) 491 430 1108 177 [332       528] 

TSP Emission (g/d) 331 574 4746 17.8 
[61.0      1087] 

Full 
PM10 emission (g/d) 13410 2277 2210 1839 [2239     2314] 

TSP emission (g/d) 1815 4631 3614 4188 [4464     4797] 

[1]N=number of hourly data; [2] No TSP measurements were taken when the house was empty 

 

 

   

Figure 4.24. Impact of the hen sold-out event (empty vs. occupied houses) on hen activity; PM10 

emission; (Solid lines and the bands were LOESS, locally weighted scatterplot smoothing curves 

and 95% confidence interval; Straight LOESS lines were due to missing data). 
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Figure 4.25. Diurnal of hen activity as impacted by the hen sold-out event 

 

4.5 CONCLUSIONS 

PM concentrations, environmental and operational parameters of two tunnel ventilated 

high rise layer houses were monitored 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 a normal 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 intervals of PM2.5 emission rates were [41.5, 

60.00] g/d, [0.44, 0.63] mg/d-hen, and [0.13, 0.19] g/d-AU in one house (house 3), and [39.9, 

58.50] g/d, [0.45, 0.64] mg/d-hen, and [0.14, 0.21] g/d-AU in the other house (house 4); the 

Winsorized 95% confidence intervals of PM10 emission rates were [1397, 1445] g/d, [15.1, 

15.7] mg/d-hen, and [4.98, 5.15] g/d-AU in one house (house 3), and [1650, 1706] g/d, [17.7, 

18.4] mg/d-hen, and [6.10, 6.31] g/d-AU in the other house (house 4);  the Winsorized 95% 

confidence intervals of TSP emission rates were  [3129, 3470] g/d, [32.2, 35.7] mg/d-hen, 

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

and [13.3, 14.5] g/d-AU in the other house (house 4). The cumulative frequency distributions 

of PM emissions suggest that 50% of time, house 3 PM emission rates were below 0.61, 

14.7, 29.9 mg/d-hen for PM2.5, PM10, and TSP, respectively, and house 4 PM emission rates 
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were blow 0.72, 16.8, 40.7 mg/d-hen for PM2.5, PM10, and TSP, respectively. Significant 

daily and seasonal variations in PM concentrations and emissions were observed. PM 

concentrations 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, ambient RH and house NH3 emissions demonstrated significant impact 

on PM emissions. Among all the influencing factors, impact of animal activity surpassed the 

impacts of other factors. 

Farm management practices had also demonstrated significant impacts on PM emissions. 

The hen activity was directly linked to house lighting. Thus, the housing lighting program 

had significant impact on PM emissions. The impact Hen activity had greater impact on PM 

emission than house ventilation. Manure clean out activities generated dust plumes and 

caused high PM emission. After manure cleanout, PM emission decreased gradually. No 

significant changes in egg production, mortality, water and feed consumptions were observed 

during manure cleanout period. When compared to the occupied house, empty house 

emission rates of PM (PM10 and TSP) decreased by more than 90%.  
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CHAPTER 5. FINE PARTICULATE MATTER IN A HIGH-RISE  

LAYER HOUSE AND ITS VICINITY MEASURED BY FILTER-

BASED METHOD

 

5.1 ABSTRACT.  

Fine particulate matter (PM2.5) is one of many air pollutants emitted from animal feeding operations 

(AFOs). Knowledge about PM2.5 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 available about 

PM2.5 concentrations and emissions, and their spatial and temporal variations, associated with egg production 

facilities. In this study, Partisol 2300 PM2.5 speciation samplers were used to take daily PM2.5 samples in a 

high-rise layer house and at four ambient stations. The sampling period covered four seasons, with a total of 

300 samples. The results showed that none of the ambient PM2.5 concentrations exceeded the 35 g m
-1

 (24 h) 

and 15 g m
-1

 (annual) PM2.5 National Ambient Air Quality Standards (NAAQS). The ambient stations and the 

in-house station showed strong seasonal variations; the ambient stations had the highest PM2.5 concentrations 

in summer, and the in-house station had the highest concentration in winter. Based on the gamma distribution, 

95% confidence intervals of PM2.5 emissions (mg PM2.5 d
-1

 hen
-1

) were [7.86, 11.4]. The downtime PM2.5 

concentration mean was one-tenth of the occupied house. PM2.5 concentrations were negatively correlated with 

ambient RH, egg production, and ventilation rate. Statistical tests did not show a strong correlation between 

ambient PM2.5 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 and the relationship between 

PM2.5 and the environmental and farm management inventory information. 

Keywords. Animal Feeding Operations (AFOs), Egg production, PM2.5, NAAQS, Mass concentration, 

Emission. 

                                                 


 Adapted with permission from Li, Q.-F., L. Wang-Li, S.B. Shah, R.K.M. Jayanty, P. Bloomfield, 2011 “Fine 

particulate matter in a high-rise layer house and its vicinity”. Transaction of the ASABE. 54(6): 2299-2310.. 
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5.2 INTRODUCTION  

The U.S. EPA defines animal feeding operations (AFOs) as "agricultural enterprises 

where animals are kept and raised in confined situations" (EPA, 2008). In the U.S., AFOs are 

highly specialized. The farm size and productivity of AFOs have been continuously 

increasing in response to economics and growing demand for meat, egg, 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 1997 (NRC, 

2003). While AFOs contribute significantly to the food supply and economy, they also cause 

environmental and health concerns. Animal waste and aerial pollutants, e.g., particulate 

matter (PM), ammonia (NH3), and hydrogen sulfide (H2S), from these operations can affect 

water and air quality as well as the ecosystem (NRC, 2003). Research has shown that PM has 

adverse effects on the health and welfare of farmers (Andersen et al., 2004; Mitloehner and 

Calvo, 2008) and on animal performance and efficiency (Al Homidan et al., 1998; Chirase et 

al., 2004; Hayter and Besch, 1974; Kristensen et al., 2000; Monaghan et al., 2007). 

Moreover, through ventilation systems, PM generated inside AFO buildings can be 

transported to the outside environment. The emitted PM may threaten the local air quality 

(Grantz et al., 2003)and cause respiratory infection in people living in the vicinity of the 

AFO (Donham et al., 2007). Furthermore, the emitted fine PM (PM2.5) can travel long 

distances and generate adverse impacts on the regional air quality and even the climate 

(Seinfeld and Pandis, 1998a; US EPA, 2010b). 

In poultry production systems, PM emission is a major concern as it leads to negative 

environmental and health effects (NRC, 2003). Not much research has been conducted to 

quantify the PM emissions from poultry production systems (Calvet et al., 2009; Fabbri et al., 

2007; Lacey et al., 2003; Lim et al., 2007; Modini et al., 2010; Roumeliotis and Van Heyst, 

2008). Specifically, very little PM2.5 emission data are available for poultry production 

systems (Fabbri et al., 2007; Modini et al., 2010). Although the effects of environmental 

factors (e.g., temperature and relative humidity) and facility management practices (e.g., hen 

stocking density and ventilation) on PM concentration and emission have been studied by 

some research groups (Al Homidan et al., 1998; Banhazi et al., 2008; Modini et al., 2010; 
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Takai et al., 1998; Vucemilo et al., 2007), a knowledge gap remains in identifying key factors 

that influence PM2.5 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 negative health and environmental impacts of 

PM emissions from AFOs. This reported project was designed to: (1) evaluate concentrations 

and emissions of PM2.5 and their seasonal variations in a commercial egg production house, 

(2) compare ambient PM2.5 concentrations with the National Ambient Air Quality Standard 

(NAAQS), (3) estimate PM2.5 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 influence PM2.5 concentrations. 

5.3 METHODOLOGY 

 Detailed information about filter-based PM2.5 field sampling is presented in Chapter 2 

(2.3).  

5.4 RESULTS AND DISCUSSION 

5.4.1 PM2.5 Mass Concentrations 

Table 5.1 shows the average PM2.5 mass concentrations measured by the PM2.5 speciation 

samplers at the five sampling stations from December 2008 to December 2009. For the four 

ambient stations (ST2 through ST5), all observed PM2.5 concentrations did not exceed the 

current NAAQS (24 h averages, 35 g m
-3

) (Figure 5.1) (EPA, 2010b). In addition, the 

annual arithmetic mean from ST2 through ST5 (Table 5.1) was less than the NAAQS (15 g 

m
-3

) (EPA, 2010b). The average concentration of PM2.5 inside the house was as high as 141 

g m
-3

 (Table 5.1). This high concentration may potentially compromise the health of the 

workers (Radon et al., 2001a) and the production efficiency of the hens, and thus the profit of 

the farm (Al Homidan et al., 1998; Hayter and Besch, 1974; Kristensen et al., 2000). The 

four ambient stations were located at different distances (240, 280, 290, and 480 m) and 

directions relative to ST1 (Figure 2.1); however, the mean PM2.5 concentrations at the four 

ambient stations did not show significant differences at a statistical confidence level of 5% 

based on Tukey's group information (Table 5.1) (SAS, 2009). 
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Table 5.1. Average PM2.5 mass concentrations for all sampling events from December 2008 to 

December 2009 

Station N[a] 

Mean SD 

(g m-3) Median Min. Max. 

Tukey 

Grouping[b] 

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.[c] 240 9.06 4.01     

[a]N= numbers of 24-hr PM2.5 samples; [b] Means with the same letter are not significantly 

different at  = 0.05 (SAS, 2009);[b]Avg. = average for ambient stations ST2 through ST5. 

 

 

Figure 5.1. Ambient PM2.5 concentrations for ST2 through ST5 vs. 24 h PM2.5 NAAQS. 

 

To study the statistical properties of the PM2.5 concentrations and draw inferences from 

the sample results, four different statistical distribution models (normal, lognormal, Weibull, 

and gamma) were tested with all the sampling data. For the PM2.5 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 rejected at  = 0.05. For the 

ambient sampling stations (ST2 through ST5), the lognormal distribution best fit the PM2.5 

concentrations based on the goodness-of-fit test p-values and the quantile-quantile (q-q) 

 



 

123 

plots. The p-values for the Kolmogorov-Smirnov test, Cramer-von Mises test, and Anderson-

Darling test were larger than  = 0.05 (Table 5.2). The geometric mean and standard 

deviation (GMSD) of PM2.5 from ST2 through ST5 are shown in Table 5.2. Based on the 

simulated lognormal models, the 98th percentile PM2.5 concentrations and the expected 

number of days (per year) with PM2.5 concentrations above the NAAQS 24 h limit were 

estimated. The estimated 98th percentiles from the different models were less than 35 g m
-3

. 

The expected number of days per year that PM2.5 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
th

 percentile concentration, expected number of 

days per year PM2.5 above NAAQS  

Stations Geometric mean and 

standard deviation 

(µg/m3) 

Goodness-of-Fit Tests for Lognormal 

Distributions* 

98th percentiles 

(µg/m3) 

 

Expected number of 

days per year PM2.5 

above NAAQS (EPA, 
2010b) 

ST2 8.76 (1.52) Pks=0.013,Pcm=0.13,Pad=0.22 20.8 0.187  

ST3 8.33 (1.51) Pks>0.15,Pcm>0.50,Pad>0.50 19.3 0.085 

ST4 8.08 (1.49) Pks=0.076,Pcm=0.23,Pad=0.38 18.4 0.045 
ST5 8.00 (1.55) Pks=0.047,Pcm=0.12,Pad=0.11 19.8 0.15 

*: Pks: the p value of Kolmogorov-Smirnov test; Pcm: the p value of Cramer-von Mises test, Pks: the p value of Anderson-

Darling test (SAS, 2011).  

 

5.4.2 Seasonal Variation of PM2.5 Concentration 

The PM2.5 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 spring, June 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 variations of PM2.5 at the five sampling stations are shown in Figure 

5.2; the mean and Tukey grouping information are shown in Table 5.3. 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, which may lead 

to significantly higher exhaust PM2.5 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 ST3 (Table 5.3), summer PM2.5 concentrations 

were higher than those in other seasons. The PM2.5 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, the PM2.5 concentrations in spring were not significantly different from 

the other three seasons (Tukey grouping A and B in spring) (Table 5.3). The high PM2.5 

concentrations in summer may be due to the differences in atmospheric chemistry between 

summer and other seasons. In summer, stronger photochemistry reactions tend to be more 

efficient to produce fine particles, such as producing secondary sulfate from the ambient SO2 

in summer (Song et al., 2001).  
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Figure 5.2. The seasonal variations of PM2.5 concentrations at 5 sampling stations. 
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Table 5.3.  Seasonal variations of PM2.5 concentrations at five stations (ST1-ST5) 

  N Mean (µg/m3) Tukey Grouping* 

ST1 

 (F value=23.1, p-value 

<0.001) 

Spring 12 248 A 

Summer 16 35.2 B 

Autumn 17 144 B 
Winter 8 280 A 

ST2 

(F value=11.62, p-value 

<0.001) 

Spring 12 9.34 B 

Summer 16 14.1 A 

Autumn 24 7.29 B 
Winter 8 8.15 B 

ST3 

(F value=13.0, p-value 
<0.001) 

Spring 12 9.78 A& B 

Summer 15 12.2 A 
Autumn 24 7.01 B 

Winter 8 8.18 B 

ST4 
(F value=9.22, p-value 

<0.001) 

Spring 12 8.70 B 
Summer 16 12.2 A  

Autumn 24 6.95 B 

Winter 8 7.70 B 

ST5 

(F value=14.7, p-value 

<0.001) 

Spring 12 8.90 B 

Summer 14 13.4 A 

Autumn 25 6.57 B 

Winter 10 7.64 B 

*: Means with the same letter are not significantly different at the same station (SAS, 2009).  

 

5.4.3 PM2.5 Emissions and Seasonal Variations 

The cumulative frequency distributions of PM2.5 emissions are listed in Table 5.4. As 

shown in this table, 95% of the time, PM2.5 emissions were below 7.41 g d
-1

 AU
-1

 (or 21.0 

mg d
-1

 hen
-1

), and 50% (median) of time, PM2.5 emission was below 3.08 g d
-1

 AU
-1

 (8.81 mg 

d
-1

 hen
-1

). Figure 5.3 shows the daily PM2.5 emission rates (mg d
-1

 hen
-1

) during the study 

periods in a histogram superimposed with normal, lognormal, Weibull, and gamma curves. 

For the statistical tests, the null hypothesis was that PM2.5 emissions are random samples 

from the specified normal, lognormal, Weibull, and gamma distributions. To determine how 

well the theoretical distributions fit the PM2.5 emissions, both the p-values of the goodness-

of-tests for the theoretical distributions (Table 5.5) and the probability plots of normal, 

lognormal, Weibull, and gamma distributions (Figure 5.3) were used. As shown in Table 5.5, 

the null hypothesis for all normal, lognormal, Weibull, and gamma distributions failed to be 

rejected at  = 0.05. The probability plots (Table 5.4) compared the ordered PM2.5 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 distributions had better fits than the normal distribution. Overall, based on p-values 
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and the probability plots, the gamma distribution could best fit the PM2.5 emissions. The 

estimated means, standard deviations, and 95% confidence intervals from the four 

distributions are listed in Table 5.5. 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 were higher than the normal standard deviation. 

Limited research on PM2.5 emission in layer operations has been conducted. Fabbri et al. 

(2007) reported 14.2 mg d
-1

 hen
-1

 of PM2.5 for a deep-pit system and 6.24 mg d
-1

 hen
-1

 of 

PM2.5 for a ventilated belt system. For the deep-pit system, the value was higher than our 

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

 

Table 5.4. The cumulative frequency of PM emissions (in unit of mg/d-hen and g/d-AU) 

 PM2.5 

mg/d-hen  g/d-AU* 

100% Max 23.3 8.24 

99% 23.3 8.24 

95% 21.0 7.41 

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 deviation (StdDev) of the PM2.5 emission rates 

Model Mean (mg/d-hen) StdDev  (mg/d-hen) 95% confidence interval  Goodness-of-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 Cramer-von Mises test, Pks: the p value of Anderson-Darling test (SAS, 2011). 
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Figure 5.3. The PM2.5 emission factor histogram superimposed with normal, lognormal, Weibull 

and Gamma curves. The values in the box are the estimated parameters for the Normal, 

Lognormal, Weibull and Gamma distributions.  
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A: 

 

B: 

 
C: 

 

D: 

 

Figure 5.4.  Daily PM2.5 emission rate probability plots of normal (A), lognormal (B), Weibull 

(C), and Gamma(D) 

 

5.4.4 Factors Influencing PM2.5 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 listed in Table 5.6. Daily animal inventory 

information was documented in a farm-owned 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, the 

rate of egg production was 79%. 
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Table 5.6. Descriptive statistics for some of important variables.
[a] 

Variables Mean StdDev Min Max 

Ambient T (oC) 19.3 7.07 1.91 30.6 

Ambient RH (%) 65.6 14.4 35.0 84.3 

House T (oC) 25.4 2.24 20.0 30.4 
House RH (%) 68.2 10.6 48.4 84.2 

Population (×103) 94.1 1.34 91.9 96.2 

House Ventilation (×103m3/min) 9.34 6.21 1.30 17.6 
Hen Age (days) 472 77 313 591 

Hen Weight (kg) 1.46 0.05 1.41 1.53 

Mortality (hens/d) 17 9 0 42 
Egg Production (×103unit/d) 74.4 31.3 0 145 

Water Consumption (m3/d) 17.9 3.60 0.20 20.4 

Feed Consumption (×103kg/d) 8.74 2.21 0.00 10.1 
PM2.5 concentration (µg/m3) 146 133 13.3 434 

PM2.5 emission (mg/d-hen) 9.46 6.21 0.94 23.3 

* During period of this study, two flocks of hens were involved, and this table only included flock#1 data. 

 

In this study, six PM2.5 sampling events were conducted during downtime when the house 

was empty (no hens in house). The mean PM2.5 mass concentration was 13.5 g m
-3

 with 

minimum of 10.6 g m
-3

 and maximum of 17.7 g m
-3

 during the downtime period. While 

the house was occupied, the mean PM2.5 mass concentration (146 g m
-3

 in Table 5.6) was 

more than 10 times higher than during downtime. The emission rate was 2.74  10
4
 1.63  

10
4
 mg d

-1
 for the empty house, which was 32 times lower than the occupied house (8.91  

10
5
 5.42  10

5
 mg d

-1
). To identify the key factors affecting PM2.5 concentrations, the 

relationships between the variables and the PM2.5 concentrations were analyzed and are 

illustrated by the scatter plot matrix in Figure 5.5. As shown in Figure 5.5, there is a linear 

trend between PM2.5 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 condition index values were applied to check multicollinearity (SAS, 2009). If the VIF 

and intercept-adjusted condition index are larger than 10, then multicollinearity could be a 

problem in the model (Tao and Walsh, 2005). Based on collinearity model diagnostics, hen 

population, ambient temperature, hen age, and house RH were excluded. The model 

diagnostics were also checked for normality and constant variance assumptions, and no 

violations of these assumptions were identified. 
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Figure 5.5. Scatter plots of in-house PM2.5 mass concentration (y-axis) 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 production (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, normality, and constant variance check, the backward 

elimination method was applied to choose the best model, and 0.2 was the specified 

significant level for staying in the model (SAS, 2009). The final model is: 

)nventilatio(10*55.1)production.egg(10*33.6)AmbRH(26.3567.concPM 24

5.2

   R
2
=0.874   

(5-1) 

where PM2.5 conc. = the PM2.5 concentrations (g m
-3

) at ST1, Amb RH = the ambient RH 

(%), egg. production = the daily counted egg numbers, and ventilation = the calculated 

ventilation (m
3
 min

-1
). 
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Negative trends occur in ambient RH, egg production, and ventilation (negative 

coefficients). The negative effect of ventilation on PM2.5 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 house temperature 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 particle-laden exhaust air out. On the 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 exhaust PM2.5 concentrations 

and ventilation should consider the integrated effect of ventilation. As shown in Figure 5.5 

and equation 11, the overall effect of ventilation on PM2.5 mass concentrations was negative, 

which it means that increasing ventilation decreases PM2.5 mass concentrations. 

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 the factors is 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 one must use extreme caution when extrapolating data to 

other facilities and long time scale. 

5.4.4.2 Ambient Stations 

The strength of the linear relationship of ambient PM2.5 mass concentrations to emission 

rate, temperature, RH, solar radiation, and wind speed and direction were evaluated based on 

correlation coefficients. The Pearson correlation coefficients are listed in Table 5.7. The aim 

of this statistical analysis was to gain some understanding of how the ambient PM2.5 mass 

concentrations at different locations related to each other, to the source emissions, and to the 

meteorological conditions. Scatter plots for PM2.5 mass concentration were generated to 

visualize the relationships (Figure 5.6). The PM2.5 mass concentrations at ST2 appear on the 

y-axis, while the independent variables appear on the x-axis. 
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Table 5.7. Pearson correlation coefficients of ambient PM2.5 mass concentrations and ambient 

air conditions 

 

ST2 

PM2.5 Conc. 

(g m-3) 

ST3 

PM2.5 Conc. 

(g m-3) 

ST4 

PM2.5 Conc. 

(g m-3) 

ST5 

PM2.5 Conc. 

(g m-3) 

PM2.5 

ER 
(mg d-1) 

Ambient 

Temp. 
(°C) 

Ambient 

RH 
(%) 

Solar 

Rad. 
(W m-2) 

U of 

Wind 
(m s-1) 

V of 

Wind 
(m s-1) 

ST2 PM2.5 conc. 

(g m-3) 

1.00 0.93 0.98 0.89 0.13[a] 0.40 -0.15[a] 0.35 0.39 -0.07[a] 

ST3 PM2.5 conc. 

(g m-3) 

 1.00 0.96 0.87 0.24 0.31 -0.27[a] 0.44 0.34 -0.07[a] 

ST4 PM2.5 conc. 

(g m-3) 

  1.00 0.90 0.17[a] 0.38 -0.14[a] 0.33 0.43 -0.11[a] 

ST5 PM2.5 conc. 

(g m-3) 

   1.00 0.11[a] 0.42 0.07[a] 0.30 0.28 -0.02[a] 

PM2.5 ER 

(mg d-1) 

    1.00 -0.16[a] -0.60 0.53 -0.13[a] -0.13 

Ambient temp. 
(°C) 

     1.00 0.23 -0.04[a] 0.62 -0.11[a] 

Ambient RH 

(%) 

      1.00 -0.76 0.04[a] 0.42 

Solar radiation 
(W m-2) 

       1.00 0.01[a] -0.18[a] 

U of wind 

(m s-1) 

        1.00 -0.49 

V of wind 
(m s-1) 

         1.00 

[a]Not significantly different from zero at 95% confidence level. 
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Figure 5.6. Scatter plots for ST2 PM2.5 mass concentration (y-axis) plotted against PM2.5 

emission rate (ER), ambient temperature, ambient RH, solar radiation, U component of wind, 

V component of wind, and PM2.5 concentrations at other ambient stations (ST3, ST4, and ST5). 

 

No significant correlation was found between ambient PM2.5 mass concentrations and the 

measured house PM2.5 emission rates (Table 5.7). 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 concentrations, because 24 h samples tended to 

average PM2.5 from downwind and upwind. In a study that continuously monitored PM (Li 

and Wang-Li, 2011; Li et al., 2011), it was found that downwind PM concentrations were not 

constantly higher than upwind. Overall, the upwind concentrations of PM2.5 and PM10 were 

lower than the downwind concentrations; however, the differences were less than 1.0 g m
-3

 

for PM2.5 and 6.0 g m
-3

 for PM10 (detailed information in Chapter 7). As shown in Table 

5.7, PM2.5 concentrations at the four ambient stations were highly correlated ( > 0.90); the 
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significant positive correlations indicate that their sources of PM2.5 may be the same in 

nature. Both solar radiation and temperature were positively correlated with PM2.5 mass 

concentrations. These correlations indicate that stronger solar radiation and higher 

temperature tended to produce more PM2.5. Most of the atmospheric PM2.5 is formed by 

condensation of vapors onto pre-existing particles and nuclei (Colls, 2002; Seinfeld and 

Pandis, 1998b). Sunlight is most likely needed to produce the nucleating and condensing 

vapors from their precursors by photochemical reactions. Most photoreaction rates are 

associated with temperature, and high temperature can increase photoreaction rates. In 

previous studies (McMurry and Stolzenburg, 1989; Tillmann et al., 2010), it was reported 

that relative humidity could contribute to aerosol formation. However, this field study 

showed that relative humidity had no significant effect on PM2.5 mass concentration (p > 

0.05). One possible explanation is that the particle-bound water was lost during the process 

of sampling and/or filter conditioning for post-weighing. For all four ambient stations, the U 

components of wind were positive correlated with PM2.5 mass concentration ( > 0.3 and p-

value < 0.05), while the V components of wind were not significantly correlated with PM2.5 

mass concentration (p-value > 0.05). These indicate that the west wind tended to bring high 

inland pollutants to the east ocean, so the higher U component would result in higher PM2.5 

concentrations. 

5.5 CONCLUSIONS 

This study assessed PM2.5 concentrations in the vicinity of a layer farm based upon filter-

based 24-hr PM sampling method. The results revealed that the observed ambient PM2.5 was 

below the NAAQS limits. The lognormal distribution could be used to simulate the ambient 

PM2.5 concentrations. The expected number of days per year when PM2.5 exceeded NAAQS 

was less than one. Strong seasonal variations in PM2.5 concentrations at all PM sampling 

stations were observed. Specifically, the ambient stations had the highest concentrations in 

summer, and the in-house station had the highest PM2.5 concentration in winter. Egg 

production, ambient RH, and ventilation had negative relationships with in-house PM2.5 

concentrations. PM2.5 concentrations at the four ambient stations were highly correlated each 

other. Solar radiation, temperature, and the U component of wind were positively correlated 
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with ambient PM2.5 mass concentrations. For PM2.5 emissions, 95% of the time they are 

below 7.41 g d
-1

 AU
-1

 (or 21.0 mg d
-1

 hen
-1

), and 50% (median) of time they are below 3.08 g 

d
-1

 AU
-1

 (8.81 mg d
-1

 hen
-1

). The PM2.5 emissions could be best simulated by the gamma 

distribution. Based on the gamma distribution, 95% confidence intervals of emissions (mg 

PM2.5 d
-1

 hen
-1

) were [7.86, 11.4]. 
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CHAPTER 6. CHEMICAL SPECIATION AND SIMULATION OF 

PM2.5 IN AN ANIMAL FEEDING OPERATION FACILITY AND ITS 

VICINITY 

6.1 ABSTRACT  

 Investigation of the chemical composition of PM2.5 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 year-long field study was conducted on a commercial egg production 

farm. Samples PM2.5 were collected from five monitoring stations (in house and at  four wind direction of 

ambient locations). The major ions, gas NH3, elements, organic carbon (OC) and element carbon (EC) were 

analyzed by ion chromatography (IC), X-ray florescence (XRF), and thermo-optical analysis, respectively. 

Ambient NH3 concentrations ranged from 10 to 27 µg/m
3
, and were impacted by house NH3 emissions. K

+
, Na

+
 

and Cl
-
 were highly correlated with each other inside the layer house. At ambient stations, SO4

2-
 and NH4

+
 

(ρ=0.801) had strong relationship, whereas in the layer house, SO4
2-

 and NH4
+
 were not highly correlated.  

PM2.5 had no linear response to NH3, HNO3, H2SO4 precursor gases based on thermodynamic simulation. The 

changes in NH3 in high concentration ranges had small effect on PM2.5 mass. PM2.5 inside the layer house was 

alkaline and PM2.5 in ambient was close to neutral. The ambient (NH4
+
)s/SO4

2-
 molar ratio mean was 1.695.  At 

all stations, 90% carbon was OC, and ST1 had the highest OC/TC ratio.  Methods for calculating statistic 

parameters of measured element concentrations include direct with zero, direct without zero (treated as 

missing), uncensored (truncated) and left censored. The results based on different methods were significantly 

different for low concentration elements. The chemical mass balance analysis revealed that OC accounted for 

above 50% of PM2.5 mass in both house and ambient stations. NH4
+
, SO4

2-
, and NO3

-
 accounted for about 

40.0% of the total PM2.5 mass in ambient locations and for only 12% of the total PM2.5 mass in house. The 

measured PM2.5 masses agreed with the sums of the masses of chemical components at all stations except for 

ST1. In ST1, the measured PM2.5 mass was almost 40% more than the mass sum of the chemical components.  

Keywords: Animal Feeding Operations (AFOs), Chemical characterization, Fine particulate matter (PM2.5), 

Ions, 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 several 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 Special Purpose Monitoring Stations (SPMS) (US EPA, 2010a). Two PM2.5 monitoring 

networks were established in the U.S. for fine particulate (PM2.5) chemical speciation. These 

two chemical speciation networks include the Interagency Monitoring of Protected Visual 

Environments (IMPROVE) (2010) and the PM2.5 National Chemical Speciation Network 

(CSN) (RTI International, 2010a). In addition, the Clean Air Status and Trends Network 

(CASTNET) is designed to provide data to assess the air quality, and deposition (US EPA, 

2011) . These monitoring networks provide high quality data for air quality and public health 

studies. However, they do not necessarily provide representative data for rural agriculturally 

intensive areas due to lack of spatial coverage.   

As a criteria pollutant, PM2.5 is of increasing concern. Studies have demonstrated 

evidence of its negative health effects on human and animals (Andersen et al., 2004; Korrick 

et al., 1998; Kunzli and Tager, 2000; Mitloehner and Calvo, 2008). Korrick et al (1998) 

found that PM2.5 was associated with significant effects on pulmonary function in adults 

during prolonged outdoor exercise.  PM2.5 can also adversely impact visibility, and contribute 

to acidification of lakes and streams, thereby degrading ecosystem health (US EPA, 2010b).   

    PM2.5 can originate from anthropogenic and natural sources or form through atmospheric 

reactions (Hinds, 1998). Different areas and regions have different major emission sources, 

climatology and geography, and therefore wide temporal and spatial variation in PM2.5 

concentrations and characteristics are expected.  Because of its relatively long residence time 

(3-5 days) in the atmosphere, PM2.5 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, sulfate (SO4
2-

), nitrate (NO3
-
) and ammonium (NH4

+
)  are six major 

components accounting for majority of PM2.5 mass (US EPA, 1997). The water-soluble ions 

(SO4
2-

, NO3
-
, NH4

+
, etc.) in many areas account for a major fraction of PM2.5 mass 
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(Kerminen et al., 2001). The ionic compositions of PM2.5 link to various chemical reactions 

in aerosols (Liang and Jacobson, 1999). The chemical characteristics provide basic 

information for studies of PM2.5 source apportionment and assessment that may lead to 

development of cost effective mitigation strategies.  

The study of ambient PM and co-pollutants patterns and characterization in rural AFOs 

intensive areas is important to assess AFOs’ 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 (EC) of PM2.5 inside and in the 

immediate 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 

areas, which is absence in U.S. EPA’s national ambient air quality monitoring networks.   

6.3 METHODOLOGY  

The PM2.5 chemical 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 

sulfur, sodium, potassium and chlorine.  Figure 6.1 and Table 6.1 show the linear regressions 

of sulfur, sodium, potassium and chlorine measured by XRF and IC. The measurements for 

sulfur were in good agreement; the ratio of water-soluble sulfate by IC to total sulfur by XRF 

was about 3. However, for potassium, sodium and chlorine, the agreements were not 

satisfactory. Nylon filters are known to have high efficiency to collect gaseous nitric and 

hydrochloric acids (Anlauf et al., 1985; Tillmann et al., 2010), so the chlorine results from IC 

results accounted for particle phase Cl
-
 and gas phase Cl, although low gaseous hydrochloric 

acid exists in agriculture sites (Walker et al., 2006). The discrepancy for sodium may be due 

to instrumental limitations and low X-ray yields for the light elements (sodium Z=11).  The 

reason for the discrepancy for potassium is unknown, so the potassium data should be used 

with caution.  
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Table 6.1. XRF and IC method comparison (raw data used) for four element measurements 

 W/ zero values W/O zero values 

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

R
2
=0.24 

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

R
2
=0.054 

Ambient  S 
S (XRF)=-0.04+0.37 SO4(IC) 

R
2
=0.94 

Same because of no zero values 

Ambient  Na 
Na (XRF)=0.006+0.40 Na(IC) 

R
2
=0.33 

Na (XRF)=0.002+0.43 Na(IC) 

R
2
=0.34 

Ambient  Cl 
Cl (XRF)=6.0E-4+0.11Cl (IC) 

R
2
=0.19 

Same because of no zero values 
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Figure 6.1. XRF and IC method comparison (y-axis is XRF and x-axis is IC)  

 

6.4.2 Data validation of major ions   

Figure 6.2 shows the boxplots (also known as box-and-whisker plot) of mass 

concentrations for all ions (NH4
+
, Na

+
, K

+
, SO4

2-,
 Cl

-
, and NO3

-
).  Some very suspicious (not 

necessarily meaning invalid) large or small values located far away from the central of the 

group data values were observed. These unusual values may indicate possible measurement 
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errors (Barnet and Lewis, 1994). The errors could arise from filter contamination, analysis 

process error, to some other unidentifiable reasons. If these values went undetected they 

could cause serious distortions in statistical inferences. If the observations were more than 

2*adjusted SD, then these suspicious observations were checked from field sampling, 

transportation, laboratory analysis, and data inputs. 

For comparison, another robust method devised by advocates of exploratory data analysis 

(EDA) was applied to look for outliers (Cody, 2008). An outlier was defined if the data point 

was above or below the whiskers. The lower whisker represented the lowest datum within 1.5 

interquartile ranges (IQR) of the lower quartile, and the upper whisker represented the 

highest datum with 1.5 IQR of the upper quartile. This method was considered as a robust 

method because it was independent of the distribution of the data values. As shown in Figure 

6.2,  the method based on trimmed SD and mean accomplished very similar results as EDA 

method. There were only few points above the upper whisker (Q3+1.5*IQR) for NH4
+
, Na

+
 

and Cl
-
, and no points were below the lower whisker (Q1-1.5*IQR).  Based on statistical and 

professional judgment, the validated data were applied for further analyses.  
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Figure 6.2. NH4
+
, K

+
, and Na

+
 data comparison: with outliers vs. validated. The bottom and the 

top of the box are the 25
th

 and 75
th

 percentiles, the line near the middle of the box is the 50
th

 

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 study had a large internal surface area 

(508 cm
2
) coated with 1% citric acid and 1% glycerol in ethanol for the collection of basic 

gas NH3, and three denuders in series were applied at the in-house sampling station (ST1), 

the layer house had very high NH3 concentrations (from several to over 100 ppm), denuders 

breakthrough was observed.  As shown in Figure 6.3, the NH3 concentrations from the top, 

middle and bottom denuders show no differences. Theoretically, if there was no denuder 

breakthrough, the top one or two denuder would collect almost 100% NH3 gas.  

Figure 6.4 shows the NH3 concentrations simultaneously measured by an INNOVA 1412 

multi-gas analyzer and the Denuder-IC method. Concentrations of NH3 measured by the 

INNOVA were in the range of 1.15 to 36.3 ppm. However, the NH3 measured by three 

denuders were in the range of 0.06 to 0.72 ppm, indicating serious breakthrough.  So ST1 

NH3 concentrations measured by denuders were invalidated. When a breakthrough occurred, 

the collecting denuders reach their maximum capacity if the reagents of citric acid were 

consumed during sampling. Using the results from saturated denuders, the calculated 

maximum NH3 was 910 µg, so at 10 l/min flow rate and 24 hour sampling duration, and the 

maximum NH3 concentration was about 63 µg/m
3
 (0.08 ppm).  At ambient stations, all 

denuders didn’t reach their maximum capacities, so the data were acceptable and valid.  

Ambient NH3 concentrations are listed in Table 6.2. Figure 6.5 compares NH3 

concentrations of denuder samples from 4 ambient stations using side-by-side boxplots. 

ANOVA analysis was used to compare the mean NH3 concentrations at ST2-5, ST2 had the 

lowest mean NH3 concentration, ST5 had lower mean NH3 concentration than ST3 and ST4, 

and ST3 was not significantly different from ST4.  ST3-4 had much higher NH3 

concentrations than ST2 and ST5. As shown in Figure 2.1, ST2 was at the farthest distance 

from the houses among 4 stations, and it was less likely impacted by house NH3 emissions.  
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Table 6.2. Statistics of NH3 gas concentrations (µg/m
3
 at 1 atm and 25 °C) at 4 ambient stations 

Station na Mean Median std Min Max 
95% confidence interval for 

mean 

ST1b         

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 23.2 30.7 
ST5 54 17.0 14.2 13.8 0.3 59.1 13.3 20.8 

a: the number of samples, b:ST1 denuder breakthrough and no validate NH3 gas data. 

 

 

Figure 6.3. Denuder breakthrough at ST1 
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Figure 6.4. ST1 NH3 concentration (ppb) measured by INNOVA gas analyzer and by Denuder 

method (Cycle symbol represents concentrations from denuder method, and cross symbol 

represents concentrations form INNOVA method) 
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Figure 6.5. Ambient stations NH3 concentrations (µg/m
3
). The bottom and top edges of the box 

indicate the intra-quartile range (IQR=75
th

 -25
th

 percentiles); The diamond markers and the 

lines inside the boxes are the mean and median values separately; The whiskers that extend 

from each box indicate the range of values that are outside of the IQR, but are close enough not 

to be considered as outliers (a distance ≤ 1.5*IQR); Any points (cycle markers) that are a 

distance of more than 1.5 *IQR from the boxes are considered outliers 

 

6.4.4 Average ions concentrations  

The descriptive statistics of ion concentrations of all PM2.5 samples taken from five 

stations across four seasons are presented in Table 6.3.  The descriptive statistics include 

numbers of observations (N), mean, SD, median, minimum (min) and maximum (max). 

SO4
2-

, and NH4
+
 were two mostly abundant in ambient and house stations, and their 

concentrations were significantly higher than Na
+
, K

+
 and Cl

-
. For comparison of the mean 

ion concentrations among five sampling stations, the ANOVA Tukey’s studentized range 

(HSD) test results are also listed in Table 6.3. ST1 (Tukey’s group A) had significantly 

higher NH4
+
, Na

+
, K

+
, SO4

2-
 and Cl

-
 concentrations than all other stations (Tukey’s group B).  

For NO3
-
 concentrations, ST1 was significantly higher than all ambient stations except ST4. 
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Table 6.3. Annual average concentrations for ions (NH4
+
, Na

+
, K

+
, SO4

2-
, Cl

-
, and NO3

-
) at ST1-

ST5 

  N Mean  SD Median Min Max Tukey’ s 

Grouping 

NH4
+ (µg/m3) ST1 59 1.23 0.76 1.12 0 2.85 A 

ST2 58 0.79 0.35 0.73 0.27 1.66 B 

ST3 58 0.89 0.36 0.82 0.32 1.68 B 

ST4 60 0.96 0.42 0.87 0.34 1.96 B 

ST5 56 0.79 0.30 0.73 0.26 1.55 B 

TotlAmb 239 0.86 0.37  

Na+ (µg/m3) 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+ (µg/m3) ST1 60 1.29 1.17 1.15 0 3.91 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 0.11 B 

TotlAmb 239 0.03 0.03  

SO4
2- (µg/m3) 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 1.99 0.75  

Cl- (µg/m3) 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  

NO3
- (µg/m3) 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 0.47 0.24  

PM2.5 mass 

concentration 

(ug/m3) 

ST1 65 156 129 144 10.6 434 A 

ST2 66 9.53 4.35 8.00 3.85 22.8 B 

ST3 65 9.01 3.77 8.32 3.75 21.2 B 

ST4 66 8.73 3.70 7.51 3.70 21.3 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 stations (ST2-ST5) are 

presented in Table 6.4. The mean concentration of OC found in ST1 was significantly higher 

than ambient stations, which indicated that the major PM2.5 was organic in origin (such as 

feed).  
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Table 6.5 shows the ratios of OC to total carbon (TC = elemental plus organic) at all 

stations. The ratios of OC/TC listed in this table indicate that above 90% of carbons were OC 

at all five stations. Compared with ambient station samples, the samples from ST1 (in house) 

had statistically significantly higher OC/TC ratio. EC is a product of incomplete combustion 

of fuels and biomass, and the particles from layer house were mainly composed of organic 

compounds.  

During the winter season, OC/TC ratio at ST1 had the highest mean value. However, 

OC/TC ratio at ambient stations, spring, summer and winter were not significantly different 

from each other and autumn had the lowest ratio.   
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Table 6.4.  statistics of the average concentrations of OC/EC 

Station Label* Mean Std Dev Median Minimum Maximum 

ST1 
(n=59) 

OC (µg/m³) 43.78 45.58 24.81 3.48 209.63 

EC (µg/m³) 1.16 2.11 0.68 -0.00 15.82 

OC peak1 (µg/m³) 2.15 3.73 0.75 0.07 21.34 

OC peak2 (µg/m³) 22.41 25.01 11.30 1.64 120.20 

OC peak3 (µg/m³) 6.49 5.24 3.98 1.15 20.25 

OC peak4 (µg/m³) 7.54 6.72 4.86 0.51 25.80 

Pyrolysis OC (µg/m³) 5.19 9.14 0.12 -2.76 39.90 

TC (µg/m³) 44.93 46.26 25.35 3.48 211.70 

ST2 
(n=59) 

OC (µg/m³) 3.38 1.80 3.04 0.44 7.55 

EC (µg/m³) 0.29 0.28 0.28 -0.01 1.45 

OC peak1 (µg/m³) 0.42 0.35 0.33 0.04 1.40 

OC peak2 (µg/m³) 1.41 0.82 1.20 0.16 3.39 

OC peak3 (µg/m³) 0.95 0.48 0.94 0.13 2.32 

OC peak4 (µg/m³) 0.72 0.50 0.64 0.01 2.64 

Pyrolysis OC (µg/m³) -0.12 0.26 0.00 -1.23 0.06 

TC (µg/m³) 3.67 1.87 3.50 0.44 8.07 

ST3 
(n=59) 

OC (µg/m³) 3.32 1.66 2.91 0.51 7.18 

EC (µg/m³) 0.28 0.24 0.23 -0.00 0.89 

OC peak1 (µg/m³) 0.42 0.33 0.32 0.05 1.46 

OC peak2 (µg/m³) 1.40 0.76 1.24 0.19 4.29 

OC peak3 (µg/m³) 0.92 0.44 0.82 0.13 2.14 

OC peak4 (µg/m³) 0.68 0.47 0.58 0.05 2.51 

Pyrolysis OC (µg/m³) -0.09 0.22 0.00 -0.81 0.08 

TC (µg/m³) 3.60 1.71 3.37 0.53 7.63 

ST4 

(n=59) 

OC (µg/m³) 3.26 2.01 2.86 0.71 8.93 

EC (µg/m³) 0.29 0.26 0.29 -0.00 1.15 

OC peak1 (µg/m³) 0.38 0.39 0.23 0.04 1.70 

OC peak2 (µg/m³) 1.39 0.86 1.14 0.31 4.02 

OC peak3 (µg/m³) 0.96 0.64 0.85 0.14 3.98 

OC peak4 (µg/m³) 0.69 0.50 0.63 0.01 2.81 

Pyrolysis OC (µg/m³) -0.17 0.26 0.00 -0.96 0.06 

TC (µg/m³) 3.55 2.05 3.23 0.74 9.38 

ST5 

(n=59) 

OC (µg/m³) 3.44 1.71 3.16 1.16 7.47 

EC (µg/m³) 0.35 0.27 0.30 -0.00 1.25 

OC peak1 (µg/m³) 0.41 0.38 0.27 0.04 1.45 

OC peak2 (µg/m³) 1.47 0.81 1.19 0.46 4.54 

OC peak3 (µg/m³) 0.94 0.43 0.84 0.24 2.23 

OC peak4 (µg/m³) 0.78 0.45 0.62 0.22 2.41 

Pyrolysis OC (µg/m³) -0.16 0.28 0.00 -1.06 0.15 

TC (µg/m³) 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 punch returned to the original value at the beginning of the 

analysis.  
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Table 6.5.  Statistics of the 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 analysis of seasonal variability, the period of study was grouped into four astronomical 

seasons (Li et al., 2011). Since the ion means of four ambient stations were not significantly 

different, these four ambient stations were combined together to increase sample size. Figure 

6.6 shows boxplots of concentrations of NH4
+
, Na

+
, K

+
, SO4

2-
, NO3

-
 and Cl

- 
 of  PM2.5 

samples at ST1 (inside the house) and ambient stations (the average of ST2-ST5). At ST1, 

NH4
+
 and NO3

-
 had similar concentrations throughout four seasons whereas SO4

2-
, Na

+
, K

+
, 

and Cl
-
 were significantly different at least in one of seasons. Inside the layer house, the gas 

phase NH3 concentration had a very strong seasonal variation, resulting from interaction of 

NH3 generation from poultry manure and house ventilation. Winter had much higher in-

house NH3 concentrations than summer. In Figure 6.6, small seasonal variation in NH4
+
 

indicates that gas phase NH3 was not the only major force driving its gas-particle 

partitioning. However, the interferences resultant from denuder breakthrough processes 

tended to overestimate in house NH4
+
. Higher in house NH3 concentrations in winter would 

result in greater overestimation magnitude of NH4
+
 than summer.  So if with correction of 

gas phase NH3 retained by filter, the seasonal variation would likely show some significant 

difference.  

For the ambient stations, concentrations of NH4
+
, Na

+
, K

+
, SO4

2-
, NO3

-
 and Cl

- 
 of  PM2.5 

samples were significantly different during at least one of seasons. NH4
+
 had higher 

concentrations in summer and spring than in winter and autumn. Variation in humidity, 

temperature and acid precursor concentrations may drive NH4
+
 seasonal variation.  NO3

-
 had 

the highest concentration in winter, which may be due to low temperature and high RH 

favorable of the formation of ammonium nitrate.  Seasonal variability in atmospheric mixing 
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layer height may also influence ambient concentrations at downwind distances (Rattigan et 

al., 2006).  

 

    

    

    

Figure 6.6.  Seasonal variations of ions (NH4
+
, Na

+
, and K

+
) of PM2.5 samples taken at ST1 (the 

layer house) and at ambient stations surrounding the farm.   
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6.4.7 Ions correlation analyses  

 The correlation coefficients between anions and cations of PM2.5 at in-house-station 

(ST1) and ambient stations (ST2-ST5) are shown in Table 6.6. For ST1,   K
+
, Na

+
 and Cl

-
 

were highly correlated with each other. Also their concentrations were significantly higher 

than that from ambient stations (K
+
: 14.2 vs. 0.03 µg/m

3
, Na

+
: 0.77 vs. 0.05 µg/m

3
 and Cl

-
: 

1.31 vs. 0.10 µg/m
3
). The relatively weak correlation between NH4

+
 and SO4

2-
 was most 

likely due to other sources of NH4
+
 (such as NH4OH). The high correlations of K

+
, Na

+
 and 

Cl
-
  indicate a possible common source for them, and they probably came from animal feed, 

as they are normal added as animally feed amendment. However, at ambient stations (ST2-

ST5), the correlation for K
+
, Na

+
 and Cl

-
 were different from ST1. Na

+
 and Cl

-
 are recognized 

as marker elements associated with sea salt, while K
+
 is a tracer for biomass burning (Chow, 

1995.).  

 

Table 6.6  Pearson correlation coefficients between anions and cations of PM2.5 taken at in-

house- station (ST1) and all ambient stations (ST2-ST5).  

 NH4
+ Na+ K+ SO4

2- Cl- NO3
- 

In House (ST1) 

NH4
+ 1      

Na+ NS* 1     

K+ NS* 0.97 1    
SO4

2- 0.26 0.32 0.30 1   

Cl- NS* 0.83 0.87 0.24 1  

NO3
- NS* 0.27 NS 0.41 0.32 1 

Ambient (ST2-ST5) 

NH4
+ 1      

Na+ NS* 1     

K+ 0.13 0.16 1    
SO4

2- 0.80 NS NS 1   

Cl- 0.32 0.52 NS 0.38 1  

NO3
- 0.39 NS 0.23 NS NS 1 

*NS:  correlation coefficients are not significant from zero under 95% confidence level. 

 

6.4.8 The balance of positive charges and negative charges of ions 

Ion balance was analyzed at five sites to investigate possible formation of secondary PM. In 

this analysis, the sum of cations and anions were expressed in micro-equivalents per cubic 

meter (µmoleq/m
3
). 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 were not included in regression equations. However, all slopes 

were significant (p<0.001). As shown in Figure 6.7, alkaline PM2.5 was observed at ST1 

(slope of 1.41), and the concentration of anions was not enough to neutralize the ammonium 

and other cations. The reason for alkaline PM2.5 at ST1 may be due to very high NH3 gas 

concentrations in the house. Because of denuder breakthrough in house, the breakthrough gas 

NH3 can deposit onto PM surface via wet or dry deposition and gas-particle partitioning, or 

react with gaseous acid collected on the Nylon filter. Also the results could be explained by 

the presence of other anions (such as HCO3
-
, CO3

2-
 , PO4

3-
, SiO(OH)3

-
, organic acids). ST2 

had the lowest slope of 0.83, which indicates acidic PM2.5. ST2 was located at the entrance of 

the egg production farm, 480 meter away from the center of the animal facility with a tree 

buffer between the station and the layer houses (Figure 2-1). There was sufficient NH3 to 

neutralize the anion species. However, 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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A: ST1: Y=1.41X (R2=0.92) 

 

B: ST2:  Y=0.83 X (R2=0.98) 

 

C: ST3: Y=0.97X (R2=0.98) 

 

D: ST4: Y=1.04X (R2=0.99) 

 

E: ST5: Y=0.98X (R2=0.98) 

 

 

 

Figure 6.7. Ion balance regression lines with 95% confidence limits. The corresponding slopes 

<1 indicates PM2.5 samples having acidic properties, and the corresponding slopes >1 indicates 

PM2.5 samples being alkalinity. A= ST1, B=ST2, C=ST3, D=ST4, and E=ST5.  

 

6.4.9 Molar ratios of NH4
+
/SO4

2-
  

It was assumed that ambient inorganic PM2.5 were contributed mostly from NH4NO3, 

(NH4)2SO4, NH4HSO4, (NH4)3H(SO4)2 and NH4Cl. To estimate the NH4
+
 associated with 

SO4
2-

, the molar ratios of (NH4
+
)s/SO4

2-
 were calculated by  subtracting NH4

+
 from NO3

-
 and 



 

156 

Cl
-
 (Walker et al., 2006).  Figure 6.8 shows the distribution of the (NH4

+
)s/SO4

2-
 molar ratios 

with a mean of 1.695.  Given the relatively high concentration of NH3 around this egg 

production farm, if gas phase NH3 was in equilibrium with sulfate aerosol, then the ratio 

should be close to 2. The low (NH4
+
)s/SO4

2-
 molar ratio were also observed by other studies 

(Baek and Aneja, 2004; Walker et al., 2006) in agriculture areas, which is most likely due to 

the short equilibrium time associated to the air mass transportation (Walker et al., 2006) .  

 

Figure 6.8. The distribution of ambient (NH4
+
)s/SO4

2-
 molar ratio, where (NH4

+
)s= NH4

+
 - NO3

-
- 

Cl
-
, the superimposed curve was normal simulation  

 

6.4.10 ISORROPIA Simulation  

To further investigate possible formation of secondary PM, thermodynamic modeling was 

performed using the ISORROPIA (Koerkamp et al., 1998; US EPA, 2010b; Yu et al., 2005). 

Data collected from ambient stations (ST2-5) were used as an input for ISORROPIA, and the 

summary is listed in Table 6.7. These inputs were in wide ranges, such as NH3 ranged from 

0.57-60.0 µg/m³ and temperature ranged from 1.74 to 28.2 
o
C. The predicted water plus the 

dissolved salts accounted about 80% of the total predicted aerosol mass and solid mass 

accounted less than 20%.  The liquid aerosol pH predicted by ISORROPIA had a median 

value of 7.43 and mean value of 6.44. The model assumed the gas-aerosol equilibrium and 
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SO4
2-

 completely neutralized. Yao et al. (2006) suggested that assuming completely 

NH3/NH4
+
 would severely overestimate in situ aerosol pH and have small influence on the 

predicted aerosol phase NH4
+
 . Considering the research site was influenced by high NH3 

emissions from egg production and surrounding agriculture lands, it was expected to have 

enough NH3 to neutralize all acidity. To future test pH simulation, “Metastable” state was 

applied in the model simulation, and the liquid aerosols showed very strong acidity (pH=3.05 

in Table 6.7).  The simulation data suggested that the model maybe underestimate in situ 

aerosol pH instead of overestimate in situ aerosol pH as showed in the study of Yao et al. 

(2006).  
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Table 6.7. ISORROPIA inputs and simulation results of samples taken at ambient sampling 

stations 

  Variables  (µg/m³) N Mean SD Median Min Max 
In

 h
o
u

se
 s

am
p

le
s 

M
o
d

el
  
 I

n
p
u

t 

Total sodium (gas+aerosol) (Na*) 43 0.66 0.53 0.52 0.05 1.91 

Total sulfate (gas+aerosol)  (H2SO4*) 43 2.43 0.95 2.13 1.00 4.42 

Total ammonium (gas+aerosol) (NH3* -mg/m3) 43 12.1 11.7 8.20 0.78 44.8 

Total nitrate (gas+aerosol) (HNO3*) 43 0.64 0.31 0.56 0.22 1.37 

Total chloride (gas+aerosol) (HCl*) 43 1.23 0.99 0.96 0.09 3.28 

Total Ca (gas+aerosol)  43 2.69 2.63 1.81 0.12 10.2 

Total K (gas+aerosol) 43 1.61 1.36 1.47 0.09 5.00 

Total Mg (gas+aerosol) 43 0.46 0.41 0.41 0.00 1.63 

RH on (0,1) Scale 43 0.69 0.12 0.71 0.44 0.85 

Amb Temp (K) 43 291 6.32 291 282 304 

M
o
d

el
 O

u
tp

u
t Aerosol water content 43 6.08 4.28 4.64 0.00 17.6 

Total aerosol ammonium (solid + aqueous) (NH3*) 43 0.21 0.30 0.00 0.00 1.25 

Total aerosol nitrate (solid + aqueous) (HNO3*) 43 0.63 0.32 0.56 0.22 1.37 

Total aerosol chloride (solid + aqueous) (HCl*)  43 1.21 1.00 0.96 0.09 3.28 

Aerosol aqueous phase mass (water+dissolved salts)  43 9.29 5.57 7.67 0.00 22.0 

Aerosol solid phase mass  43 2.84 1.46 2.55 0.64 6.01 

A
m

b
ie

n
t 

st
at

io
n
 

M
o
d

el
 I

n
p
u
t 

Total sodium (gas+aerosol) (Na*) 161 0.04 0.03 0.03 0.00 0.14 

Total sulfate (gas+aerosol)  (H2SO4*) 161 2.09 0.77 1.98 0.78 4.18 

Total ammonium (gas+aerosol) (NH3*) 161 21.9 14.1 21.9 0.58 60.0 

Total nitrate (gas+aerosol) (HNO3*) 161 0.49 0.26 0.41 0.14 1.21 

Total chloride (gas+aerosol) (HCl*) 161 0.08 0.05 0.07 0.02 0.23 

Total Ca (gas+aerosol)  161 0.02 0.01 0.01 0.00 0.08 

Total K (gas+aerosol) 161 0.04 0.03 0.04 0.01 0.13 

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 

Amb Temp (K) 161 289 6.63 289 275 301 

M
o
d

el
 O

u
tp

u
t Aerosol water content 161 2.13 1.75 2.02 0.00 8.88 

Total aerosol ammonium (solid + aqueous) (NH3*) 161 0.76 0.28 0.72 0.19 1.53 

Total aerosol nitrate (solid + aqueous) (HNO3*) 161 0.33 0.268 0.270 0.000 1.07 

Total aerosol chloride (solid + aqueous) (HCl*)  161 0.02 0.02 0.02 0.00 0.12 

Aerosol aqueous phase mass (water+dissolved salts)  161 4.34 3.16 4.24 0.00 15.1 

Aerosol solid phase mass  161 1.08 1.34 0.28 0.00 4.60 

 

6.4.10.1 Total NH3, Cl
-
 and NO3

-
 repartitioning and simulation 

In Figure 6.9, the predicted gas phase NH3 (gNH3) and aerosol phase NH4
+
 (pNH4

+
) are 

plotted against the measured NH3 and NH4
+
.  The average ratio of gNH3 and pNH4

+
 was 

27:1, which indicted only about 5% was partitioned into aerosol phase.  The thermodynamic 

equilibrium between gas and aerosol NH3 was depended on aerosol pH, aerosol species (such 

as SO4
2-

, NO3
-
 and Cl

-
), gas species (such as HCl and HNO3), as well as temperature and RH 

(Nenes et al., 1998; Nowak et al., 2006). There was good agreement between the model 

simulation and observations, and Table 6.8 lists the linear regression analyses results.  The 

good agreement suggested that 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 (NH4)2SO4, 0.05% N in solid phase NH3Cl, 4.0% N in solid 

NH4NO3, and 64.9% N in aqueous phase NH4
+
.  

The repartitioned Cl
-
 and NO3

-
 are listed in Table 6.7. Comparing the ratio of mean 

concentrations, NO3
-
 exited primarily in the aerosol phase (Ratio=2.24), which is close to the 

observation of Walker et al. (2006). However, most of Cl
-
 was partitioned into gas phase as 

HCl. With the relatively high NH3 concentration in the research site, NH3 should react with 

HCl to form NH4Cl. As aforementioned, the model predicted strong acidity in aerosols, and it 

may be a possible reason of the high predicted gas phase HCl.   

 

Table 6.8. Simulation vs. Measurement 

Station Variables Equations 

Ambient (ST2-5) NH3 (Simulation (y) vs. Measured (x))  Y=-0.01 + 1.00 X  R2=1.0  
Ambient (ST2-5) NH4

+ (Simulation (y) vs. Measured (x)) Y=0.16+0.74 X R2=0.87  

 

 

Figure 6.9. Simulation vs. measurement (A=gas phase NH3 and B=aerosol phase NH4
+
) 
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6.4.10.2 Inorganic PM2.5 simulation sensitivity analysis  

Table 6.9 shows the median, 5
th

 percentile and 95
th

 percentile of species concentrations, 

RH and Temperature. The medians served as initial species concentrations as the model 

inputs. For all sensitivity analyses, the concentrations of total sulfate (gas + aerosol), nitric 

acid (gas + aerosol), ammonia (gas + aerosol), RH and temperature varied in the ranges of 0 - 

50 µg/m³, 0 – 50 µg/m³, 0 – 50 µg/m³, 0 – 100 %, and 275 – 310 K, respectively.  

    In the systems, because ammonia-to-sulfate molar rations were greater than 2, the exiting 

components included (NH4)2SO4, NH4NO3 and NH4Cl. Adding 1 µg of sulfate to the system 

will increase PM2.5 mass by 2.25 µg, which includes 0.90 µg aerosol water and 1.35 µg 

(NH4)2SO4. The predicted dry aerosol mass was close to the results from the GFEMN model, 

in which aerosol water was not reported (Ansari and Pandis, 1998) . The PM2.5 response to 

HNO3 and HCl were similar to that of H2SO4 in our specified model inputs conditions.  

Figure 6.10A shows the PM response to NH3 and the PM level responded nonlinearly to 

changes in NH3 concentrations. In the vicinity of AFOs, there exist an over-sufficient 

quantity of NH3, and PM concentration was insensitive on changes in NH3. Aerosol water 

increased with adding more NH3 to the system, which had similar pattern as PM 

concentrations.  As shown Figure 6.10B, adding more NH3 caused gas phase NH3 increasing 

and less aerosol NH4
+
 was formed as total NH3 > 10 µg/m³. Figure 6.10C shows for a system 

with HCl, HNO3 and H2SO4, NH3 first reacted with H2SO4, the remaining NH3 reacted with 

HCl and HNO3 depending on the RH and temperature.  

To estimate the PM response to reductions in precursor concentrations, RH and 

temperature, the test included the reduction of sulfate, nitrate, ammonia by 50%, RH by 50%, 

and temperature by 10 
o
C using the one-year field data. The test was conducted by assuming 

stable concentrations and conditions of other variables, while a specific variable was tested.   

Table 6.10 lists the simulated mean behavior of the PM. A reduction in each of the precursor 

concentrations resulted in net reductions in PM, decreasing RH results a significant aerosol 

water loss, and decreasing temperature resulted in PM increasing. The reduction of sulfate 

has the most significant impact on the reduction of PM. A significant reduction in NH3 had 

minimal impact on inorganic PM2.5 at this research site due to high concentration of NH3 gas.  
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Table 6.9. The initial species concentrations and meteorological conditions for ISORROPIA 

sensitivity analyses 

Inputs (µg/m³) Median 5th pctl 95th pctl 

Na+ 0.032 0.004 0.095 
SO4

2- 2.101 1.069 3.322 

NH4
+ 21.9 1.65 43.3 

NO3
- 0.527 0.192 1.002 

Cl- 0.071 0.028 0.156 

Ca2+ 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) 287.6 277.9 298.9 

 

 

Table 6.10. Gas- and Aerosol-Phase concentrations for 50% reductions in precursor 

concentrations for ambient samples 

 SO4
2- NH3 (g) HNO3 (g) NH4

+  Cl- NO3
- Water PM Δ(PM)/Δ(precursor) 

Initial 2.027 21.2 0.151 0.733 0.024 0.303 2.20 5.382  

ΔSO4
2- (50%) 1.013 21.6 0.178 0.371 0.018 0.276 1.13 2.904 2.44 

ΔNH3 (50%) 2.113 10.5 0.235 0.745 0.016 0.258 2.12 5.350 0.003 
ΔNO3 (50%) 2.113 21.7 0.097 0.720 0.023 0.0150 2.06 5.165 0.63 

ΔRH (50%) 2.113 21.7 0.285 0.725 0.001 0.208 0.000 3.145 4.47 

ΔTemp(10 oC) 2.113 21.6 0.029 0.818 0.053 0.464 2.183 5.730 0.035 
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Figure 6.10. Response of PM2.5 to total ammonium (gas + aerosol). A: mass and aerosol water 

concentrations (µg/m³), B: Aerosol NH4
+
 and gas NH3 (µg/m³) and C: total aerosol NO3

-
 and Cl

-
 

(µg/m³) 

 

6.4.11 Element analyses  

The values below the detection limit (DL) were a major statistical complication. The use 

of such data (left-censored) for detecting trends or relationship can be compromised despite 

the most rigorous quality assurance program. Figure 6.11 shows two sample data sets for 

element V (Vanadium) from ambient stations (ST4 and ST5). Both distributions were high 

skewed to right because of data truncation. The percentages of zero values for V were as high 

as 58% and 62% for ST4 and ST5, respectively. Table 6.11 lists the summary of the reported 
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zero value percentages at ST1 to ST5 (exactly percentage values shown in Table 6.12 to 

Table 6.16). Using ST4 as an example, 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 deletion of zero 

values will provide poor estimates. These substitution and deletion methods include the use 

of values above the detection limit (DL) only, or substitution of 0, with 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 left-censored, and  the Tobit model (USDA, 2011) was applied, and 

PM2.5 mass concentration was treated as a covariate.  The Tobit model is a parametric 

method, assumes a normal distribution and uses maximum likelihood methods to estimate 

parameters, based primarily on the non-censored data but incorporating the size of the 

censored and non-censored components of the sample.   

Table 6.12 to Table 6.16 list the calculated results based on different methods for data 

validation: direct with zero, direct without zero (treated as missing), uncensored (truncated) 

and left censored. Taking Ag in ST1 as an example, there were total 58 observations, but the 

numbers of the reported zero values was 49. When treating zero as missing, the mean was 

3.62±1.44 ng/m
3
 (N=9). When doing direct calculation with zero values, the mean was 

0.56±1.43 ng/m
3
 (N=58). The truncated method gave mean= -5.00 ±0.50 ng/m

3
 (N=58).  The 

left-censored method gave mean = 0.51 ± 0.08 ng/m
3
 (N=58). Figures 6.12 and 6.13 compare 

the resultant concentrations computed by the different methods. When the percentages of the 

values below DL (the zero value percentage) were below 66.7%, all methods gave very 

constant results and did not show significant difference. However for the high percentages of 

the low DL values, different methods showed significant difference. The direct 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 to the choice of a distribution.  Whether or not a distribution model is a good choice 

from a statistical point, there are many statistical tools that can help in decision making.  
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After fitting a distribution model to a data set, diagnosing the model's fit or comparing the fit 

of different distributions are very important.  

The measured elements were grouped based upon their properties as indicated in the 

period table (Figure 6.14). Following the group characterization, and treating the total 

measured elements as one unit, the pie charts for different sites were developed and are listed 

in Figure 6.15.  For ST1 (in house), alkaline metals (Mg: 540±493 ng/m
3
, Ca: 3187± 2829 

ng/m
3
, Sr: 3.92 ± 4.09 ng/m

3
, and Ba: 8.95 ±11.0 ng/m

3
) had 31.5% of total measured 

element mass. Nonmetals (P: 1294±1180 ng/m
3
, S: 1761 ± 796 ng/m

3
) had 25.8% of total 

measured element mass, then followed by alkali metals (Na: 770 ± 704 ng/m
3
, K: 1830± 

1665 ng/m
3
).  For the ambient stations (ST2-ST5), the element compositions were different 

from ST1 (in House), the nonmetals had more than 70% of total measured elements (ST2: 

825±375 ng/m
3
, ST3: 787±366 ng/m

3
, ST4: 77.3±358 ng/m

3
, ST5: 757± 336 ng/m

3
).  The 

majority sulfur (S) existed in particle phase as sulfate (SO4
2-

), which was an important 

component in PM2.5.  

As shown in Figure 6.15, PM samples from Station 1 (ST1) and ambient stations (ST2-

ST5) had big differences in element compositions, but for ambient stations (ST2-ST5), the 

element compositions were similar. For different elements, the statistical test results are 

shown in Table 6.17. 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 Zr), concentrations at ST1 and ambient stations (ST2-ST5) were very 

low, and showed no statistical difference.  For ambient stations (ST2-ST5), Al, Fe, and Si at 

ST2 had much higher concentrations than ST3-ST5. All these elements (Al, Fe, 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 compositions at ST2.  
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Table 6.11. The Reported zero value percentages in samples taken at ST1 to ST5 

Zero values percentage (%) >66.7% 33.3 to 66.7 % <33.3% 

ST1 
Ag, Cd, Cr, Cs, In, 

Sb, Sn, Zr 

Al, Ba, Ce, Co, Rb, 

Sr 

As, Br, Ca, Cl, Cu, 

Fe, K, Mg, Mn, Na, 

Ni, P,  Pb, S, Se, 
Si, Ti, V, Zn 

ST2 

Ba, Cd, Ce, Co, Cs, 

In, Mg, P, Rb, Sn, 

Sr, Zr 

Cr, Ni, Pb, Sb, V 

Al, As, Br, Ca, Cl, 

Cu, Fe, K, Mn, Na, 

S, Se, Si, Ti, Zn 

ST3 

Ag, Ba, Ce, Cs, In, 

Mg, P, Rb, Sn, Sr, 

Zr 

Al, Cd, Co, Ni, Pb, 
Sb, V 

As, Br, Ca, Cl, Cr, 

Cu, Fe, K, Mn, Na, 

S, Se, Si, Ti, Zn 

ST4 
Ag, Ba, Cd, Ce, Co, 
Cs, In, Mg, P, Rb, 

Sn, Sr, Zr 

Al,  Ni, Pb, Sb, V 
As, Br, Ca, Cl, Cr, 
Cu, Fe, K, Mn, Na, 

S, Se, Si, Ti, Zn 

ST5 
Ba, Cd, Ce, Co, Cs, 
In, Mg, P, Rb, Sb, 

Sn, Sr, Zr 

Al, As, Cr, Ni, V 
Ag, Br, Ca, Cl, Cu, 
Fe, K, Mn, Na, Pb, 

S, Se, Si, Ti, Zn 

 

 

 

 

Figure 6.11. Left censored data for V from ambient stations: ST4 -Up and ST5-down   
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Table 6.12. ST1 Element concentration (ng/m
3
), standard deviation (SD) and Number of 

observations: Different method comparison  

Eleme
nt 

Mean 
W/O 
Zero 

SD 
W/O 
zero 

W/O 
Zero 
NObs 

Mean 
W/ zero 

SD W/ 
Zero 

Uncensored 
Mean 

Uncensored 
SD 

Censored 
Mean 

Censored 
SD 

Total 
NObs 

Zero/T
otal 

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 2.14 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 1.51 -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 185.66 113.12 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 40.21 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 263.78 216.54 58 263.78 216.54 263.78 159.69 271.95 152.53 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 

V 3.39 2.07 55 3.21 2.15 3.19 1.93 3.21 1.92 58 5.2 

Zn 255.46 236.11 58 255.46 236.11 255.46 230.00 258.58 226.91 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
3
), standard deviation (SD) and Number of observations: 

Different method comparison  

Element Mean 
W/O 
Zero 

SD 
W/O 
zero 

W/O 
Zero 
NObs 

Mean 
W/ 

zero 

SD W/ 
Zero 

Uncensored 
Mean 

Uncensored 
SD 

Censored 
Mean 

Censored 
SD 

Total 
NObs 

Zero/To
tal 

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 1.35 60 1.7 

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 46.91 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 33.31 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 825.04 424.79 60 825.04 424.79 825.04 375.75 825.30 375.46 60 0.0 

Sb 10.15 10.07 21 3.55 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 

V 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 (ng/m
3
), standard deviation (SD) and Number of 

observations: Different method comparison. 

Element Mean 
W/O 
Zero 

SD 
W/O 
zero 

W/O 
Zero 
NObs 

Mean 
W/ zero 

SD W/ 
Zero 

Uncensored 
Mean 

Uncensored 
SD 

Censored 
Mean 

Censored 
SD 

Total 
NObs 

Zero/Tot
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 24.81 59 39.73 24.81 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 31.22 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 75.81 94.61 58 74.53 94.31 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/m
3
), standard deviation (SD) and Number of 

observations: Different method comparison.  

Element Mean 
W/O 
Zero 

SD 
W/O 
zero 

W/O 
Zero 
NObs 

Mean 
W/ zero 

SD W/ 
Zero 

Uncensored 
Mean 

Uncensored 
SD 

Censored 
Mean 

Censored 
SD 

Total 
NObs 

Zero/Total 

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 13.55 59 16.04 13.60 15.93 6.40 16.69 5.93 60 1.7 

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 14.41 30.38 14.12 9.36 20.44 6.93 60 1.7 

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 27.48 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 47 

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 59.81 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 

V 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 



 

170 

Table 6.16. ST5 Element concentration (ng/m
3
), standard deviation (SD) and Number of 

observations: Different method comparison.  

Element Mean 
W/O 
Zero 

SD 
W/O 
zero 

W/O 
Zero 
NObs 

Mean 
W/ zero 

SD W/ 
Zero 

Uncensored 
Mean 

Uncensored 
SD 

Censored 
Mean 

Censored 
SD 

Total 
NObs 

Zero/Total 

Al 38.36 61.15 32 20.12 48.01 -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 4.16 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 1.21 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 2.41 -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 41.63 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 1.58 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 80.29 114.71 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 

V 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 for ambient stations (ST2-ST5): 

Above: zero value% > 66.7%, low left: 33.3% <zero value% < 66.7%, and low right: zero 

value% <33.3% 
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Table 6.17. Different elements at different locations  

House  (ST1) vs Ambient 
(ST2-ST5) 

(no Sig diff) 

House vs Ambient 
 (Sig diff) 

 Ambient (ST2-ST5) 
(no Sig diff) 

Ambient (ST2-ST5) 
(Sig diff) 

Ag,  Cd, Ce, Cs, In, Rb, Se, 
Sn, Zr 

Al, As,  Ba, Br, Ca , Cl, Co, 
Cr, Cu, Fe, K, Mg, Mn, Na, 

Ni, P, Pb, Rb, S, Si, Sr, Ti, 

V, Zn 

 Ag, As, Ba, Br,  Ca, Ce, 
Cl, Co, Cr, Cs, Cu, In, K, 

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

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

Al, Cd, Fe, Si 

 

 

Figure 6.14. Periodic table and group label (”other metals” also called as “basic metals”) 
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Figure 6.15. Element compositions for different stations (ST1: in house, ST2-ST5: ambient) 
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6.4.12 PM2.5 mass balance closure 

The average mass percentages of different chemical compositions in total PM2.5 masses are 

shown in Figure 6.16. The OC contributions were slightly different from ST1 to ST5, 

approximately 50%. The ambient OC fractions were much higher than Pittsburgh area 

(Vucemilo et al., 2007), which was only 23%. The ions (NH4
+
, Na

+
, K

+
, SO4

2-
, Cl

-
, and NO3

-
) 

mass percentages at ST1-ST5 varied significantly. For ST1 (inside the layer house 4), all 

these ions accounted for less than 13% of the total PM2.5 mass. Specifically, SO4
2-

 accounted 

for 4.8%, and NH4
+
 accounted for 2.6%. A considerable part of PM2.5 mass was organic in 

nature, instead of inorganic, and it was possibly originated from feed. Inside the layer house, 

gas phase NH3 had relatively high concentrations (several-to-hundred ppm), but acidic gases 

(NOx, SOx) were unlikely in high concentrations to react with NH3 to form secondary 

inorganic aerosols, also the short residence time in the house was likely another reason for 

limited inorganic ammonium aerosol formation. It was also possible that NH3 may react with 

PM2.5 bounded moisture to form ammonium hydroxide (NH4OH). However, NH4OH most 

likely evaporated during the filter transportation, storing and conditioning prior to IC 

analyses.  

The mass percentages of ions were similar at the 4 ambient stations, and SO4
2-

, NO3
-
 and 

NH4
+
 were the dominate ion species on a mass basis (Figure 6.16).  Estimates of the 

cumulative contributions of SO4
2-

, NO3
-
 and NH4

+
 to total PM2.5 mass were 38% to 44%, 

which were slightly lower than previous studies (Al Homidan et al., 1998; Tolocka et al., 

2001).  In the ambient PM sampling stations, there are no major industry (the nearest coal-

fired power station with capacity of 115 MW was 20 km away in southeast) and highway 

traffic sources around (one major highway was 12.7 km away in southeast).  For ambient 

NH3 gas concentrations, our previous study (Li et al., 2008) showed that the mean NH3 

concentrations ranged from 0.20 ppm (1202 m at the north-east corner of the farm) to 0.58 

ppm (outside of the houses). NH3 concentrations in the vicinity of this AFO facility were 

higher than some rural locations in North Carolina. Walker et al. (2004) reported 5.32 μg/m
3
 

(7.2 ppb) NH3 in Clinton, 2.46 μg/m
3
 (1.7 ppb) NH3 in Kinston and  0.58 μg/m

3
 (1.2 ppb) 

NH3 in Morehead City, NC. In general, NH3 contributes to ammonium aerosol formation via 
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reaction with gas-phase nitric, sulfuric, and hydrochloric acids, thus high NH3 concentrations 

in the vicinity of AFOs may influence on secondary aerosol formations and PM2.5 

concentrations.  

Table 6.18 lists the overall of PM2.5 mass balance closure, the measured PM2.5 masses 

was agreed with the sums of the masses of the chemical components at all stations, except for 

ST1. In ST1, the measured PM2.5 mass was almost 40% more than the mass sums of the 

chemical components. The house discrepancy could be due to uncertainty in the chemical 

composition measurements. The heavy PM loading on the filters (PM thickness) from ST1 

could have big influence on the accuracy of the technique of x-ray fluorescence (Markowicz 

and Abdunnabi, 1991). Also the presence of bounded water on the filter could cause 

significant mass discrepancy. There was significant seasonal dependence of the mass balance 

discrepancy in ST1 (Figure 6.17A). In spring and winter, the measured PM2.5 mass exceeded 

the mass sum of the chemical components with more than 50%. As discussed before (Li et 

al., 2012a; Li et al., 2011), there were much higher in-house PM concentrations in spring and 

winter than summer and autumn. The high PM concentrations could cause heavy filter 

loading, then cause large measurement uncertainty for element concentrations and mass 

fraction determination. For ambient stations, there was no significant seasonal dependence 

(Figure 6.17B).  

 

Table 6.18. PM2.5 mass balance closure* 

Station N 
Mean 
(%) 

Std Dev Median Minimum Maximum 
Lower 95% 

CL for Mean 
Upper 95% 

CL for Mean 

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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Figure 6.16. Average PM2.5 chemical compositions (%) 
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Figure 6.17. The seasonal PM2.5 mass balance. A=ST1 and B=Ambient (average of ST2-ST5) 

 

6.5 CONCLUSIONS  

This study determined the major ions, OC, EC and elements of PM2.5 emitted from a 

commercial layer farm and in its vicinity in North Carolina. OC accounted for above 50% of 

PM2.5 mass in the house and ambient stations. NH4
+
, SO4

2-
, and NO3

-
 accounted for about 

40.0% of the total PM2.5 mass in ambient locations and for only 12% of the total PM2.5 mass 

in house. The ion balance results of PM samples taken from animal house indicate the 

alkalinity properties in PM2.5. In ambient locations, the cations were balanced by anion 

species (with ratio of cation/anion close to one). Ambient NH3 concentrations ranged from 10 

to 27 µg/m
3
, and were impacted by house NH3 emissions. PM2.5 had no linear responses to 

NH3, HNO3, H2SO4 precursor gases based on thermodynamic simulation. In the vicinity of 

this AFO, because of abundance of NH3, the changes in NH3 had small effect on inorganic 

PM2.5 mass concentrations. The measured PM2.5 masses agreed with the sums of the masses 

of the chemical components at all stations except for ST1. In ST1, the sum of chemical 

components mass was almost 40% less than the measured PM2.5 mass, which may be due to 

XRF measurement uncertainty for heavy loaded filters and bound water on the filters. 

Knowledge gained from this study, with additional consideration of NH3 concentrations and 
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emissions, will lead to better understanding of PM2.5 source and formation, fate and transport, 

and their atmospheric dynamics.   
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CHAPTER 7. PARTICULATE MATTER IN THE VICINITY OF AN 

ANIMAL FEEDING OPERATION FACILITY: STATISTICAL 

DISTRIBUTIONS AND UPWIND AND DOWNWIND COMPARISON 

7.1 ABSTRACT 

 While animal feeding operations (AFOs) satisfy fast growing demand for meat, dairy, and eggs, they may 

pose significant negative impact on ambient air quality. Among all the air pollutants, particulate matter (PM) is 

one major pollutant emitted from AFO facilities. In this study, concentrations of PM2.5 and PM10 were 

simultaneously measured using TEOM monitors in one production house and at four ambient locations in the 

vicinity of a commercial egg production farm for over two years concentrations. Data of the house ventilation 

and ambient weather conditions were also collected to assess the farm’s contribution to local PM 

concentrations under different operational and meteorological conditions.  The ambient PM monitoring data 

were grouped as upwind and downwind. It was observed that for both PM2.5 and PM10 concentrations, the 

downwind concentrations were higher than upwind concentrations, but just by less than 1.0 µg/m
3
 for PM2.5 

and 6.0 µg/m
3
 for PM10. The relationships of the ambient PM concentrations and the house PM emission rates 

were detected to be significant at 0.05 level, 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 PM10 and r=0.33 for PM2.5).  All ambient PM measurement data did not exceed National 

Ambient Air Quality Standards for 24-hour PM2.5 and PM10 standards.  The lognormal distribution could best 

fit the 24-hour average ambient PM concentration. Neutral atmosphere stability (class D) resulted in the lowest 

ambient PM2.5 concentration. Results of this study provide helpful information for estimation of egg production 

farm’s contribution to its property line PM concentrations. 

Keywords.  Particulate matter, PM2.5, PM10, statistical distributions, animal feeding operations, atmosphere 

stability,  
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7.2 INTRODUCTION 

Animal Feeding Operations (AFOs) are defined by the U.S. EPA as “agricultural 

enterprises where animals are kept and raised in confined situations” (USDA, 2010). In 

order to increase production, and provide sufficient supplies for meat, dairy, and eggs, AFOs 

have been highly specialized in recently decades (NRC, 2003).  However, highly specialized 

AFOs can generate large amounts of animal wastes, air pollutants, heavy metal , pathogens, 

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 environment.  The Ad Hoc Committee on 

Air Emission from AFOs appointed by the National Research Council (NRC) recommended 

that future research should focus on the following substances in AFO emissions:  ammonia 

(NH3), particulate matter (PM), hydrogen sulfide (H2S), nitrous oxide (N2O), nitric oxide 

(NO), methane (CH4), and volatile organic compounds (VOCs) (NRC, 2003).   

Particulate matter is one of the six criteria air pollutants (EPA, 2010c). PM2.5 can result in 

negative health effects on humans and animals (Andersen et al., 2004; Korrick et al., 1998; 

Kunzli and Tager, 2000; Mitloehner and Calvo, 2008).  PM can also have adverse impacts on 

the environment, such 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 ecosystems (EPA, 2011b). To protect and assess ambient air 

quality, EPA has established several ambient air monitoring networks to provide high quality 

data for ambient air quality and public health study (EPA, 2011b). However, the existing 

ambient air monitoring networks do not provide representative data for rural areas, especially 

in rural agriculture intensive areas.    

Ambient PM concentrations depend on emissions and meteorological conditions 

(Seinfeld and Pandis, 1998a). In many situations, the mean concentration is not enough to 

depict the whole information to ascertain compliance with National Ambient Air Quality 

Standards (NAAQS) (Seinfeld and Pandis, 1998a).  Thus it is necessary to study the 

statistical properties of the PM concentrations and to develop models to draw inferences from 

observation data. The purposes of this project were (1) to analyze the observed PM mass 
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concentrations in the vicinity of an AFO with respect to their statistical distributions; (2) to 

compare observed PM concentrations to NAAQS; (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 TEOM-PM 

monitors. The detailed information about data collection is presented in Chapter 2.  

7.4 RESULTS AND DISCUSSION   

7.4.1 TEOM Performance Check and Thirty-minute Average PM2.5 and PM10 Mass 

Concentrations  

Based on the status code, bypass and main flow rate, filter loading and noise level, along 

with operation field records, invalid data were flagged. The percentages of the flagged data 

ranged from 2.3-9.2%. The TEOM filter was replaced when the loading was close to 60%. 

After the first step of data cleaning, the filter loading (pressure drop), bypass 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 shown in Figure 7.1. 

Other stations showed similar results. As shown in 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 7.2 shows the cleaned 30-minute average PM10 and PM2.5 mass 

concentrations (µg/m
3
) at ST2-ST5 over the whole data collection period. The overall 30-

minute concentrations were within reasonable ranges after initial data cleaning.    
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Figure 7.1. ST2 TEOM performance check plots (A=filter loading (%); B=noise level; C=bypass 

flow rate in l/min; and D=main flow rate in L/min) 
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Figure 7.2. Thirty-minute average PM10 and PM2.5 mass concentrations in µg/m3 (A=ST2; 

B=ST3; C=ST4; and D=ST5; Note: the gaps in the plots were the times for PM sampling head 

switching or instrument malfunctions) 

 

7.4.2 Hourly PM2.5 and PM10 concentrations at ST2-ST5 

Time series plots of hourly PM2.5 and PM10 concentration values are shown in Figure 7.3 

(PM2.5) and Figure 7.4 (PM10). All ambient stations had very similar PM concentration 

trends. Some sporadic spikes in concentrations may be due to local traffic plumes. Maximum 

PM2.5 values appeared in the summer. The statistical summary of ambient PM2.5 and PM10 

concentrations is listed in Table 7.1. The range of the hourly PM2.5 was 10.4 to 11.1 µg/m
3
, 

and the range of the hourly PM10 was 17.3 to 22.0 µg/m
3
 among four stations. The mean 

PM10 concentrations were about twice of PM2.5 concentrations.   
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As an example for illustration of the diurnal patterns of the ambient PM concentrations, 

Figure 7.5 shows PM2.5 and PM10 concentration diurnal patterns at ST3. The PM2.5 showed a 

slightly different diurnal pattern form the PM10. The first peak of PM2.5 appeared in morning 

hours (~7:00 am) and had very similar concentration as the 2
nd

 peak in the afternoon (~6:00 

pm). PM10 morning (~7:00 am) peak concentration was little lower than the afternoon (~3:00 

pm) peak concentration. Also PM10 (~3:00 pm) afternoon peak had a light shift in time as 

compared with the PM2.5 afternoon peak (~6:00 pm). This might be due to the daily 

variations in PM emissions from the source and the differences in the formation mechanisms 

for PM10 and PM2.5 (nucleation and condensation).   

 

Table 7.1. Statistics of hourly average PM concentrations (µg/m
3
) at ST2-ST5 

indicator Location Na Mean  SD  
Median Min 

 

Max 

 

95% CI 

PM2.5 

ST2 9464 10.9 6.09 9.65 -7.50 73.2 [10.8 11.0] 

ST3 10646 10.4 5.91 9.20 -8.00 78.0 [10.3 10.5] 

ST4 10565 11.1 7.24 9.58 -9.64 80.8 [10.9 11.2] 

ST5 11112 10.4 6.14 9.15 -9.69 88.8 [10.3 10.5] 

PM10 

ST2 7317 22.0 21.7 16.4 -9.30 470 [21.5 22.5] 

ST3 10375 18.0 14.8 14.6 -5.80 348 [17.7 18.2] 

ST4 9619 17.6 14.2 14.0 -9.65 235 [17.3 17.9] 

ST5 9683 17.3 13.4 13.9 -8.69 199 [17.1 17.6] 

a: number of hourly data points 
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Figure 7.3. Hourly PM2.5 concentrations at ST2-ST5 
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Figure 7.4. Hourly PM10 concentrations at ST2-ST5 
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Figure 7.5. Diurnal patterns of PM2.5 and PM10 concentrations (µg/m
3
) at ST3 (A= PM2.5; and 

B= PM10; each point represents mean with 95% confidence limits) 

 

7.4.3 Daily PM2.5 and PM10 concentrations  

7.4.3.1 Statistical summary and the NAAQS  

Statistical summary of daily PM2.5 and PM10 concentrations at different ambient stations 

are reported in Table 7.2. All stations had similar mean PM2.5 and PM10 concentrations.  

 

Table 7.2. Statistics of daily average PM concentrations (µg/m
3
) at ST2-ST5 

Indicator  Na Mean  SD  Median 
Min 

 

Max 

 
95% CI 

PM2.5 

ST2 433 10.7 4.68 9.73 -7.50 25.7 [10.3 11.1] 

ST3 451 10.4 4.34 9.42 1.66 31.3 [10.0 10.8] 

ST4 445 11.1 4.84 9.72 1.41 32.0 [10.6 11.5] 

ST5 468 10.4 4.41 9.33 -2.55 28.9 [10.0 10.8] 

PM10 

ST2 311 22.0 12.7 19.1 1.71 101 [20.6 23.4] 

ST3 437 18.0 9.52 15.9 4.07 121 [17.1 18.9] 

ST4 413 17.6 9.14 15.0 3.81 62.5 [16.7 18.5] 

ST5 421 17.2 8.39 15.5 4.11 66.9 [16.4 18.0] 

a: number of hourly data points 

 

The time series plots of the 24-hour (daily) mean PM2.5 and PM10 concentrations are 

shown in Figure 7.6 and Figure 7.7.  No measurement exceeded EPA’s 24-hour PM2.5 

standard of 35 µg/m
3
 and PM10 standard of 150 µg/m

3 
(EPA, 2010a). These ambient 

measurements at the property line provided useful information about the potential public 

exposure of PM2.5 and PM10 in the vicinity of this AFO farm. Based on the observed mass 



 

189 

concentrations, air emissions from this egg production farm did not appear to pose significant 

deterioration of air quality in PM2.5 and PM10 concentrations at its property lines.  

 

Figure 7.6. Twenty-four hour average PM2.5 concentrations (µg/m
3
) and the NAAQS for PM2.5 

(A=ST2, B=ST3, C=ST4, and D=ST5) 
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Figure 7.7. Twenty-four hour average PM10 concentration (µg/m
3
) and the NAAQS for PM10 

(A=ST2, B=ST3, C=ST4, and D=ST5) 

 

7.4.3.2 The distributions of 24-hr average PM2.5 and PM10 concentrations 

To describe the probability of PM concentrations in certain ranges, the probability 

distribution analysis was conducted for both PM2.5 and PM10 at ST2-ST5.  Figure 7.8 shows 

the histograms of the 24-hour PM2.5 and PM10 concentrations at ST4, and other stations have 

similar profiles as ST4.  As shown in these histograms, the distributions of both PM2.5 and 

PM10 concentrations are skewed to the right. To determine an appropriate model for 

predicting PM2.5 and PM10 concentration distributions, normal, lognormal, Weibull and 

Gamma distributions were considered. The statistics of the goodness-of-fit tests for the null 
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hypothesis that the PM2.5 and PM10 concentrations are random samples from the specified 

theoretical distribution are listed in Table 7.3. The quantile-quantile (Q-Q) plots were also 

used to determine how well theoretical distributions can model the 24-hour PM2.5 and PM10 

concentrations. If the theoretical distribution can fit the sample data very well, the Q-Q plots 

form a linear pattern. The Q-Q plots of different distributions for both 24-hour upwind and 

downwind PM2.5 concentrations are shown in Figure 7.8. For the best fit distribution, all 

except for a few points (outliers) form good linear patterns. Of all, the lognormal distribution 

provided the best simulations of the PM2.5 and PM10 concentrations.  

The 98
th

 percentile of PM2.5 concentrations and the expected numbers of days (per year) 

with PM2.5 concentrations above the 35 µg/m
3 

NAAQS 24-hr limit were estimated using 

lognormal models. The estimated 98
th

 percentiles ranged from 22.7 to 24.6 µg/m
3 

at four 

ambient stations, and the expected numbers of days per year that PM2.5 was above NAAQS 

was 0.5 days. The results agreed with a reported study (Li et al., 2011), and there was very 

low probability that PM2.5 concentration will exceed the NAAQS limit at the property line of 

the studied egg production farm.  
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Table 7.3. PM2.5 and PM10 24-hr concentration statistical distribution simulation: the goodness-

of-fit tests for Normal, Lognormal, Weibull and Gamma distributions  

Distribution Test 
p value 

ST2 ST3 ST4 ST5 

24-hr average PM2.5 concentration 

Normal 

Kolmogorov-Simirnov <0.010 <0.010 <0.010 <0.010 

Cramer-von Mises <0.005 <0.005 <0.005 <0.005 

Anderson-Darling <0.005 <0.005 <0.005 <0.005 

Lognormal 
Kolmogorov-Simirnov >0.150 >0.150 <0.010 >0.150 

Cramer-von Mises 0.165 0.082 <0.005 0.023 

Anderson-Darling 0.022 0.068 <0.005 0.017 

Weibull 
Cramer-von Mises <0.010 <0.010 <0.010 <0.010 
Anderson-Darling <0.010 <0.010 <0.010 <0.010 

Gamma 

Kolmogorov-Simirnov 0.017 0.002 <0.001 <0.001 

Cramer-von Mises 0.018 0.002 <0.001 <0.001 

Anderson-Darling 0.009 0.002 <0.001 <0.001 

 

24-hr average PM10 concentration  

Normal 

Kolmogorov-Simirnov <0.010 <0.010 <0.010 <0.010 

Cramer-von Mises <0.005 <0.005 <0.005 <0.005 
Anderson-Darling <0.005 <0.005 <0.005 <0.005 

Lognormal 

Kolmogorov-Simirnov >0.150 >0.150 >0.150 >0.150 

Cramer-von Mises >0.500 0.134 0.262 >0.500 
Anderson-Darling >0.500 0.109 0.335 0.408 

Weibull 
Cramer-von Mises <0.010 <0.010 <0.010 <0.010 

Anderson-Darling <0.010 <0.010 <0.010 <0.010 

Gamma 

Kolmogorov-Simirnov 0.023 0.005 <0.001 0.017 

Cramer-von Mises 0.022 <0.001 <0.001 0.035 
Anderson-Darling 0.023 <0.001 <0.001 0.050 



 

193 

 

 

Figure 7.8. ST4 twenty-four hour average PM2.5 concentration statistical distribution 

simulations (normal, lognormal, Weibull, and Gamma) and the Quantile-quantile (Q-Q) plots 

of Normal, Lognormal, Weibull, Gamma distribution; x-axis are the quintiles of specified 

theoretical distributions, y-axis are the ordered values of 24-hour PM2.5 concentrations)  
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7.4.4 Monthly PM2.5 and PM10 Concentrations  

The variations of PM2.5 and PM10 concentrations by month are showed in Figures 7.9 and 

7.10. PM2.5 and PM10 concentrations were high during summer (June-August). In summer 

time, the high PM emission rates from the egg production houses were observed (Li et al., 

2011) due to the high house ventilation rates in response to the high ambient temperature. 

Although the Pearson correlation coefficient of the relationship between the ambient PM10 

concentrations and house 4 PM10 emission rate was around 0.15, the relationship was 

statistically significant at 0.05 level. In the Chapter 5, when 24-hr filter-based measurements 

were analyzed, no significant correlation was found between ambient PM2.5 and the house 

PM2.5 emissions. The 24-h4 PM samples lost the temporal sensitivity to detect the response 

of ambient PM2.5 to the house PM2.5 emissions. In this chapter, when hourly PM2.5 data 

measured by TEOM monitors were analyzed, it was found that ambient PM2.5 concentrations 

had littler higher Pearson correlation coefficient (0.33) with house PM emission rate than 

PM10, indicating stronger linear relationship between the ambient concentration and the 

house emission (Figure 6.11). On the other hand, it has been reported that in the atmosphere 

photoreaction controls the formations of secondary PM. In summer, stronger photochemistry 

reactions tend to be more efficient to produce small particles (Song et al., 2001). The 

observed high ambient PM concentrations in summer months is suspected to be caused by 

the combined effects of the higher house PM emission rates and the possibly higher 

photoreaction rate to promote secondary PM when compared with the winter months.  In this 

study, there is lack of evidences to fully understand the formation of the secondary PM. 

Further investigation is recommended to measure all chemical constitutes in both particle and 

gas phases to gain better understanding of the secondary PM formation.  
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Figure 7.9. Monthly average PM2.5 concentrations (µg/m
3
) with 95% confidence limits (A=ST2; 

B=ST3; C=ST4; and D=ST5) 
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Figure 7.10. Monthly average PM10 concentrations (µg/m
3
) with 95% confidence limits (A=ST2; 

B=ST3; C=ST4; and D=ST5) 
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Figure 7.11. Linear response of ST2 PM2.5 concentration (µg/m
3
) to the house PM emission 

(g/d). (Note emission rates represent house 4; the solid line was linear regression curve with 

95% confidence interval)  

 

7.4.5 Hourly PM2.5 Concentrations: downwind vs. upwind  

Figure 7.12 and Figure 7.13 show the PM2.5 and PM10 concentrations of the upwind and 

downwind groups over the entire study period. Both the downwind and upwind differences 

of PM2.5 and PM10 concentrations fluctuated around the reference line of zero. This 

observation indicates that the downwind PM concentrations were not constantly higher than 

the upwind PM. It was likely that traffic on the nearby local road and the farm gravel roads 

contributed to such fluctuations. The summary results of PM2.5 and PM10 concentrations of 

the upwind and the downwind groups are shown in Table 7.4. Overall, the upwind 

concentrations of PM2.5 and PM10 were lower than the downwind concentrations; however 

the differences were less than 1.0 µg/m
3
 for PM2.5 and 6.0 µg/m

3
 for PM10.  This observation 

suggests that the egg production farm did not significantly contribute to the PM2.5 and PM10 

concentrations at its property lines.   
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Table 7.4. Summary of the difference between downwind and upwind PM2.5 and 

PM10concentrations (g/m
3
) 

indicat

or 
Variable Na Mean SD Median Min Max 

95% 

confidence 
interval 

PM2.5 

Downwind-Upwind 

(ST2 and ST4) 
8614 0.61 4.60 0.43 -51.1 56.7 [0.51   0.70] 

Downwind-Upwind 
(ST3 and ST5) 

10287 0.38 4.21 0.30 -38.4 65.4 [0.30   0.46] 

PM10 

Downwind-Upwind 

(ST2 and ST4) 
5605 5.06 21.5 1.62 -168 429 [4.50   5.63] 

Downwind-Upwind 

(ST3 and ST5) 
5915 3.40 18.8 1.55 -287 337 [2.93   3.88] 

a: number of hourly data points 
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Figure 7.12. Concentration differences of downwind and upwind PM2.5 (µg/m
3
) (A: based on 

ST2 and ST4 measurements; B: based on ST3 and ST5 measurements)  
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Figure 7.13. Concentration differences of downwind and upwind PM10 (µg/m
3
) (A: based on 

ST2 and ST4 measurements; B: based on ST3 and ST5 measurements) 
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7.4.6 Impacts of the Atmospheric Stability 

As atmospheric tendency of vertical motion and turbulence has significant impact on PM 

transport and dispersion, the atmospheric stability plays a very important role in affecting 

ambient PM concentrations (Colls, 2002; Copper and Alley, 2002).  Table 7.5 gives the 

frequencies of occurrence of the different stability classes derived from the field 

measurements of the meteorological data at the research site. Figure 7.14 shows the plots of 

PM2.5 concentrations vs. stability at four ambient stations. Very unstable atmospheric 

stability class A was the governing stability class during most of the high PM2.5 

concentrations episodes.  The high PM2.5 concentration during very unstable class A was 

more likely from the PM transported from other sources in the region, or from other regions, 

and it was less likely from the emissions of the egg production facility. Under the neutral 

“class D” condition, PM2.5 concentrations at four stations were at the lowest, because the 

neutral condition neither encouraged nor discouraged air movement.  Figure 7.15 shows the 

plots of the PM10 concentrations vs. stability classes.  The plots had very difference patterns 

from PM2.5 and also from station to station. The peak PM10 concentrations occurred under 

conditions of stable for ST2, unstable for ST3, and neutral for ST4-ST5.  If the egg 

production facility was a dominant PM source, then under neutral and stable atmospheric 

conditions, the PM emitted from egg production facility would spread out in every direction, 

thus, result in relatively high local PM concentrations.  However, the observed ambient PM10 

concentration data did not support this hypothesis. Future research is needed to examine the 

PM fate and transport from this source as impacted by the atmospheric conditions.  

 

Table 7.5. Frequency of occurrence of the atmospheric stability classes at the research site 

Stability classes Frequency of occurrence % 

F 30 
B 26 

C 17 

E 15 
D 8 

A 4 
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Figure 7.14. PM2.5 concentrations vs. stability classes (means with 95% confidence interval)   
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Figure 7.15. PM10 concentrations vs. stability classes (means with 95% confidence interval)     

 

7.5 CONCLUSIONS 

This field study provides detailed data that can be used to estimate the contribution of air 

emissions from an egg production farm to local ambient PM concentrations. All observed 

ambient PM concentrations did not exceed EPA’s 24-hour PM2.5 and PM10 standards. Four 

distribution models (normal, lognormal, Weibull and Gamma) were selected for attempting 

to best fit 24-hour PM2.5 and PM10 concentrations. It was discovered that ambient the PM 

concentrations could be best fit by lognormal distribution. The lognormal model can be used 

not only to summarize the observation data, but also to estimate ambient PM concentrations. 

The study found that the ambient downwind PM concentrations were higher than upwind 
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concentrations by less than 1.0 µg/m
3
 for PM2.5 and 6.0 µg/m

3
 for PM10. Ambient PM 

concentrations and PM emissions from egg production had statistically significant 

relationship. Under unstable atmospheric stability condition, ambient PM2.5 concentration 

was at the highest. Impact of the atmospheric stability showed different patterns on PM10 

concentration as compared to on PM2.5 concentration at various ambient monitoring stations. 

Since the findings from this monitoring farm are specific to the monitoring conditions, 

additional data and monitoring studies are needed to extrapolate these findings to other 

farms.  
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CHAPTER 8. SUMMARY AND FUTURE WORK 

8.1 SUMMARY  

Several outcomes have been developed from this study:  

 The Winsorized 95% confidence intervals of PM2.5 emission rates were [0.44, 0.63] 

mg/d-hen in house 3, and [0.45, 0.64] mg/d-hen in house 4; the Winsorized 95% 

confidence intervals of PM10 emission rates were [15.1, 15.7] mg/d-hen in house 3, 

and  [17.7, 18.4] mg/d-hen in the house 4;  the Winsorized 95% confidence intervals 

of TSP emission rates were  [32.2, 35.7] mg/d-hen in the house 3, and [39.9, 43.5] 

mg/d-hen in the house 4.  

 Hen activity, house ventilation, temperature/RH, ambient RH and house NH3 

emissions demonstrated significant impact on PM emissions. However, the impact of 

animal activity surpassed the impacts of all of the other factors. 

 For both PM2.5 and PM10 concentrations, the downwind concentrations were slightly 

higher than upwind concentrations.  

 The strength of the linear relationship between ambient PM concentrations and house 

PM emissions was relatively weak.  However the relationship was significant at 

probability level of 0.05.   

 None of the ambient PM measurement data exceeded National Ambient Air Quality 

Standards for 24-hour PM2.5 and PM10 standards.   

 Organic carbon accounted for above 50% of PM2.5 mass in the house and ambient 

stations. NH4
+
, SO4

2-
, and NO3

-
 accounted for about 40% of the total PM2.5 mass in 

ambient locations but only 12% of the total PM2.5 mass in house. The measured mass 

agreed with the sum of the chemical components, except for the house station. 

 Based on thermodynamic simulation, PM2.5 had no linear response to NH3, HNO3, 

H2SO4 precursor gases. In the vicinity of the AFOs, PM2.5 mass concentrations were 

not sensitive to the change of NH3 because of high NH3 concentrations.  
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8.2 FUTURE WORK  

 Estimate egg production emission contribution to air quality using enrichment factors 

ratios, principal component analysis (PCA) and CMB. 

 Perform chemical dynamics and equilibrium simulations to understand inorganic 

aerosol formation.   

 Validate and fine-tune air quality predictive models to simulate emission from egg 

production building and dispersion in the vicinity.  
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