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ABSTRACT 
 
 
 

THE DEVELOPMENT OF SEASONAL BASELINE EMISSION FACTORS FOR 
AERIAL POLLUTANTS PRODUCED BY A COMMERCIAL POULTRY LAYER 

FACILITY 
 
 
 

Rob Morgan         Advisor: 
University of Guelph, 2012       Dr. Bill Van Heyst 
 
 
  
From a human health perspective, pollutants emitted from agricultural facilities are a 

growing concern. Quantification of these aerial pollutants is difficult due to variable 

climatic conditions, the number of animal species used in commercial operations and the 

wide range of management conditions used for each species. A project was initiated to 

quantify the emissions of ammonia and particulate matter over a period of one year from 

a commercial poultry layer facility in Ontario. 

An on-site mobile trailer was used to monitor in-house concentrations of ammonia and 

size fractioned particulate matter via a heated sample line. Along with a developed 

ventilation profile, emissions rates were produced for the facility. Average emissions of 

19.53 ± 19.97, 2.57 ± 2.17, and 1.10 ± 1.52 g/day/AU for ammonia, PM10, and PM2.5, 

respectively, was observed from the layer facility. Emissions peaked during the winter 

months except for PM2.5 which had increased emissions in the summer.        
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1.0 Introduction 
 

There has been a growing concern with aerial pollutant emissions generated from 

commercial animal housing facilities. Quantification of these pollutants is difficult due to 

variable climatic conditions, the number of animal species used in commercial 

operations and the wide range of management conditions used for each species. 

Management conditions include: feeding and watering regimens, manure removal and 

storage systems and ventilation systems. The emissions from these housing facilities 

are important to study as an increase in atmospheric pollutants impacts public health 

and environmental quality.   

Pollutants  of interest, from a human health perspective, that are typically found 

exhausting from poultry layer facilities are ammonia, size-fractioned particulate matter, 

and carbon dioxide. Ammonia is the primary pollutant of concern emitted from layer 

barns and is a precursor pollutant for secondary fine particulate matter formation (Lin et 

al, 2011). Ammonia is listed on the Toxic Substance List by Environment Canada 

(2012b) and is listed as a hazardous substance by the U.S. Environmental Protection 

Agency (US EPA, 2011). Particulate matter has been linked to aggravated cardiac and 

respiratory diseases and is included in the Canada-U.S. Air Quality Agreement 

(Environment Canada, 2012a). Carbon dioxide is not classified as toxic however it is 

regarded as one of the top greenhouse gases (Environment Canada, 2011).  

Due to the wide range of environmental conditions, housing conditions, ventilation, and 

manure management, aerial pollutants from a layer facility are very difficult to quantify 

and compare with other facilities. For this reason it is important for studies to be 

performed on multiple layer facilities in many geographical areas with different 

management conditions which will characterize baseline emissions for many types of 

barns. This will give governments as well as facility operators a more representative 

interpretation of the quantity and range of pollutants being emitted from these facilities.  

1.1 Study Objectives 
 

The objective of this study was to quantify aerial pollutant emissions from a commercial 

poultry layer facility located in Wellington County, Ontario and characterize and 

document any observed trends in the data. A monitoring system was implemented in the 
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layer facility that would allow for data collection of in-house concentrations and 

ventilation data in order to develop appropriate emission rates. Ammonia, size-fractioned 

particulate matter of less than 10 microns and 2.5 microns (PM10 and PM2.5), and carbon 

dioxide were measured. The data collection period was one year to observe seasonal 

trends. All emission rates were converted to emission factors that are developed based 

on various activity levels such that the results can be scaled to other facilities. A 

regression model was created that will provide a way to monitor emissions through 

significant barn and environmental parameters.        

1.2 Thesis Outline 
 

This thesis presents a literature review in Section 2.0 which provides a detailed overview 

of operational poultry layer facilities as well as aerial pollutants emitted from this type of 

facility. Section 2.0 describes these pollutants as well as providing common observed 

emissions and presents an array of measurement techniques used to quantify them.  

Section 3.0 describes the instrumentation used in the monitoring and of the layer facility. 

This section also provides a layout of the continuous monitoring set-up. A methodology 

is presented in section 4.0 which contains the methods of how the continuous monitoring 

was performed as well as bulk density analysis necessary for the particulate matter 

analysis. Section 4.0 also provides detailed information on how the ventilation was 

characterized and how emission factors were developed. Data quality assurance and 

control are introduced in this section which describes the calibration and measuring 

periods.  

Section 5.0 introduces the commercial layer facility studied in this project and the 

management techniques used in operation. Section 6.0 provides application 

considerations that are necessary when performing continuous monitoring at a poultry 

facility.  

The results from the monitoring campaign are provided and discussed in section 7.0. 

The results include: house parameters, seasonal pollutant measurements, average 

seasonal time of day effects on pollutants and emission models that were produced for 

the facility. An emissions summary table is also made available in this section.  
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Conclusions from the sampling period are expressed in section 8.0 that report the 

findings of this thesis. Section 9.0 presents recommendations designed to help aid future 

research projects of a similar nature.  
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2.0 Literature Review 
 

The agricultural livestock industry is intensifying in order to accommodate the needs of 

an increasing world population. Poultry facilities are included in this intensification, 

especially in Ontario, Canada. Poultry operations are generally separated into two 

categories: broiler; and layer. Broiler facilities have shorter production cycles and would 

therefore be easier to monitor over an entire cycle but would require monitoring to halt 

for periods of depopulation. Layer facilities undergo year long production cycles, and in 

general, have not been monitored over the entire cycle. Currently, few studies have 

been performed to characterize emissions from a layer facility over an entire year to 

observe how the emissions change. Due to the lack of long term sampling studies, this 

thesis will focus specifically on the aerial pollutant emissions from poultry layer facilities. 

2.1 Poultry Layer Facilities 
 

A range of factors affect the emission of aerial pollutants from a layer facility including: 

the design of the building, feeding, manure management, and ventilation system. With 

the number of birds kept on one layer farm varying considerably from a few thousand up 

to several hundred thousand, the size of the operation will greatly affect what 

management system should be chosen. The majority of laying hen systems use battery 

cages with various manure removal and storage techniques, while perchery and free 

range housing systems have been intensifying in recent years (Thiele & Pottguter, 

2008).   

The conventional caged housing system is the high-rise, where battery cages are 

situated with open manure storage under them (IPPC, 2003). Approximately 70% of the 

layer houses in the United States are of the high-rise configuration (Xin et al, 2011); an 

example of a high-rise facility layout is given in Figure 1.  
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Figure 1: High-rise layer facility schematic (Xin et al, 2011) 

 

The manure management system for the facility has the greatest impacts on the 

production of aerial pollutants. The manure storage can either be deep-pit storage or 

manure belt systems.  In deep-pit storage, the manure from the birds fall into a cavity 

under the cages where it can remain either for the entire production cycle or removed 

periodically based on management preference. The manure in these facilities either falls 

directly into the pits or onto dropping boards where it is scraped periodically into the 

manure storage pit.  The ventilation system in high-rise houses are designed such that 

the ventilation air enters through the roof passing through the hen area and then directed 

over the manure surface. This ventilation provides a small degree of manure drying in 

order to reduce generation of ammonia. As air is vented out through the manure storage 

in this system it prevents most of the ammonia from migrating to the birds which 

improves the air quality for the birds in the facility.  

One alternative to the deep-pit system in battery cage housing practices is the manure 

belt system as illustrated in Figure 2. The cages are generally stacked in long rows with 

a long manure belt situated underneath each row.  
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Figure 2: Schematic of a manure belt layer house with end wall (top), cross-section (middle), and floor plan 

(bottom) facility views (Liang, 2005) 

 

The manure on the belts can either be dried naturally by the ventilated air or a forced air 

stream can be directed over the belts through an air duct under the cages and over the 

manure surface (Xin et al, 2011). The belts can be run daily to weekly depending on 

management practices. The belts generally convey the manure to one end of the house 

where it is removed to an on- or off-farm storage facility to be used in composting or land 

application. The emissions from the manure storage facilities contribute to atmospheric 

pollution. However, the potential emissions are greatly reduced as the moisture content 

of the manure is reduced leading to a reduction in manure surface area. Also, the 

manure is held at lower storage temperatures which decrease the biodegradation 

process (Li et al, 2010).    

The management of laying hens in perchery and free range systems requires more 

knowledge and time than battery cage operations. The non-cage systems provide a 

more ethical treatment of the animals as the bird quality of life is improved. Due to 

difficulties in managing the manure as well as the minimized control on bird activity, 
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these types of housing systems can increase the environmental impact of the production 

facility (Williams et al, 2006).  

Percheries systems are generally comprised of several levels each covered with wooden 

slates or wire mesh where the birds can wander. Depending on the type of perchery, 

laying nests can be situated inside or outside. A common layout of a perchery has the 

feeding and watering facilities on the lower levels with resting areas on the upper floors. 

These systems can have up to 18 hens per m2 of floor area (Thiele & Pottguter, 2008).  

Free range laying operations are a system where the birds roam freely on a litter 

covered floor which usually gets changed after a flock’s production cycle is completed. It 

is common practice to have an outdoor enclosure with a bird stocking density of 1 bird 

per 4 m2 of floor area (Thiele & Pottguter, 2008). The birds are usually given access to 

the outdoor area during the daytime but herded indoors at night in order to protect from 

predators (Shimmura et al, 2008).  

 

2.2 Aerial Pollutants from Poultry Production 
 

The presence of large scale egg production facilities creates an emission source of 

various gases and particulates. It is important to understand exactly what quantity of 

these pollutants is being emitted from layer houses as a baseline upon which future best 

management practices for controlling aerial pollutant generation can be compared 

against. Emission data that is obtained from various layer operations will help identify 

which facility conditions, manure management, and environmental conditions have the 

greatest effect on pollutant emissions. In order to compare the data from one facility to 

another, the emissions must be converted into an emission factor, generally using an 

animal unit, that will prorate all live mass to a standard unit of live mass (1 animal unit 

(AU) = 500 kg live weight).  

2.2.1 Ammonia 

 

2.2.1.1Ammonia Emissions and Health Effects 

 

When atmospheric ammonia levels increase due to emissions from poultry facilities and 

other sources, it has detrimental effects on human health and the environment. Some 
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environmental problems associated with ammonia emissions are acidification, 

eutrophication, and odour (IPPC, 2003). When ammonia is inhaled it acts as an irritant 

on the upper respiratory tract. The US EPA (2012a) states that ammonia is linked to 

increased severity of inflammation and irritation of the mucous membrane inside the 

nose and pneumonia with respiratory lesions.  

Ammonia that is released into the atmosphere has a fairly short lifespan as it readily 

reacts with other ambient gases such as sulfuric and nitric acids (formed from sulfur 

dioxide and oxides of nitrogen reacting with water vapour, respectively) to form 

ammonium particulates. In one study, it was found in the southeastern U.S. that up to 

50% of the total fine particulate matter was attributed to ammonium particulates (Allen et 

al, 2011) thus illustrating the importance of understanding ammonia in the environment.  

 

For these reasons, ammonia has been given a great deal of attention as it is one of the 

key air pollutants emitted from poultry barns.  Ammonia is produced in poultry facilities 

as a by-product of the microbial decomposition of the organic nitrogen compounds in 

manure and excreta (US EPA, 2005). Specifically, ammonia is formed through the 

degradation of urea which is naturally present in the urine of pigs and cattle. Poultry 

excreta, however, contains uric acid which is first converted to urea through microbial 

degradation. Once in the form of urea, the urea degradation is catalyzed by an enzyme 

called urease which is produced by micro organisms that are present in faeces and 

excreta (Van Cleemput et al, 1996). The equation below gives the formula for the 

degradation of urea to ammonia.  

��������� � �
���   ����������� ���,��� + ���,���� /���,���
� ����!"������� ���,���    

 

The decomposition of uric acid into urea in poultry excreta is driven by uricolytic 

enzymes (uricase, allantoinase, and allantoicase). The reaction displayed in the 

equation below, displays how the uric acid is converted by these enzymes in an aqueous 

environment (Rothrock et al, 2010). Since fresh excreta from poultry has a moisture 

content of approximately 75% (Xin et al, 2011), the prompt removal of this moisture 

would slow down the uric acid degradation process. 
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�#������ �
�$% %$&� +  �� + 4��� ���(!�)*�( �+) �����������������         2�������� �
��� +  ������ �-./01/.$% %$&� + ���� + ��� 

 

Emission factors from poultry layer facilities vary greatly depending on the type of barn 

layout, feeding, manure management, and ventilation systems. The wide variety of layer 

barns in use today makes direct comparisons of emissions difficult. Table 1 presents an 

updated review of ammonia emissions from layer barns from a summary article by 

Roumeliotis and Van Heyst (2008). 

 

 

 

 

 

 

 

 



 

 

 

Table 1: Overview of ammonia emission factors from poultry layer facilities (updated from Roumeliotis and Van Heyst, 2008) 

Country Study Ventilation Type Manure System EF 

(g/day/AU) 

England/Netherlands/ 

Denmark/Germany 

Groot Koerkamp et al (1998) Various Battery Cage 15-224 

England/Netherlands/ 

Denmark/Germany 

Groot Koerkamp et al (1998) Various Perchery, Deep-Pit 177-261 

Germany Hartung & Phillips (1994) Various Battery Cage 72 

UK Nicholson et al (2004) Mechanically-Ventilated 3-Tier Cage 64.8 

UK Nicholson et al (2004) Pit Ventilated Deep-Pit 33.6-196.8 

UK Phillips et al (1995) Not Reported Battery Cage 168-295 

UK Phillips et al (1995) Not Reported Perchery 192-240 

UK Wathes et al (1998) Various Deep-Pit 220 

USA (IN) Heber et al (2004) (Mechanical) Pit 

Ventilation 

High-Rise 468 ± 256 

USA (IN) Heber et al (2004) (Mechanical) Pit 

Ventilation 

High-Rise 342 ± 136 

USA (IN) Jacobson et al (2004) Mechanically-Ventilated High-Rise 200-500 

USA (CA) Lin et al  (2011) Mechanically-Ventilated High-Rise 287 ± 197 

USA (OH) Keener et al (2002) Not Reported High-Rise (March) 523 

USA (OH) Keener et al (2002) Not Reported High-Rise (July) 417 

USA (IA) Yang et al (2000) Not Reported High-Rise 299 

USA (IA and PA) Liang et al (2005) Not Reported High-Rise 298 

USA (IA) Liang et al (2005) Not Reported Manure Belt (daily) 17.5 

USA (PA) Liang et al (2005) Not Reported Manure Belt  

(twice a week) 

30.8 

 

1
0
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2.2.1.2 Ammonia Measurement Techniques 

 

One technique for analyzing ammonia is the use of photoacoustic infrared (IR) sensors. 

The main principle of the photoacoustic IR is that infrared light energy is absorbed by 

gas molecules. As shown in Figure 3, light energy is converted in the photoacoustic 

sensor into sound energy (i.e. pressure variations). The converted sound energy is 

transformed to an electric signal using a microphone, which is proportional to a 

concentration of the gas of interest (Gasera Ltd, 2012).   

 

Figure 3: Photoacoustic IR process (MSA, 2001) 

The sensor operates by sealing sample gas in a photoacoustic chamber and irradiating it 

with IR light with a frequency that corresponds to a resonant frequency of the sample 

gas molecule of desired detection. If the desired gas, in this case ammonia, is present; a 

portion of the IR energy is absorbed. The increase in heat energy in the gas molecules 

will result in the pressure and temperature of the gas sample to increase. The pressure 

variation in the photoacoustic chamber creates an acoustic wave, which is converted to 

an electric signal proportional to a gas concentration (Gasera Ltd, 2012). This type of 

analyzing system can be used for a variety of gases; the IR wavelength will need to be 

adjusted to select the absorption band of the target gas.   

Colorimetric stain tubes, also known as Draeger tubes, may also be used to quantify 

ammonia. They work by filling a glass tube with a solid material gel that has been 
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infused with an indicator chemical. The tube gives a discrete measurement, after the 

sample gas has been run through the tube (see Figure 4) with the ends broken off to 

allow air to enter the gel material.  The tube is placed in line with a pump where a 

predetermined volume of air is pulled through. The contaminant of interest, in this case 

ammonia, reacts with the chemical in the tube and produces a stain within the tube with 

a length proportional to the concentration of ammonia.  Colorimetric stain tubes are not 

very appropriate in most monitoring situations as they do not provide continuous 

measurements, the tube has inferior accuracy (generally within 25% of the actual value), 

and the results are affected by temperature and humidity (University of Illinois, 2012).  

 

Figure 4: Colorimetric stain tubes (AFC International Inc., 2012)  

 

Another glass tube sample analysis that is more appropriate than the colorimetric stain 

tubes is the annular denuder system (ADS). As shown in Figure 5, the ADS is comprised 

of a cyclone designed to remove all particles with an aerodynamic diameter of 2.5 µm or 

greater, an annular denuder to remove ammonia, and a filter pack to collect aerosols. 

The apparatus operates by drawing sample air via a pump through the cyclone, then 

through the denuder. The denuder consists of multiple glass tubes with varying radii, 

creating separate flow paths and increasing the contact area inside. Before sampling, 

the denuder is coated with an acidic solution and dried to the walls, when the sample is 

passed through the denuder, ammonia will bind to the coating. After a sufficiently long 

sampling period, the coating is extracted from the denuders and analyzed by an ion 

chromatograph system (Roumeliotis, 2010).   
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Figure 5: Annular denuder system with cyclone (US EPA, 1999)  

 

A study by Roumeliotis (2010) validated the ADS against certified ammonia gas 

standards as well as in-situ barn testing with a chemiluminescence analyzer. One 

drawback of the ADS is that it provides discrete measurements which provide suitable 

results for some, but not all sampling conditions. The ADS can also vary in collection 

efficiency based on what type of acid is chosen to coat the denuders, as well as 

maintaining a suitable flow rate to ensure no binding of particulates to the denuder walls, 

instead of at the filter pack.  

Chemiluminescence detection is one of the more advanced analyzing systems that can 

be used to monitor pollutant gases such as ammonia. The analyzer is based off of the 

reaction of nitric oxide (NO) with ozone (O3) to produce light. The underlying equation for 

this reaction can be viewed in the equation below.  

�� + ��  → ���  +  ��  + ℎ4 

Sample air is drawn into the analyzer by an external pump. When the sample air 

reaches the reaction chamber it mixes with ozone. The ozone is produced by an 

ozonator that is an internal component of the analyzer; this is done to ensure that ozone 
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will not be the limiting reagent in the reaction. The reaction in the above equation occurs 

producing a characteristic luminescence (hv) with intensity proportional to the 

concentration of NO.  

For this equation to be useful in quantifying ammonia, all of the nitrogen compounds 

need to be converted to NO. Figure 6 outlines the flow schematic through the analyzer. 

The sample air is drawn into the ‘converter module’ and split into three separate sample 

intakes: NO, NOX, and Nt.  

 

Figure 6: TEC 17i flow schematic (Thermo Scientific, 2007) 

 

The NO intake takes the sample through a capillary to keep the flow rate constant, then 

through a selective ammonia scrubber which ensures that there will not be any ammonia 

leaving the converter where it enters the reaction chamber. The reaction chamber is 

heated to approximately 50oC where the sample reacts with the ozone and produces the 

excited NO2 that gives off a photon of energy when it decays. This characteristic 

luminescence (photon) that is emitted is detected by a photomultiplier tube which 

generates a proportional electronic signal. This signal is processed by the 

microcomputer into a NO concentration reading.    

The NOX sample is drawn through a capillary and NH3 scrubber in the converter into the 

analyzer module where it enters a molybdenum converter before reaching the reaction 

chamber. The molybdenum converter is heated to approximately 325oC the NO2 will 

react with the molybdenum and convert to NO. The converted molecules along with the 
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original NO molecules reach the reaction chamber and produces a signal which 

represents the oxides of nitrogen, NOX (NO + NO2). 

The Nt channel draws a sample through a capillary into a stainless steel converter.  The 

stainless steel converter is heated to approximately 750oC, while the sample passes 

through the NO2 and NH3 will react with the heated stainless steel to produce NO. The 

converted molecules along with the original NO molecules pass through a NH3 scrubber 

as a safety precaution as the NH3 will interrupt the normal functioning of the reaction 

chamber. The reaction chamber then produces a signal which represents the total 

nitrogen, Nt (NO + NO2 + NH3), content in the sample.   

The analyzer is able to output NO, NO2, NOX, NH3, and Nt concentrations on the panel 

display. The analog outputs and logged data are NO, NOX, and Nt. The NO2 and NH3 

concentrations can be manually solved for by using the equation below. 

��5 −  �� =  ��� 

�* −  ��5 =  ��� 

 

A large advantage to the chemiluminescence system is that it can sample continuously 

over time which enables the user to test a variety of sample situations. The 

chemiluminescence can also collect samples ranging from 0.001-100 ppm based on the 

concentration of calibration gas used (Thermo Scientific, 2007). This is a great 

advantage as the analyzer can handle a wide range of monitoring conditions. 

 

2.2.2 Size Fractionated Particulate Matter 

 

2.2.2.1 Size Fractionated Particulate Matter Health Effects and Emissions 

 

Particulate matter (PM) is a mixture of extremely small particles or liquid droplets and 

can be comprised of acids (nitrates and sulfates), organic chemicals, metals, and dust 

particles. Environment Canada (2012a) groups particulate pollution into two main 

categories: 



 

16 

 

1. Inhalable coarse particles (PM10): particles that are10 µm and smaller in 

aerodynamic diameter.  

2. Fine particles (PM2.5): particles that are 2.5 µm and smaller in aerodynamic 

diameter. 

Particle pollution causes detrimental effects to both human health and the environment. 

When particles are inhaled by humans, especially PM2.5, they can penetrate deep in the 

lungs and begin to damage the normal respiratory function. Prolonged exposure to PM 

can cause decreased lung function, asthma, chronic bronchitis, irregular heartbeat, and 

premature death in people with heart or lung disease (US EPA, 2012c). Environmental 

damage can occur with increasing emissions of PM, as when these airborne particulates 

eventually settle they can alter the acidity in lakes as well as changing the nutrient 

balance in large water bodies (US EPA, 2012c). 

Although particulate matter is most commonly size-fractioned into PM10, and PM2.5 

groups, three other size-fractioned groups exist for describing particulates. These other 

categories include: total suspended particles (TSP), particles with an aerodynamic 

diameter less than 5.0 µm, also called respirable diameter particles (RD), and particles 

with an aerodynamic diameter less than 1.0 µm (PM1.0).  

 PM emission factors from poultry layer facilities vary greatly depending on the type of 

barn layout, feeding, manure management, and ventilation systems. The main driving 

force of PM concentrations within a barn is bird activity, therefore the amount of light that 

the birds are exposed to will have a large effect on PM emissions. Similarly to ammonia, 

the wide variety of layer barns in practise today makes it very difficult to compare 

emissions of PM. Table 2 presents an updated review of PM emissions from layer barns 

from a summary article by Roumeliotis and Van Heyst (2008). 

 

 

 

 



 

 

 

Table 2: Overview of PM emission factors from poultry layer facilities (updated from Roumeliotis and Van Heyst, 2008) 

Country Study Ventilation 

Type 

Manure 

System 

EF (g/day/AU) 

TSP PM10 RD PM2.5 PM1.0 

Denmark/England/ 

Germany/Netherlands 

Takai et al (1998) Various Battery Cage 15.3 - 1.9 - - 

Denmark/England/ 

Netherlands 

Takai et al (1998) Various Perchery 73.9 - 14 - - 

Netherlands Van Der Hoek (2007) Various Cages, Belt 

System 

- 0.23 - - - 

Netherlands Van Der HoeK (2007) Various Litter Floor - 2.6 - - - 

UK Wathes et al (1998) Various Battery Cage 21.6-52.8 - 1.8-6.2 - - 

UK Wathes,et al (1998) Various Perchery 20.4-33.6 - 4.1-5.3 - - 

USA (IN) Jacobson et al (2004) Mechanical High-Rise - 2.0-10.0 - - - 

USA (IN) Lim et al (2003) Mechanical Battery Cage 63 ± 15 15 ± 3.4 - 1.1 ± 0.3 - 

USA (CA) Lin et al (2011) Mechanical High-Rise 23.8 ± 14.2 10.5 ± 9.1 - 

 

2.1 ± 4.5 - 

Italy Fabbri et al (2007) Mechanical Battery Cage - 16 - 4.73 - 

Italy Fabbri et al (2007) Mechanical Battery Cage - 4.4 - 1.45 - 

USA (OH) Lim et al (2007) Mechanical Battery Cage 44.5 9.2 - - - 

1
7
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2.2.2.2 Size Fractionated Particulate Matter Measurement Techniques 

 

The detection of PM concentration is necessary in order to calculate emissions from a 

source. There are a variety of methods for quantifying these concentrations and are 

generally based on a function of the aerodynamic diameter of the PM that is desired to 

be monitored. A reference method used to measure air quality standards is based on the 

gravimetric analysis of particle filters collected over a period of 24 hours (Buonanno, 

2011). Gravimetric measurements are taken by collecting PM through a filter that has a 

porosity based on the size-fractioned PM under observation and implementing the ratio 

of mass of the sample collected and the volume of sampling gas passed through the 

system. An example of the steps necessary for obtaining gravimetric measurements can 

be viewed Figure 7. 

  

Figure 7: Gravimetric measurement steps for determining PM concentration (Buonanno et al, 2011) 

 

To obtain accurate measurements in this type of system, the temperature and pressure 

must be accounted for in order to ensure a proper volume of sample gas is recorded. 

While this technique is common in collecting PM concentrations, it does not allow for 

continuous measurements and there is significant filter conditioning and weighing time 

losses.  

Another particulate measurement system is called the Tapered Element Oscillating 

Microbalance (TEOM). The TEOM is a filter based analysis that, unlike the gravimetric 
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system, can produce continuous particulate measurements. An example of a flow 

schematic for a standard TEOM system can be viewed in Figure 8. The TEOM operates 

by taking a sample gas stream through a mass transducer that allows for continuous 

monitoring of the mass accumulated on the systems filter. The tapered element of the 

TEOM vibrates and will decrease in vibration as more mass accumulates on the filter. 

The electronic circuit system senses the vibration and through a positive feedback loop 

adds the energy that is lost through mass accumulation in order to keep the tapered 

element vibrating at constant amplitude.  

 

Figure 8: Flow schematic for TEOM (left) with a schematic of the tapered element (right) (Chan & He, 1999) 

 

The TEOM system is advantageous compared to the gravimetric analysis as it does 

provide the user with real time continuous measurements and less maintenance is 

required to operate the system. The TEOM system is sensitive to the collection 

temperature; the sample stream must be set to 50oC in order to minimize the possibility 

of water vapour trapping on the filter. This temperature increase will result in partial 

measurements of the mass of volatile material in PM (Green & Fuller, 2006).  

The light scattering optical particle counter (OPC) is a type of particulate matter analyzer 

that uses the light redirected as it passes through a particle stream to convert to the 

number of particles to a mass. The DustTrak™ is an OPC that operates by using light 

scattering technology to determine mass concentrations. As viewed in Figure 9, a 

sample is drawn into the monitor in a continuous stream through the sample inlet by a 

vacuum pump within the instrument.  
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The sample air is split into two streams; one stream enters directly through the sensing 

chamber, the other stream is directed through a filter. The filter removes all particulates 

from the stream and creates a clean air ‘sheath’ around the aerosol stream which 

prevents particles from circulating around the optical devices. The clean air stream also 

allows the monitor to respond more quickly to rapid changes in particulate concentration.   

  

 

Figure 9: DustTrak
TM

 flow schematic (TSI, 2006) 

A small laser beam illuminates the particulate sample stream which scatters the light in 

all directions. The laser has a wavelength of 780 nanometers which limits the smallest 

detectable particle to 0.1 micrometers. A lens is situated perpendicular to both the 

aerosol stream as well as the laser beam. The lens collects the light that is scattered and 

focuses it onto a photodetector. The photodetector converts the scattered light into a 

voltage which is proportional to the mass concentration of particulates in the air. Light 

scattering is dependent upon the particle size, and the index of refraction and the light 

absorbing characteristics of the particles. The sensing volume is defined by the 

intersection of the aerosol stream and laser beam, and remains constant. Mass is then 

determined by the intensity of scattered light by the aerosol within this volume. The 

output from the DustTrak™ microprocessor is a mass concentration in units of mg/m3.      
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The OPC is a real time continuous instrument and, unlike the TEOM its inlet sample 

stream is not dependent on temperature, making it a very useful measuring device for a 

wide variety of sampling situations, especially where liquid aerosols are of concern. 

2.2.3 Carbon Dioxide 

 

2.2.3.1 Carbon Dioxide Health Effects and Emissions 

 

Greenhouse gases, such as carbon dioxide, occur naturally in the environment but 

emissions are amplified by the increase in various human activities. The largest 

contribution of carbon dioxide to the atmosphere is through the burning of fossil fuels, 

solid waste, trees and wood products. The gas is also removed from the environment 

when it is absorbed by plants (US EPA, 2012b).   

Carbon dioxide has also been found to be a significant gas in poultry houses. The 

carbon dioxide in poultry houses originates from the respiration of the birds as well as 

from the degradation processes occurring within the excreta (Ni et al, 2010). When 

quantifying carbon dioxide emissions from a barn, the origin of the source must be taken 

into consideration in order to properly characterize trends.  

A study by Lin et al. (2012) showed that the emission factor for carbon dioxide produced 

from a high-rise mechanically ventilated layer barn was 28.1 ± 4.7 kg/d/AU.  The study 

was performed on two identical facilities housing 35,000 birds with a deep pit manure 

system removed four times a year. 

 

2.2.3.2 Carbon Dioxide Measurement Techniques 

 

A wide range of techniques are available for measuring concentrations of carbon 

dioxide. One of these techniques is the cavity ring-down spectroscopy (CRDS) which 

operates by introducing a sample gas into an optical cavity where the absorbance of the 

sample is determined and converted into a concentration with the aid of a wavelength 

monitor. The analyzer is equipped with a laser, wavelength monitor, and the optical 

cavity consisting of two or more mirrors and a photodetector.  An example of a CRDR 

analyzer is given in Figure 10. 



 

22 

 

 

Figure 10: A flow schematic for the CRDS analyzer (Crosson, 2008) 

 

The CRDS operates by injecting light via a laser into the optical cavity through one of the 

reflecting mirrors; the light intensity inside the cavity will build up over time while being 

monitored by a photodetector that will collect light from the second reflecting mirror in the 

cavity. The ‘ring-down’ measurement comes from rapidly shutting off the laser and 

measuring the light intensity in the cavity as it exponentially decays. The decay depends 

on the losses in the cavity mirrors, the absorption and scattering of the sample gas 

within the cavity. A wavelength monitor is situated to simultaneously measure the optical 

frequency at which absorption occurs. A spectrum is produced that is comprised of 

absorption loss as a function of optical frequency with the area under the spectrum 

proportional to the concentration (Crosson, 2008).  

 Another style of analyzer often used in the detection of carbon dioxide is the 

photoacoustic IR technique. This type of analysis is described in detail in section 2.2.1.2. 

The difference in detection of carbon dioxide rather than ammonia is in altering the 

frequency of the IR light to correspond to the resonant frequency of carbon dioxide.  

The most well-established technique for measuring carbon dioxide is the nondispersive 

infrared spectroscopy (NDIRS) system (Crosson, 2008). The analyzer is based on the 

principle that carbon dioxide will absorb infrared radiation. The TEC 41C CO2 Analyzer is 

an example of a NDIRS and flow schematic for the analyzer can be viewed in Figure 11.  
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Figure 11: Schematic of TEC 41C analyzer (Thermo Electron Corporation, 2003) 

 

The sample enters the analyzer and flows through an optical bench. Infrared radiation is 

released by an IR source resistor which is heated by a surrounding with a regulated DC 

voltage. The radiation is passed through a gas filter alternating between CO2 and N2, 

and then passed through a bandpass filter before entering the optical bench where 

absorption by the sample gas occurs.  

As the IR radiation enters the CO2 portion of the alternating gas filter it produces a 

reference beam of radiation that cannot be further attenuated by CO2 when it enters the 

optical bench with the sample gas. When the radiation enters the N2 portion of the 

alternating gas filter the radiation beam that enters the optical bench has not been 

exposed to any CO2 and therefore can be absorbed by carbon dioxide in the sample 

gas. The alternation in the gas filter allows the IR detector to take the difference in N2 

and CO2 radiation beams and convert the amplitude of the signal to a concentration of 

carbon dioxide. The analyzer only responds to CO2 as other gases within the sample will 

absorb the reference and measured beam equally.  
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3.0 Analyzer System Setup and Auxiliary Equipment 
 

This section outlines the instruments that were used for the aerial pollutant 

measurements and the sample gas distribution network integrated to the research trailer 

used in pollutant monitoring. The characterizations of in-house and environmental 

parameters are also outlined.  

3.1 Instrumentation 
 

3.1.1 Ammonia Analysis 

 

The instrument used for the continuous monitoring of ammonia was the TEC Model 17i 

Chemiluminescence NH3 Analyzer. The analyzer was chosen based on the advantages 

of continuous monitoring and its sample range (0.001-100 ppm) as described in section 

2.2. These advantages make it an ideal instrument for the purposes of this research.  

As described previously, this type of analysis is based on the conversion of gas phase 

nitrogen compounds to nitric oxide. The nitric oxide is sent to a reaction chamber where 

it reacts with a constant supply of ozone. The reaction produces an excited nitrogen 

dioxide compound which releases a photon. The photon is converted to a concentration 

proportional to the gas phase nitrogen compounds (Nt, NO, NO2, and NH3).  

The TEC 17i analyzer has a response time of 120 seconds (10 second averaging time) 

with a 24-hour zero drift of 1 ppb. Due to this, the analyzer is ideal for long term 

continuous monitoring as it can record a great deal of data without the need of hourly or 

daily calibration.     

3.1.2 Particulate Matter Analysis 

 

Two TSI Model 8520 DustTrak™ Aerosol Monitors were used in order to obtain 

continuous measurements of size-fractioned particulate matter, specifically PM2.5 and 

PM10. The DustTrakTM optical particle counter (OPC) was chosen based on its detection 

range of 0.001-100 mg/m3 and its 24-hour zero stability of ± 0.001 mg/m3 with a 10 

second time constant. The instruments ability to measure with this accuracy is ideal for 

the long term continuous monitoring under review in this thesis.  
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As described in section 2.2 the light scattering OPC is a type of particulate matter 

analyzer that uses the light redirected as it passes through a particle stream to convert 

to the number of particles to a mass. The OPC system operates by passing a sample 

stream through a beam of light which scatters light in all directions. The light is collected 

through a lens set 90o to the sample stream and light beam and is sent to a 

photodetector (TSI, 2006). The scattering of light is dependent on the particle density, 

shape factor, and optical properties. Due to these variations, the OPC device requires a 

separate calibration for each type of particle material (Binnig & Kasper, 2007). 

The DustTrak™ is calibrated using standard IO 12103-1, A1 test dust which is 

representative of a wide variety of ambient aerosols. To determine the mass 

concentration for different size-fractioned particulate matter the inlet conditioner must be 

adjusted. Two types of inlets can be found to limit particles that are larger than 2.5 µm 

and 10 µm in diameter in order to obtain concentrations of PM2.5 and PM10, respectively.  

3.1.3 Carbon Dioxide Analysis 

 

The instrument used for the continuous monitoring of carbon dioxide was the TEC Model 

41C Trace Level Gas Filter Correlation CO2 Analyzer. The NDIR analyzer as described 

in section 2.2 is based on infrared absorption characteristics of carbon dioxide. In a 

typical NDIRS system, infrared radiation is passed through two tubes: one reference 

tube containing a nonabsorbing gas such as nitrogen, and a second measurement tube 

containing the sample of the gas to be analyzed. The IR radiation passes through both 

tubes, the gas from the measurement tube absorbs the IR radiation and is compared to 

the unattenuated signal from the reference tube. The difference in these signals is 

proportional to the concentration of the sample gas (Neethirajan et al, 2009). 

The analyzer is ideal for long term continuous monitoring as it has a detectable range of 

0.005-5000 ppm and a 24-hour zero drift of ± 0.02 ppm. The instrument also has a 

response time of 90 seconds (with a 30 second averaging time) with a precision of ± 1%. 

3.1.4 Support and Calibration Gases 

 

The ammonia and carbon dioxide analyzers needed to be calibrated on a routine basis 

to ensure that the concentration readings were accurate. The TEC 41C analyzer 
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required a constant supply of nitrogen in order to keep the reference gas filter at a 

constant concentration. The calibration gases used are outlined in Table 3. 

Table 3: Support and calibration gas used by instruments 

Name Concentration  Instrument Use 

Ammonia 25 ppm 17i Calibration 

Carbon Dioxide 2500 ppm 41C Calibration 

Nitrogen (High Purity) 99.999% 17i Zero Calibration &  

41C Calibration 

Nitrogen (Lower  Grade) 99.99% 41C Purge Gas 

Nitric Oxide 16 ppm 17i Calibration 

Nitrogen Dioxide 16 ppm 17i Calibration 

 

3.1.5 Environmental Parameters 

 

In addition to monitoring the aerial pollutants within the barn, environmental parameters 

must be taken into consideration. In a long term research project such as this, these 

parameters can be used to aid in the explanation of variations in the data. Data was 

collected for the parameters outlined in Table 4. 

Table 4: Environmental parameters monitored 

Barn Ambient 

Set Point Temperature Temperature 

Temperature Relative Humidity 

Fan Stage Static Pressure 

 

3.1.5.1 Facility Parameters 

 

The parameters within the barn were monitored using an E2E Resolutions A-Box system 

that generates summary reports automatically for the in barn parameters stated in Table 

4. This system also allows the user access to real-time views of the barn conditions 

through WEB technology (i.e. remote users can operate the A-Box using a web 

browser).  

The barn temperature that was recorded was averaged over eight temperature probes 

evenly spaced throughout the barn. The set point temperature was recorded for the 

barn, which was subject to change due to management discretion as clarified in section 
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5.2. The fan stage was recorded as well as the temperature difference from the set point 

that indicates when the fan stage will increase or decrease, also called temperature 

bandwidth.  

The A-box operates continuously and allows for these parameters to be averaged every 

1 min, 15 min, 30 min, 1 hour, 2 hour, 4 hour, 8 hour, 12 hour, 24 hour, and 1 week. For 

the purposes of this project, the 1 hour averaging was used. The data for the A-Box can 

be stored for 2 years, which is very useful for performing long term research as well as 

providing detailed information for barn managers when comparing old and new barn 

conditions for future improvements.  

 

3.1.5.2 Ambient Parameters 

 

The ambient environmental parameters outlined in Table 4 were monitored with two 

separate instruments connected to a Campbell Scientific CR23X Micrologger. A 

Campbell Scientific CS500 Temperature and Relative Humidity Probe were used to 

measure the temperature and relative humidity of the ambient air. The probe was 

attached to the outside of the trailer. A Campbell Scientific 61205V Barometric Pressure 

Sensor was used to acquire static pressure readings. The pressure readings assist in 

the conversion of concentration from parts per million to a useable mass per volume 

concentration.  

3.2 Continuous Monitoring and Trailer Setup 
 

A research trailer was designed in a study by Dixon (2009) to allow continuous 

monitoring of aerial pollutants from various poultry facilities. The system draws air from 

the barn to the trailer through a heated sample line.  The air is pumped at a rate of 

approximately 20 litres per minute (LPM); this is to ensure that the flow rate well exceeds 

the necessary flow rate of the combination of analyzers in operation, as typical analyzers 

require a flow between 1-2 LPM.  As the sample gas reaches the trailer, a gas 

distribution system allows the sample to be drawn into each analyzer as viewed in 

Figure 12. Each analyzer draws sample air from the barn through a two-way valve that 

can be switched to sample ambient air when barn air is not required.    
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Figure 12: Flow schematic for trailer setup 

 

The DustTrakTM monitors are located inside the facility at the same sampling location as 

the research trailer sampling line. The inlet sample line for the two DustTrakTM monitors 

contains a four grated inlets to obtain a more representative sample of the barn air.  
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4.0 Methodology 
 

This section outlines the methodology of the continuous air monitoring system as well as 

the characterization of ventilation rates.  

4.1 Continuous Air Monitoring 
 

The continuous monitoring system described in section 3.2 was set up at the commercial 

poultry layer facility with the DustTrakTM aerosol monitors placed inside the barn. The 

analyzers were operating as often as possible with little maintenance required when the 

equipment functioned properly (see section 4.5 for complete data quality and assurance 

control). Outdoor and indoor (in barn) parameters were continuously monitored during 

the entire collection periods in order to aid in the calculations of emission rates.    

4.2 Particulate Matter Density Analysis 
 

The DustTrakTM is factory calibrated using standard ISO 12103-1 A1 Arizona road dust 

(Cheng, 2008). This standard dust used in the factory calibration has a bulk density of 

500 kg/m3 (Reade®, 2005), which is not the same as the particulates (dust and dander) 

that accumulates within a layer barn. In order to account for the differences in particle 

densities, a bulk density analysis was performed on the particulates from within the barn.   
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Figure 13: Particulate bulk density apparatus 

In order to perform a bulk density test on the dust within the layer facility an apparatus 

had to be constructed as shown in Figure 13. The apparatus used a cylinder that was 

tightly screwed in place over a very fine meshed metal strainer to allow water to slowly 

pass through. A methodology developed by Dixon (2009) was performed three times in 

order to obtain an average bulk density of the dust particles in the layer facility. 

The methodology for particle bulk density determination is: 

1. Collect a dust sample from within the barn. In order to create a representative 

sample, the dust must be collected from various horizontal surfaces. Due to the 

diameter of the apparatus, a mass of at least 40 g of dust was determined to be 

necessary to provide a suitable analysis of bulk density.  

2. Place the dust sample in a drying oven at 100oC for at least 24 hours to ensure 

all moisture is removed.  

3. Clean and weigh the testing apparatus.  

4. Place 40 g of dry dust into the testing apparatus. Place 5 g into the apparatus at 

a time and compact the dust with a flat object with every 5 g addition.  

5. The height of the compacted dust within the apparatus can be measured as well 

as the inner diameter of the cylinder. Using this information the volume of dust 

can be calculated.  
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6. Weigh the mass of the dust and apparatus. From this weight, the mass of the 

dust can be calculated by subtracting the original weight of the apparatus.  

7. Water (100 mL) is then added to the dust through a hole at the top of the 

apparatus. The apparatus will need to be placed over a drip container to collect 

the water that seeps through. This procedure is repeated multiple times in order 

to completely saturate the dust being tested. Additions of water need to be 

performed every 12 to 24 hours until the dust is saturated.  

8. After the dust is completely saturated and all of the excess water has passed 

through the dust, the apparatus can be weighed. The mass of water can then be 

calculated by subtracting the total weight of the testing apparatus and dust from 

the testing apparatus and saturated dust weight.  

9. The volume of water can be calculated using the mass of the water in the 

saturated dust and dividing it by the density of water (assume water density of 

998 kg/m3 at 20oC). 

10. The volume of the particulates can be calculated by subtracting the volume of 

water from the volume of compacted dust. 

11. The density can then be calculated by dividing the mass of the dry dust by the 

volume of particulates.  

Sample calculations of this procedure are given in Appendix A.1 Particulate Bulk Density 

Calculations. 

 

4.3 Ventilation Rate 
 

The commercial layer facility used in this research has ventilation fans of varying size 

consisting of 0.61 m diameter variable speed fans and 0.91, 1.22, and 1.37 m diameter 

single speed fans. Fan operation depended on the stage the barn was set at. Stage 

setting dictates which ventilation fans are in operation. The staging is increased with 

warmer ambient temperatures and decreased with colder temperatures to maintain bird 

comfort.  
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4.3.1 Balometer 

 

The Model EBT721 Alnor® Electronic Balancing Tool (Balometer) was initially used as a 

device to quantify the ventilation rate through the smaller (0.61 m) variable speed fans. 

The Balometer is comprised of a micromanometer, LogDat1® for Windows® data 

downloading software, a RS232 interface cable, 61 cm x 61 cm (2 ft x 2 ft) air capture 

hood, frame, and base.   

The Balometer operates by allowing air to flow through the capture hood and a Velocity 

Matrix connected to the micromanometer which converts pressure differences to flow 

rates in units of m3/min. The Balometer’s specifications state that the micromanometer 

can measure airflows ranging from 0.012-1.18 m3/s (25-2500 CFM) (TSI Incorporated, 

2004). The small 0.61 m (24”) variable speed ventilation fans are rated to flow rates 

ranging from 0.94-2.36 m3/s (2000-5000 CFM) (see Figure 20 for details on their location 

within the barn). Due to this, a rectangular box with two identical squares of 61 cm x 61 

cm was constructed to split the ventilation fans airflow into two equal portions in order to 

obtain the ventilation rates within the Balometer’s specifications.  

A capture hood was constructed with a tarp secured to the ventilation fan outside the 

barn, and sealed to prevent any airflow leaks. The Balometer capture hood was then 

attached to the sampling box by screwing pieces of plywood around the perimeter to 

create a tight seal against the box. Duct tape was used to seal the edges of the tarp 

creating an air flow tunnel between the fan and Balometer. The Balometer was tested for 

a given time period on one side of the box, and then the other side (for the same 

duration) to obtain an average of both sides, and the summation should equal the flow 

rate of the ventilation fan. Figure 14 depicts the Balometer set-up on the left side of the 

box.   
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Figure 14: Balometer set up on a 0.61m (24") ventilation fan in left position 

 

The Balometer is designed to undergo long-term field use. The micromanometer allows 

a maximum of 1000 samples to be logged in a continuous measurement test 

identification (ID) (with a maximum of 255 test IDs). The logging interval can be adjusted 

to: 10, 15, 20, 30, 60, 120, 180, 240, 300, 360, 420, 480, 540, and 600 seconds. Along 

with the data for each sample, the micromanometer will also display the count, minimum, 

maximum and average flow for the Test ID (TSI Incorporated, 2004). An example of a 

raw data output from the LogDat1® software given in Table 5.  
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Table 5: Balometer raw data output from LogDat1® 

MODEL: EBT-721 

SERIAL: 90615006 

TEST ID:    1 

STATISTICS: 

COUNT SUM AVERAGE MAXIMUM MINIMUM UNIT 

READING TYPE 

 / FLOW SIZE 

587 6620 11.3 27.5 -13.5 m3/min Actual Hood 

587   23.6 30.1 18.6 °C 

DATA: 

Flow K Factor Entered Temp Baro. Press Temperature Date Time 

16.3     28.46 in.Hg 21.9 05/12/2011 10:19:25 

13.3     28.45 in.Hg 22.6 05/12/2011 10:24:21 

11.9     28.46 in.Hg 22.6 05/12/2011 10:29:21 

11.8     28.46 in.Hg 22.9 05/12/2011 10:34:21 

11.8     28.47 in.Hg 23 05/12/2011 10:39:21 

 

 

4.3.2 FANS Unit 

 

The Fan Assessment Numeration System (FANS) is a device used to measure in-situ air 

flow of exhaust ventilation fans. The FANS device operates by traversing an array of six 

anemometers over a cross-sectional area in order to obtain an average volumetric air 

flow. The FANS unit is equipped with FANS Interface Software used to control the unit 

during operation.  

FANS units have been produced in a range of sizes intended for testing 0.76 m (30”), 

1.22 m (48”), and 1.37 m (54”) diameter ventilation fans. Due to the facility being 

examined, the 54” model was used in order to quantify the flow from the 0.61 m (24”), 

0.91 m (36”), 1.22 m, and 1.37 m ventilation fans that the commercial layer facility 

operates with. The FANS device used is a 4th Generation unit produced by the 

Biosystems and Agricultural Engineering Department at the University of Kentucky and 

then calibrated at the University of Illinois (Appendix B: FANS Calibration Certificate).  

The anemometers used in the FANS unit are the Model 27106T Gill Propeller 

Anemometer. The anemometer converts propeller rotation to a DC voltage that is 

linearly proportional to air velocity. The linear equation for the conversion of rpm to 
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velocity can be viewed in the equation below. Airflow from any direction can be 

measured by the anemometers with a specification range of 0-40 m/s (Young, 2011). 

  

8$9& :;��&�< =⁄ � = 0.00500 × C�0;�..�� D0EE$09 ��;<� 

 

The device is set up flush with the wall of the barn; a foam lining along with duct tape is 

placed around the trim of the FANS unit in order to create a seal between the wall and 

the unit. The unit was able to be horizontally centered on the fans, however due to the 

orientation of the 2nd floor walking grate the unit was unable to be vertically centered. 

Due to this incongruity, the unit has a slight area where the anemometers are traversing 

over the wall of the barn and not the fan. This area becomes less prominent with the 

larger fans as the unit becomes better fitted to the fan (see Figure 15 and Figure 16).  

 

 

Figure 15: FANS unit (G4-54-03) placement on 0.61 m (24”) ventilation fan 
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Figure 16: FANS unit (G4-54-03) placement on 1.37 m (54”) ventilation fan 

The FANS unit arrived at the University of Guelph late December of 2011. Since the 

purpose of ventilation fans in poultry barns is for temperature control, the larger fans 

(0.91 m, 1.22 m, and 1.37 m) were not operating during the winter months. During the 

first week in January 2012, the commercial layer facility under reviews twin barn (located 

parallel to the barn being sampled) was depopulated. The layer facility allowed access to 

the twin barn on January 4th 2012, during which time testing were performed on two 0.61 

m fans and one of each 0.91 m, 1.22 m, and1.37 m fans. The 0.61 m fans were able to 

be tested by manipulating the average temperature in order to obtain a rate at which the 

fans exhaust varies from its activation to maximum power. On January 11th and 18th of 

2012, the FANS unit was taken into the layer barn where aerial pollutant samples were 

recorded and used on a variety of 0.61 m fans. 

The FANS unit airflow tests were operated from the Control tab within the FANS 

Interface Software as shown in Figure 17. A test is performed when the anemometers 

are either in the top or the bottom position of the FANS unit. Once the Start Test button 

initiates a test, the Running and corresponding Top Limit or Bottom Limit indicators will 

become red. The only way to prematurely stop a test is to manually click the Stop Test 
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button.  When the anemometers traverse to the top or bottom of the unit, the test will be 

complete and the Current Airflow and Current Pressure indicators will display the 

average values for the test. A comma separated value (CSV) data file is automatically 

generated for each test which stores the average airflow and pressure measurements as 

well as the raw anemometer data (see Table 6) for each sample which is collected by a 

16-bit DSP processor at a rate of approximately 15 Hz (University of Kentucky, 2011).  

 

 

Figure 17: FANS Interface Software - Control Tab 
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Table 6: Raw Data output from FANS Interface software 

FANS-G4-54-03 

01/04/2012 

14:49 

Average Airflow Units 

Average 

Pressure Units 

463 ft^3/min 0 inH2O 

787 m^3/hr 0 kPa 

Calibration 

Airflow Gain Airflow Offset Pressure Gain Pressure Offset 

1 0 0.05 0 

Description 

RAW DATA 

A1 (RPM) A2 (RPM) A3 (RPM) A4 (RPM) 

A5 

(RPM) 

A6 

(RPM) Pressure (inH20) 

13 43 48 61 65 48 0 

13 43 43 61 65 48 0 

8 39 43 52 61 43 0 

13 43 48 57 65 48 0 

 

 

4.4 Emission Factors 
 

As described in Section 2.1, there are a wide variety of layer barns in existence with 

different manure management and ventilation practices. The number of birds within the 

barn is also subject to change along with the weight of the average bird. In order to 

compare the emissions produced from one poultry facility to another, the emissions must 

be converted to an emission factor (EF). An EF is typically reported as the average mass 

of pollutant emitted per time per mass of animal. As the mass of an animal can differ 

between studies, the emission factor is usually normalized by the animal basis, or per 

animal unit (AU).  An animal unit is defined as the total live mass proportioned to a 

certain standard mass, commonly 500 kg. 

Layer birds have fluctuating weights throughout the production cycle, to obtain a more 

accurate result the emission factors were taken on the per AU basis. This also allows for 
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a more relatable value as the average bird weight will differ from one barn to another 

and will allow the emissions to be directly compared. The mass of the birds and the 

number of birds in the barn was provided by BLT Farms on a weekly basis. Emission 

factors were calculated on an average hourly basis, by using the average hourly data for 

pollutant concentrations and the ventilation rate along with the weekly data for number of 

birds and average weight of birds.  

The emission rates were thus calculated as:  

FD = � × G 

 

Where:  ER = Emission rate (mass/time) 
    C = Concentration (mass/volume) 
     Q = Volumetric flow rate (volume/time) 
 

To acquire the emission factor, the emission rate is then divided by an activity factor 

(AF), which takes into account the total live bird mass and the standard mass of 500 kg. 

The activity factor is obtained by: 

HI = JKL!*��500 M-  

Where:  AF = Activity factor (AU = dimensionless) 
         BMTotal = Total live bird mass for the given week (mass) 
 

The emission factor can then be solved for by using the activity factor to standardize the 

emission rate to a comparable value. This step can be viewed in the equation below. 

FI = FD
HI 

Where: EF = Emission factor (mass/time/animal unit) 

 

4.5 Data Quality Assurance and Control 
 

The instruments used in the concentration data collection were maintained in good 

technical status during operation. The gas analyzers were regularly calibrated and the 

PM instruments underwent zero-checking to ensure appropriate readings were recorded. 

The analyzers were calibrated and data were collected during specified weekly intervals. 
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Data was collected from each analyzer based on the length of time they could hold 

information and was done so on a regular basis accordingly. A summary of the data and 

calibration for the monitoring equipment can be viewed in Table 7. 

 

Table 7: Data download and calibration for all research operations 

Operation Data Download Calibration 

TEC 17i Ammonia weekly weekly 

TEC 41C Carbon Dioxide weekly weekly 

Dusttrak
TM

 PM Monitors bi-weekly Factory 

(weekly 

zeroing) 

A-Box Barn Data monthly - 

CR23X Data monthly - 

Balometer twice weekly Factory 

FANS unit every test Factory 

 

Required maintenance was very minimal when the instruments were working properly. A 

display of the total sampling period for ammonia, PM2.5, and PM10 is displayed in Figure 

18. There are significant gaps in data collection that were caused by many different 

situations. The first and largest gap in data in early 2011 was due to a scheduled 

equipment shutdown; upon returning and restarting the analyzers, freezing in the 

exhaust lines hindered data collection.  A significant gap in collection occurred in April 

2011 due to a brief scheduled equipment shutdown period. A power surge occurred in 

mid May 2011 at the research trailer which caused problems with the ammonia analyzer; 

the research trailer also had to return to the University of Guelph for scheduled servicing. 

Upon returning to the layer facility, an error was still occurring with the ammonia 

analyzer. The TEC 17i stainless steel converter was regenerated, and an external 

temperature control board was replaced during this time as possible solutions to the 

error. The flock was depopulated in late July 2011 which caused a halt in all data 

collection. After the repopulation of the new flock, ammonia and PM2.5 concentrations 

were collected; PM10 data was not able to be collected due to continuous malfunctioning 

of the DustTrakTM power adapter. Due to this, the summer 2011 data for PM10 cannot be 

accurately compared to the PM2.5 data that was collected as the averages would not 

properly represent the same collection periods.     



 

41 

 

 

Figure 18: Total sampling periods for data collection 

 

4.6 Data Processing 
 

The raw data that was collected from all operations underwent processing in order to 

obtain comparable data sets. A one hour average was deemed to be the most suitable 

averaging period for this research project as it would allow for diurnal comparisons as 

well as the ability to compare long term emission trends.  
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5.0 Commercial Layer Facility 
 

5.1 Facility Description 
 

The commercial layer facility that was studied in this thesis is located in the Wellington 

County region of Ontario, Canada. The facility consists of two identical barns (Layer 

Barn 1 and Layer Barn 2) which house approximately 65,000-70,000 layer birds each. 

The data collected was entirely from Layer Barn 2 for simplicity of set-up and to keep 

consistency within the collection process and analysis of trends as each of these barns 

may have different in-house parameters during operation.  

 

 

Figure 19: Aerial View of Commercial Poultry Layer Facility (GRCA, 2012) 
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An aerial view of the commercial layer facility can be seen in Figure 19. Layer Barn 1 

and Layer Barn 2 have a caging area that is approximately 123 m long and 12 m wide. 

Layer Barn 2 has two floors with 4 long rows of cages (cages on both sides of the row) 

and on each floor there are three vertical columns of cages.  The barn holds 8,832 

cages holding 5-8 birds which yield a caged stocking density of 758, 632, 541, and 474 

cm2/bird for cages holding 5, 6, 7, and 8 birds respectively.  

Layer Barn 2 at BLT Farms Inc. is equipped with ventilation fans on both lengthwise 

walls with the six tunnel ventilation fans located on the north end of the barn as shown in 

Figure 20.   In total, there were 36 ventilation fans which are described in more detail in 

Section 5.2. 
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Figure 20: Ventilation Fan Placement for Layer Barn 2 (BLT Farms Inc., 2009) 
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Conveyor belts are located underneath each row of cages, which were run twice a week 

on Tuesday and Friday at approximately 10:30 a.m. -11:30 a.m. with little deviation to 

this schedule. The manure was run onto a common belt and distributed into the manure 

area depicted in Figure 20. The floors were swept roughly once a week in order to 

remove most of the settled particulates from the barn. The sweeping was not regulated 

however and would be performed randomly as dictated by management.    

The lights in Layer Barn 2 are initially set to 13.5 hours of light per day starting at 6:00 

a.m. when a new flock arrives. After the first 20 weeks, more light is added at the 

discretion of the barn manager at 15 minute increases at a time. The maximum light that 

the birds are allowed at this specific facility is 16 hours per day usually occurring at the 

30th week of the production cycle.   

For the current study, the sample ports used for the various gas analyzers were located 

on the inside of the barn at a horizontal distance of 1.0 m from one of the 0.61 m 

ventilation fans and at a height of 2.5 m above the ground. The sample ports were 

located to minimize the impact on the daily operation of the facility. The heated sample 

line was fed from the research trailer outside through a drainage hole in the floor of the 

barn. The heated sample line was strung up along the wall and secured to the second 

floor walking grate as seen in Figure 21. The DustTrakTM monitors were housed in a 

wooden box on the second floor just above the heated sample line. The DustTrakTM 

sample lines were fed from the second floor and set up parallel with the heated sample 

line with four meshed inlets that funnel to one communal inlet port.   
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Figure 21: Sampling ports inside the commercial poultry layer facility 

 

 

5.2 Ventilation Rate  
 

The ventilation rate at BLT Farms Inc. is dependent upon the average temperature 

within the barn. The average temperature is obtained from 8 temperature probes evenly 

spaced throughout the barn. The ventilation is then based on keeping the average 

temperature as close as possible to the set point temperature ranging from 18.9-22.2oC 

(66.0-72.0oF) depending on the season. Therefore, the higher the temperature within the 

barn relative to the set point, the greater the ventilation rate becomes and vice versa. 
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The set point temperature fluctuates throughout the year within the barn. The set point is 

a tool within the A-box (computer controller for managing the barn ventilation) that the 

manager may wish to use when appropriate. Reasons for adjusting the set point could 

include: 

• A young flock’s barn temperature is sometimes greater. 

• Feed consumption can be changed by increasing the barn temperature slightly 

resulting in less consumption. The reverse is also important to stimulate more 

consumption.  

• Since there is no supplemental heat added, the outside temperature 

(seasonality) could also play a role in set point adjustment (however all 

adjustments are at the discretion of BLT management).  

Layer Barn 2 consists of fourteen 0.61 m (24”), four 0.91 m (36”), twelve 1.22 m (48”), 

and six 1.37 m (54”) ventilation fans. There are 15 fan stages that BLT’s Expert 64CA 

Ventilation System manages. The 0.61 m fans vary in speed across a 0.78oC (1.4oF) 

bandwidth. During stage 1, only eight of the 0.61 m fans are in operation. If the average 

temperature is below or equal to the set point, the fans will be running at their minimum 

power. Stage 1 is the lowest stage of operation; therefore these fans will always be 

running. When the bandwidth, or difference in average temperature and set point (∆T) 

increases from 0.0-0.78oC with increments of 0.07oC (0.1oF); the airflow from the fans 

will increase linearly.  If the average temperature is equal to or greater than a ∆T of 

0.78oC the stage 1 fans will operate at their maximum power.  

Stage 2 will commence when the ∆T reaches 1.11oC (2.0oF). At this time, the remaining 

six 0.61 m fans will turn on at their minimum power output (while the stage 1 0.61 m fans 

will remain at their maximum power). The stage 2 fans will increase at the same linear 

rate as that of the stage 1 fans from a ∆T of 1.11-1.89oC (2.0-3.4oF).  When the ∆T 

increases past 1.89oC the stage 2 fans will be operating at maximum power. If stage 2 is 

activated, and then the ∆T decreases below 1.11oC the stage 2 0.61 m fans will remain 

on at their activation power until the ∆T decreases to 0.78oC when the stage 2 fans will 

be deactivated.  

When the ∆T in the barn exceeds 1.67oC (3oF) stage 3 will be activated. Stage 3 

consists of all stage 2 fans at maximum power and the addition of four single speed 0.91 

m fans. The fans will remain active until the ∆T decreases to 1.39oC (2.5oF). Stage 4 will 
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activate at a ∆T of 2.78oC (5oF), and consists of all stage 3 fans and six single speed 

1.22 m fans. The fans will remain active until the ∆T decreases to 1.94oC (3.5oF). Stage 

5 will activate when the ∆T increases to 3.33oC (6oF) and consists of all stage 4 fans and 

another six 1.22 m fans. The fans will remain active until the ∆T decreases to 3.06oF 

(5.5oF). Stage 6 will activate when the ∆T increases to 3.89oC (7oF), and consists of all 

stage 5 fans and two 1.37 m fans. The fans will remain active until the ∆T decreases to 

3.61oC (6.5oF). Stage 7 will activate when the ∆T increases to 4.44oC (8oF), and consists 

of all stage 6 fans and two more 1.37 m fans. The fans will remain active until the ∆T 

decreases to 4.17oC (7.5oF). Stage 8 will activate when the ∆T increases to 5.00oC (9oF) 

and consists of all stage 7 fans and the remaining two 1.37 m fans. The fans will remain 

active until the ∆T decreases to 4.72oC (8.5oF). The remaining stages 9-15 are set up as 

just a repeating program and will turn on every ∆T increase of 0.56oC (1oF). No more 

ventilation fans are activated, or deactivated during these stages and will therefore be 

operating at the equivalent to stage 8. A summary table for the ventilation stages based 

on temperature bandwidth is given in Table 8.  

Table 8: Ventilation Stage Summary 

Fan 

Stage 

 Operating 

Fans  

Added 

Activation 

Bandwidth 

(
o
C) 

Deactivation 

Bandwidth 

(
o
C) 

1 8 - 0.61m 0.00 - 

2 6 - 0.61m 1.11 0.78 

3 4 - 0.91m 1.67 1.39 

4 6 - 1.22m 2.78 1.94 

5 6 - 1.22m 3.33 3.06 

6 2 - 1.37m 3.89 3.61 

7 2 - 1.37m 4.44 4.17 

8 2 - 1.37m 5.00 4.72 

 

The entire ventilation profile for Layer Barn 2 ventilation fans can be viewed in Figure 22. 

The figure captures the hysteresis effect in the ventilation rate depending on whether ∆T 

is increasing or decreasing. 



 

49 

 

 

Figure 22: Ventilation Profile for Layer Barn 2 based on the difference in barn and set point temperature 
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6.0 Poultry Facility Application Considerations 
 

Due to the housing operation and longevity of the research conducted at the poultry 

layer facility, certain issues had to be overcome. During the sampling period various 

issues arose that were specific to the geographical location as well as the commercial 

facility under review. This section outlines these issues and describes how they were 

overcome and how solutions can be applied for future research situations.  

6.1 Winter Issues 
 

The research trailer was situated outside of the barn in order to minimize the impact the 

research would have on the operation of the facility. Due to harsh winter conditions in 

the early months of winter 2011, data collection was attempted during the winter of 2011 

but was unable to begin until February 15th due to issues caused by the extremely cold 

ambient conditions such as freezing of the exhaust lines. The CR23X data logger 

recorded an average ambient temperature from January 8th – February 14th to be -8.7 ± 

5.0 oC. To accommodate for the freezing temperatures, a portable heater was positioned 

inside the trailer to maintain sufficient operating temperatures for the instruments.  

The analyzers each have a sample exhaust dump line as well as the sample intake line 

(see section 3.2). These dump lines exit the trailer via stainless steel tubing.  When the 

warm sample gas leaves the system and is exposed to the ambient air, the moisture in 

the gas tends to condense and freeze causing a significant problem with the sample gas 

pump and the analyzers. When the gas freezes it causes a blockage, creating a buildup 

of pressure within the sample gas stream and even stops flow of gas. This pressure 

buildup can put excessive wear on the pumps and skew the concentrations being 

recorded.  

6.2 Sample Air Moisture 
 

The birds in poultry facilities produce heat and moisture within the barn; due to this the 

moisture within the barn is typically greater than the ambient air (Cordeau et al, 2010). A 

study by Dixon (2009) showed that cooling the sample gas exiting a poultry barn to a 

research trailer will experience heat loss and condensation. This condensation has a 

variety of adverse effects on the sampling network such as ammonia being absorbed 
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into the condensate (and thus not be accounted) as well as water vapour entering the 

instruments causing component failures.  

To alleviate the problem of sample air moisture, a heated sample line was used to 

acquire the samples for the TEC analyzers. A Clean Air Engineering Inc. Model 0723-

100, 30.48 m heated sample line was used which maintains a constant temperature of 

124oC. This sample line ensures that condensation will not occur within the sample 

stream prior to entering the analyzers.  

 

6.3 FANS 
 

During the testing periods at the layer facility with the FANS unit, concerns were 

examined in consideration of the size difference of the unit to the ventilation fan being 

tested. The concern was that using the FANS unit on smaller ventilation fans would 

decrease the accuracy of the test. The standard deviations for the total data set in a 

single test of a ventilation fan were found to decrease with the increase in ventilation fan 

size. The flow rates and standard deviations can be viewed in Table 23-Table 25 (see 

Appendix C: FANS Summary Tables for Ventilation Fans). This occurrence was due to 

the large portion of the FANS unit extending past the ventilation fan, as well as the unit 

not being centered on the fan due to the proximity to the second floor.   

The largest variation came from the 0.61 m (24”) fans, due to the large area of the FANS 

unit not directly over the ventilation fan and the anemometers 1 and 6 traversed outside 

of the fans cross-section. The anemometers had a fairly linear increase (during bottom 

limit tests) in velocity as the anemometers traversed up from being directly over the wall 

to directly over the fan. Anemometers 1 and 6 were however subject to a less intense 

velocity profile as they never fully traversed directly over the fan. A 3-dimensional 

velocity profile illustrating this effect can be viewed in Figure 23.  
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Figure 23: 3D velocity profile from FANS unit of a 0.61 m ventilation fan 

 

Since the FANS unit could not be centered over the barn ventilation fan, it was decided 

to put a flow blocking device over the bottom section of the FANS unit’s cross section in 

order to create equal rectangular areas of exposed FANS unit and ventilation fan (see 

Figure 24). The addition of this blocking device would allow for a more concentrated flow 

through the upper portion of the FANS unit and create dead zones in the bottom portion 

covered by the block. Since the entire cross-section of the FANS unit is still open all of 

the data from both the concentrated flow section and dead zone was still taken into 
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account when averaging the flow over a test in order to maintain continuity (flow in = flow 

out).  

 

Figure 24: FANS unit on 0.61m ventilation fan with block 

 

The block device testing yielded results as expected in terms of how the anemometers 

reacted to the range in velocity from very little, and sometimes even slightly negative 

flows behind the block device, to the very high concentrated flows occurring when the 

anemometers traversed above the block device. A 3-dimensional velocity profile of the 

anemometers is given in Figure 25. The tests were performed while the 0.61m (24”) 

ventilation fans were operating at maximum power, allowing for the data from multiple 

tests to be compared with each other.  The testing of four different 0.61m fans produced 

an average airflow of 1.85 m3/s ± 5.6% for the FANS unit with no block, and 1.91 m3/s ± 

17.1% for the FANS unit with the block device.  

The results showed that on average the flow with the block device attached was greater 

than the flow without the blocking device and there is evidence that the two averages are 
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statistically different from one another. However the increase in flow with the block was 

not great enough that it fell outside of the standard deviation of the average flow without 

the block. Based on the above test, it was concluded that the positioning of the FANS 

unit around the ventilation fan does influence the flow rate. For the purposes of this 

project, however, it was recognized that the testing procedure used to obtain an average 

velocity from the ventilation fans performed at this layer facility was adequate for 

estimating the ventilation rates.  It is recommended that further testing should be 

conducted on the FANS unit in order to create a more accurate testing procedure for 

smaller ventilation fans.  

 

Figure 25: 3D velocity profile from FANS unit of a 0.61m ventilation fan with block 
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7.0 Results and Discussion 
 

This section describes in detail the measurements observed from the commercial layer 

facility under review. The first part of section outlines the house parameters including 

total live weight and ventilation. The aerial pollutants are then described seasonally and 

on an average time of day basis. Emission models based on significant in-barn and 

ambient parameters for the pollutants are presented. An emissions summary table is 

provided at the end of this section which outlines the seasonal and total variation of the 

pollutants throughout the sampling period.  

 

7.1 House Parameters 
 

7.1.1 Bird Mass and Flock Size 

 

In order to develop emission factors for a poultry facility, the emission rates need to be 

converted to express the emissions on a per animal unit basis. Thus the average bird 

mass in the facility needs to be estimated as the birds will not remain at a constant 

weight during the entire production cycle. In this specific commercial facility, 64 birds 

were weighed periodically throughout the flock’s cycle and an average bird mass was 

obtained from these birds. It should be noted that the same 64 birds were tested at each 

weighing period.  
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Figure 26: Average bird mass observed in Layer Barn 2 during the 2010-2011 production cycle 

 

The average bird mass throughout the 2010-2011 production cycle was plotted and 

given in Figure 26, and a growth curve was developed to express the average bird mass 

with respect to bird age as given below. The production cycle starts at week 1 (July 29, 

2011), and ends at week 53 (July 23, 2011). 

HN��-� J$�& K== =  −0.17145 ∙ �J$�& H-��� + 15.0335 ∙ �J$�& H-�� + 1405 

Where:  Average Bird Mass = Average bird mass (g) 
     Bird Age = Week number in production cycle 

 
It was observed that the initial bird mass is approximately 1400 g and increases steadily 

over the first 40 weeks until the birds are about 1730 g. At this point bird mass plateaus 

then decreases slightly until the end of their cycle at week 53.  

 

The flock size or number of birds in the barn also needs to be quantified in order to 

calculate the total bird mass in the barn. For the 2010-2011 production cycle, 70,600 
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birds were placed in the barn at the beginning of the cycle. Mortality totals were taken on 

a weekly basis up to week 53 when the remaining 66,628 birds were depopulated.  

 

The number of birds during the 2010-2011 production cycle can be viewed in Figure 27. 

Approximately 30-40 birds were lost per week for varying reasons. During week 34 

1,776 birds were culled so that the total bird numbers did not exceed the production 

quota allotment of the barn. A linear regression was not deemed appropriate to quantify 

the total bird numbers in the barn on a weekly basis due to the inconsistencies of 

mortality rates and quota management requirements. 

 

 

 

Figure 27: Number of birds in Layer Barn 2 during the 2010-2011 production cycles 

 

Using the observed number of birds and the average bird mass from the developed 

growth curve, the total bird mass in the barn was calculated based on the week of the 

production cycle.   The estimated total bird mass is illustrated in Figure 28 which depicts 
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the total bird mass changing with a somewhat parabolic trend. The increase in total 

mass (disregarding the large culling of birds in week 34) can be attributed to the fact that 

the increase in average bird mass outweighs the amount of bird mortalities per week. At 

around week 40, when the average bird mass was shown in Figure 26 to reach a 

maximum level; the mortalities have a greater influence on the total bird mass in the 

barn after week 40.  

The 2011-2012 production cycle currently in progress began with a population of 65,600 

birds. There has not yet been enough data collected to acquire a body mass growth 

curve.  As a result, the developed growth curve from the previous production cycle was 

used and produced a body mass with 0.62% error for the observed average in the 

current cycle.  

 

Figure 28: Total bird mass observed in Layer Barn 2 during the 2010-2011 production cycle 
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7.1.2 Effects of Temperature 

 

As defined in Section 5.2, the barn’s exhaust rate is based on the difference between the 

in-house average temperature and the set point temperature of the barn. In the winter 

months, the average temperature within the barn does not fluctuate greatly and remains 

fairly close to the set point.  This is due to the lower temperatures outside the barn and 

low ventilation rates dictated by the low set point temperature for the season.  Ventilation 

at these low fan stages (typically 1, 2, and sometimes 3) is dictated by the variable 

speed 0.61 m fans.  Barn ventilation versus temperature for a section of the winter of 

2011 production cycle is depicted in Figure 29. 

 

 

Figure 29: Barn ventilation versus temperature during the winter of 2011 
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Linear regression models were created to aid in defining the statistical relationship 

between the barn ventilation, barn temperature and outdoor temperature in the winter. 

Table 9 shows the results from the statistical models.  

 

Table 9: Statistical analysis of barn ventilation and temperature during winter of 2011 

Data Comparison p-value R
2
(%) 

Barn Ventilation vs. Barn Temperature 0 85.91 

Barn Ventilation vs. Outdoor Temperature 0 31.11 

Barn Ventilation vs. Barn Temperature, Outdoor Temperature 0, 0.3191 85.93 

Barn Temperature vs. Outdoor Temperature 0 34.56 

 

The results show that there is a statistically significant relationship between the 

ventilation and barn temperature in the winter as the p-value is 0 and the R2 is relatively 

high at 85.91%. The barn ventilation versus the outdoor temperature is shown to have a 

weak relationship, although the p-value is 0, the R2 value is very low (31.11%) which 

suggests that much of the total variation of the ventilation is not explained very well by 

the outdoor temperature. This conclusion can be viewed again in the relationship 

between the ventilation and both the barn and outdoor temperatures. While comparing 

the ventilation against both of these explanatory variables, the outdoor temperature 

produced a p-value of 0.3191 (>0.05) which means that a relationship was found with 

the ventilation and barn temperature which did not fit with the outdoor temperature data.  

The ventilation and barn temperature in the winter then can be described as driven by in-

house parameters, mainly the barns heating system as well as the heat produced by the 

flock. The outdoor temperature has little effect on the ventilation this time of year.  

During the summer months, the average temperature within the barn varies as the 

temperatures outside the barn are typically much greater than in winter. The ventilation 

rate of the barn increases during these periods of higher outside temperature in order to 

cool the average temperature inside the barn such that it remains close to the set point 

temperature of the barn. The barn ventilation versus temperature during a section of the 

summer of 2011 can be viewed in Figure 30 which illustrates how the outside 

temperature can have a dominant effect on the barn temperature, no matter what the 

ventilation rate (see, for example, the period between 9/02/11 to 9/04/11).    
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Figure 30: Barn ventilation versus temperature during the summer of 2011 

 

Linear regression models were created to analyze the statistical relationship between 

the barn ventilation, barn temperature and outdoor temperature in the summer. Table 10 

shows the results from the statistical models.  
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Table 10: Statistical analysis of barn ventilation versus temperature during summer of 2011 

Data Comparison p-value R
2
(%) 

Barn Ventilation vs. Barn Temperature 0 78.14 

Barn Ventilation vs. Outdoor Temperature 0 81.79 

Barn Ventilation vs. Barn Temperature, Outdoor Temperature 0, 0 84.79 

Barn Temperature vs. Outdoor Temperature 0 79.25 

 

The results from the linear regression models show a strong statistical relationship 

between the barn ventilation with both the barn temperature and outdoor temperature.  

The relationship between the ventilation and barn temperature in the summer 

(R2=0.7814) was slightly weaker than the same comparison in the winter (R2=0.8591) 

which can be attributed to the single speed fans being more active in the summer. The 

single speed fans start and stop set points are based on the barn and set point 

temperature difference, however the temperature is allowed to fluctuate over a certain 

bandwidth before another stage is either turned on or off.  

Unlike the winter months, a strong correlation is found between the ventilation and the 

outdoor temperature in the summer.  This is due to the increase in outdoor temperatures 

which in conjunction with the heat produced by the flock create an increase in barn 

temperature which in turn controls the rate of ventilation. 

 

7.1.3 Ventilation 

 

7.1.3.1 Balometer 

 

The Balometer was tested in conjunction with the FANS unit to see if the results would 

be comparable. Tests were performed on two of the 0.61 m variable speed ventilation 

fans operating at maximum ventilation during the afternoon of January 11, 2011. The 

FANS unit was set up on the selected ventilation fan and programmed to record 4 trials 

to gain an average airflow from the fan without the influence of the Balometer.  

The capture hood from the Balometer set-up was then attached to the ventilation fan and 

measurements were taken from both the FANS unit and the Balometer. This was 

repeated for the Balometer being situated on both the left side (LS) and right side (RS).  

Figure 31 displays the results from one of the comparison tests.  
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Figure 31: Comparison of the Balometer with the FANS Unit 

 

Figure 31 illustrates that the ventilation is fairly constant when the FANS unit is operating 

without the influence of the Balometer. When the Balometer is placed on the ventilation 

fan the flow rate through the FANS unit dropped slightly. This occurs due to an increase 

in blockage causing resistance in the flow from the ventilation fan. Average 

measurements from both the LS and RS of the Balometer must be summed together to 

give the total fan flow rate. It is shown in Figure 31 that the flow characterized by the 

Balometer is fairly low, the summation of the averages yields 52.73% of the total 

ventilation characterized by the FANS unit.  

The second test showed more variability within the Balometer tests, as the left side was 

obstructed by the tarp collapsing inward blocking the flow through the Balometer. This 
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significantly reduced the flow on the left side and forced the airflow through the right 

side. This test was able to show the impact the tarp has on the Balometer system. When 

tarp collapses in on itself, the airflow being measured is greatly altered.  

Due to these tests it was concluded that the Balometer was unable to provide accurate 

ventilation data of agricultural exhaust fans as the set-up decreases the ventilation rate 

and greatly underestimates the exhaust rate.  

7.1.2.2 FANS Unit 

 

The data from the FANS collection periods, along with the data obtained from Layer 

Barn 1 (same sized fans as on Layer Barn 2), allowed a ventilation rate equation to be 

obtained for the variable speed 0.61 m (24”) fans (see Figure 32).  
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Figure 32: Compilation of all the 0.61 m (24``) ventilation fans with varying temperature bandwidth 

The 0.61 m (24”) ventilation fans increased linearly with increasing difference 

(bandwidth) from the current temperature to the set point temperature of the barn. 

According to the ventilation outline (Figure 20), the 0.61 m fans operate at a minimum of 

40% of the maximum airflow for the barn. Using the equation from Figure 32, the 

minimum airflow through the fan would be 14% of the maximum airflow.  

The ventilation from the larger single speed exhaust fans are characterized in Table 11. 

 

Table 11: Average Airflow for 0.91 m, 1.22 m, and 1.37 m ventilation fans 

Fan Size (m) Average Airflow (m
3
/s) % Standard Deviation 

0.91 2.90 2.5 

1.22 6.44 2.0 

1.37 7.10 5.7 
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7.2 Particulate Matter Bulk Density  
 

The particulate bulk density tests that were performed (see section 4.2) were necessary 

in order to obtain accurate particulate matter concentration measurements within the 

barn. The results from three bulk density tests using particulates from various horizontal 

surfaces in the commercial layer facility yielded an average bulk density of 962.2 kg/m3. 

The calculated bulk density can be used to convert the mass concentrations of the 

DustTrakTM which uses a standard bulk density of 500 kg/m3. This will provide a more 

representative particulate concentration (sample calculations can be viewed in Appendix 

A.1 Particulate Bulk Density Calculations).  

 

7.3 Seasonal Pollutant Measurements 
 

7.3.1 Outdoor Pollutant Concentrations 

 

Ambient pollutant concentrations are important observations to make when performing 

emission rate calculations. The amount of pollutant naturally occurring in the atmosphere 

should not be assumed to be part of the barn emissions as doing so would overestimate 

the amount of pollutant that the barn is emitting. Therefore, during the emission rate 

calculations, the ambient pollutant concentrations should be subtracted from the 

observed house concentrations. 

The ambient ammonia and carbon dioxide concentrations were measured outside of the 

research trailer periodically. A sample from one of the ambient ammonia measurement 

periods can be viewed in Figure 33. The concentration of ammonia is much greater 

(0.15 ppm ± 0.08 ppm) than anticipated for ambient conditions. A study by Sharma et al 

(2008) showed maximum ambient ammonia concentrations to be 4.617 x 10-2 ppm 

which is much less than the average concentration observed at the barn. It should be 

noted that the research trailer was in a poor location for ambient monitoring (see Figure 

19) as both Layer Barn 1 and Layer Barn 2 vented their exhaust into the area where the 

research trailer was situated. Fluctuations in the ammonia concentrations can be seen 

and are attributed to the increase in in-house concentrations being blown in the direction 

of the trailers ambient sample port.  
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Figure 33: Ambient ammonia concentration outside the research trailer 

 

Figure 34 depicts the ambient carbon dioxide concentrations observed at a similar 

sampling period as in Figure 33. Similarly to the ambient ammonia, the observed carbon 

dioxide concentration was greater in the outdoor sample air (387.10 ppm ± 16.92 ppm) 

than expected, which collaborated the argument that there was not enough time and 

space for the pollutants being exhausted from the barn to properly mix and dilute into the 

atmosphere before coming into contact with the sampling port.   
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Figure 34: Ambient carbon dioxide concentrations outside the research trailer 

 

Due to the proximity of the trailer to the area of influence of both Layer Barn 1 and Layer 

Barn 2, the data collected from the outdoor air sample ports within the trailer were much 

higher than reasonably anticipated ambient air samples. To compensate for this lack to 

true background concentrations, data observed from an experiment performed by 

Spencer (2011), which used the same research trailer and sampling equipment, was 

used (data was measured in a rural setting in the Wellington County region close to the 

commercial layer facility being tested).  

The observed ambient ammonia concentration from this study was 1.73 x 10-2 ppm (1.27 

x 10-5 g/m3). This value was subtracted from the observed in house concentrations in 

order to obtain emissions generated from the flock. Due to seasonal changes in the 

ecosystem in southern Ontario and the increased photosynthesis that occurs in the 

summer it is anticipated that the ambient carbon dioxide concentration fluctuate too 

greatly to be characterized with one ambient average. For these reasons it was decided 

that the carbon dioxide data would be most suitably represented in terms of 
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concentration within the barn. Emissions rates were created for the carbon dioxide in 

order to establish trends in the data with ventilation increases.      

7.3.2 Ammonia 

 

7.3.2.1 Concentrations and Emission Rates 

 

The ammonia concentrations within the barn were constantly changing. Fluctuations in 

concentration were based on a variety of factors, with the main influences being manure 

evacuation and ventilation. As stated in section 5.1, the manure collection belts were run 

every Tuesday and Friday from 10:30-11:30. The ventilation rate fluctuated daily, 

generally decreasing at night when the ambient temperature cooled down and 

increasing during the day. In addition to diurnal changes in ventilation, there was a large 

seasonal change due to increases in ventilation during the summer compared to the 

winter.   

Ammonia measurements with the TEC 17i were conducted throughout the year and 

seasonal sampling periods can be viewed in Table 12. Due to various issues with the 

analyzer (described in section 6.1) as well as trailer maintenance, continuous 

measurements spanning the entire year were not possible. As such, segments of data 

were used to display trends in the ammonia concentration, ventilation and ammonia 

emission rates. The segments were chosen as the best representation of the observed 

data collected throughout the entire sampling time. Figure 35 through to Figure 38 were 

developed to display trends in ammonia with ammonia concentration given in the top 

panels, ventilation in the middle panels and the ammonia emission rate in the bottom 

panels for the fall, winter, spring, and summer, respectively. 

Table 12: Seasonal sampling periods for ammonia 

Season Sample Period Average Outdoor 

Temperature (
o
C) 

Average Indoor 

Temperature (
o
C) 

Fall November 26, 2010 – 

December 15, 2010 

−4.2 ± 5.2 22.4 ± 0.3 

Winter February 19, 2011 – 

March 20, 2011 

−3.3 ± 4.3 22.8 ± 0.4 

Spring April 26, 2011 – 

May 11, 2011 

10.7 ± 4.4 23.9 ± 0.6 

Summer August 9, 2011 – 

September 12, 2011 

19.4 ± 4.3 23.7 ± 1.6 
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Figure 35: Trends in ammonia during the fall of 2010 
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 The ammonia concentrations during the fall can be directly related to the manure 

cleaning cycle of the facility. The concentration spikes on November 30th, December 3rd, 

7th, 10th, and 14th, all directly correlate to manure cleaning days (as indicated by the 

dashed vertical lines in the figure). Figure 35 illustrates that throughout the week as 

excreta accumulates; the ammonia concentration rises until it peaks at the actual 

cleaning period.  After the clean out, a rapid decline in the concentration occurs when all 

the excreta is removed from the facility. It can be seen as well that the larger spikes in 

ammonia occur on November 30th, December 7th, and 14th; the manure belts have 

waited four days to be operated as opposed to three days for the December 3rd, and 14th 

cleaning periods (i.e. there is greater amount of time for the ammonia to be generated in 

the accumulated excreta).  

The average hourly ammonia concentration and average hourly ventilation rate were 

used to calculate the emission rate. It was observed that the emission rate for this time 

period followed a fairly close trend with the concentrations. This is due to the low and 

fairly constant ventilation at this time of the year. The one large spike on November 30th 

can be attributed to an increase in the outdoor temperatures causing ventilation to 

increase and, in turn, increase the emission rate significantly. The increase is ventilation 

is unrelated to the increase in concentration at this time.  This it is a good example of 

how an increase in ventilation at a time period such as this can drastically affect the 

amount of ammonia being exhausted from a facility. 

The calculated average ammonia concentration and emission rate for the entire fall data 

collection period was 4.39 ppm ± 4.13 ppm, and 0.034 g/s ± 0.041 g/s (2965.47 g/d ± 

3504.19 g/d), respectively.          
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Figure 36: Trends in ammonia during the winter of 2011 
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The ammonia concentration in the barn was observed to be highest in the winter with a 

peak of ~35 ppm. This was attributed to the cold ambient weather inhibiting any large 

peaks in ventilation. As stated in section 7.1, the barn ventilation is driven by heat 

produced by the birds which is more easily regulated with small changes in the low 

stages of ventilation. Figure 36 illustrates that the concentration of ammonia follows the 

same trend with the manure cleaning, only with a greater magnitude, as with decreased 

ventilation, there is a greater build up of ammonia within the barn. The larger 

concentrations again can be observed peaking on the Tuesday cleaning periods where 

the excreta has accumulated for 4 days (March 1st and 8th). 

Fewer spikes with smaller magnitude fluctuations were observed in the winter period due 

to the low temperatures and the bird driven ventilation. These smaller variations in 

ventilation dictate that the ammonia emission rates follow a nearly identical trend line as 

the ammonia concentrations for this time period. The average temperature for the winter 

sampling period is less than that of the fall. The higher concentrations in the winter 

months can be explained by increased ventilation in the weeks just prior to the sampling 

of the ammonia fall data, and the concentrations did not have enough time to equilibrate 

to the new low ventilation condition where the concentration increases as shown in the 

winter data.     

The calculated average ammonia concentration and emission rate for the entire winter 

2011 data collection period was 8.78 ppm ± 7.10 ppm, and 0.079 g/s ± 0.063 g/s 

(6799.81 g/d ± 5447.93 g/d), respectively.          
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Figure 37: Trends in ammonia during the spring in 2011 
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The in-house ammonia concentrations in the spring have a similar magnitude to that 

found for the fall. Figure 37 displays the concentration spikes that are again attributed to 

the manure cleaning periods. A few of the concentration peaks are observed to have a 

somewhat of a “fork” pattern to them which is caused by changes in the ventilation rate 

leading up to and immediately after the manure clean out.  

The ventilation during the spring was found to remain at the relatively low stage (1 and 

2) with a much greater increase in frequency of the spikes in ventilation observed in the 

fall. These increases in bursts of ventilation are caused by the marked increase in 

temperature during the day (versus the night) that occurs throughout the spring.   

The emission rate is dependent on both the concentration and ventilation. The fall and 

winter data showed a minimal change in the trend with concentration in the barn due to 

the low ventilation rate and low frequency of large ventilation occurrences. Due to the 

more variable ventilation in the spring, the trend for the emission rate deviated from the 

observed trend in the concentration data.    

The calculated average ammonia concentration and emission rate for the entire spring 

data collection period was 4.28 ppm ± 3.07 ppm, and 0.071 g/s ± 0.051 g/s (6132.03 g/d 

± 4399.31 g/d), respectively.          
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Figure 38: Trends in ammonia during the summer in 2011 
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The ammonia concentrations during the summer were much smaller in magnitude than 

during the other seasons. While the data appeared more sporadic, large concentration 

peaks were still observed to correlate to the manure cleaning periods (August 26th, 30th, 

September 2nd, 6th, and 9th). It should be noted that the cleanout period on September 6th 

appears to have occurred on the 5th; however this could not be corroborated with the 

management. The increase in total ventilation of the barn, over a prolonged period such 

as the summer, decreases the barn concentration of ammonia by dilution. Another 

element of the increase in ventilation is the drying of the manure on the belts which 

decreases the amount of ammonia generation by microbes and the subsequent 

volatilizing into the air.  

The ventilation varies greatly in the summer due to the single speed large fans that get 

introduced in the higher fan stages. The single speed fans cause the total ventilation to 

dramatically increase or decrease from one stage to another. These constant large 

fluctuations in ventilation will also affect the ammonia concentration on a smaller scale 

as well as decreasing the overall magnitude of the ammonia concentration.  The 

frequent and large spikes in the concentration can be explained similarly to the forked 

peaks in Figure 37, when there is very high ventilation, the ammonia concentration will 

decrease and vice versa.  

The summer emission rates for ammonia consist of trends characterized by the 

concentration with strong diurnal variations superimposed by the diurnal ventilation 

fluctuations.    

The calculated average ammonia concentration and emission rate for the entire summer 

data collection period was 0.40 ppm ± 0.22 ppm, and 0.018 g/s ± 0.017 g/s (1587.36 g/d 

± 1428.42 g/d), respectively. 

7.3.2.2 Emission Factors 

         

Emission factors were calculated and seasonal segments are given in Figure 39. The 

calculated average emission factors for fall, winter, spring, and summer are summarized 

in Table 13. 

 



 

78 

 

Table 13: Seasonal Ammonia Emissions Summary 

Season Concentration 

(ppm) 

Emission Rate 

(g/s) 

Emission Factor 

(g/day/AU) 

Fall 4.39 ± 4.13 0.03 ± 0.04 12.97 ± 15.37 

Winter 8.78 ± 7.10 0.08 ± 0.06 28.89 ± 23.13 

Spring 4.28 ± 3.07 0.07 ± 0.05 26.25 ± 18.83 

Summer 0.40 ± 0.22 0.02 ± 0.02 8.13 ± 7.32 

  

 

 



 

 

 

 

 

 

 

 

 

Figure 39: Seasonal variation in emission factors for ammonia
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7.3.3 Particulate Matter 

 

7.3.3.1 Concentrations and Emission Rates 

 

Particulate matter (PM2.5 and PM10) were measured using two DustTrak® aerosol 

monitors during the sampling periods outlined in Table 14. Measurements were taken as 

frequent as possible however certain maintenance issues and regular power disruptions 

caused by general barn operation (as the monitors were located inside the facility) 

caused some gaps in the data. Segments of data were used to display trends in the 

particulate (PM2.5 and PM10) concentration, ventilation and emission rates. The segments 

were chosen as the best representation of the observed data collected throughout the 

sampling time. Figure 40, Figure 41, Figure 42, and Figure 43 were developed to display 

trends in particulate matter (PM2.5 and PM10) during the fall, winter, spring, and summer, 

respectively.     

Table 14: Seasonal sampling periods for particulate matter  

PM2.5 

Season Sample Period Average Outdoor 

Temperature (
o
C) 

Average Indoor 

Temperature (
o
C) 

Fall November 12, 2010 –  

December 13, 2010 

1.4 ± 5.8 22.5 ± 0.4 

Winter February 1, 2011 –  

March 1, 2011 

−5.9 ± 6.1 22.5 ± 0.3 

Spring May 11, 2011 –  

June17, 2011 

14.0 ± 7.3 24.3 ± 1.0 

Summer June 21, 2011 –  

September 16, 2011 

19.2 ± 5.6 24.9 ± 1.9 

PM10 

Season Sample Period Average Outdoor 

Temperature (
o
C) 

Average Indoor 

Temperature (
o
C) 

Fall November 12, 2010 –  

December 13, 2010 

1.4 ± 5.8 22.5 ± 0.4 

Winter February 1, 2011 –  

March22, 2011 

−3.3 ± 6.6 22.8 ± 0.5 

Spring March 31, 2011 –  

May 20, 2011 

11.0 ± 7.1 24.0 ± 0.8 

Summer June 10, 2011 –  

June 30, 2011 

15.8 ± 4.6 24.4 ± 0.8 
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Figure 40: Trends in particulate matter during the fall of 2010 
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The particulate matter concentrations for the fall of 2010, given in Figure 40, are 

observed to follow a very distinct diurnal trend. Generation of particulate matter within 

the barn is based on a variety of factors including; bird activity and ventilation. The bird 

activity is based on the amount of light that the birds are exposed to during the day. 

When the lights are shut off, the concentration of particulates are drastically reduced as 

the birds settle and enter a sleep cycle Examples of periods of lights on and off are 

included in Figure 40 to illustrate the dependency on PM behaviour and bird activity.  

The data observed in the fall was taken across weeks 16-21 in the production cycle. As 

discussed in section 5.1, during the first 20 weeks of the birds dwelling in the barn, they 

were exposed to the minimum amount of light (13.5hrs) which can explain the low 

observed concentration of both PM10 and PM2.5. The ventilation at this time period was 

fairly low and produced a diurnal pattern similar to the one expressed by the 

concentrations. This is due to the cooling of the ambient temperatures at night-time. The 

emission rates were observed to follow this diurnal trend with a greater magnitude as the 

ventilation and concentrations were multiplied.  

The average concentration for PM2.5 and PM10 during the fall was found to be 0.04 

mg/m3 ± 0.02 mg/m3, and 0.50 mg/m3 ± 0.31 mg/m3, respectively. The calculated 

emission rates for PM2.5 and PM10 during the fall was found to be 0.62 mg/s ± 0.39 mg/s 

(53.35 g/d ± 33.69 g/d) and be 7.19 mg/s ± 5.02 mg/s (621.61 g/d ± 434.09 g/d), 

respectively.   
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Figure 41: Trends in particulate matter during the winter of 2011 
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The particulate concentrations during the winter diurnal peaks were slightly greater in 

magnitude than those observed in the fall. Figure 41 displays the trends in particulate 

matter follow the same diurnal pattern with respect to periods with the lights on during 

the day and off at night.      

During February 3rd, there is an observed spike in concentration in both PM2.5 and PM10. 

As stated in section 5.1, sweeping in the barn is not regulated. It is suspected that during 

this peak, a sweeping period may have occurred which would have resulted in 

previously settle particulate matter being re-entrained and mixed within the barn 

environment, however this could not be corroborated with the management staff.  

The fluctuations in the ventilation rate were typically low during the winter and oscillated 

between stage 1 at night-time and stage 2 during the daytime. The trend in emission 

rates followed similarly to the trends observed in the fall where the magnitudes of the 

concentration peaks are increased.      

The average concentration for PM2.5 and PM10 during the winter was found to be 0.06 

mg/m3 ± 0.03 mg/m3, and 0.49 mg/m3 ± 0.43 mg/m3, respectively. The calculated 

emission rates for PM2.5 and PM10 during the fall was found to be 0.82 mg/s ± 0.52 mg/s 

(71.09 g/d ± 44.61 g/d) and be 7.67 mg/s ± 6.60 mg/s (663.09 g/d ± 570.03 g/d), 

respectively.  

 



 

85 

 

 

Figure 42: Trends in particulate matter during the spring of 2011 (different sample periods used) 
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The spring particulate matter concentrations shown in Figure 42 were around the same 

magnitude in respect to PM2.5 as the concentrations observed in the fall. The PM10 

concentrations were found to decrease significantly from the winter data which can be 

attributed to the increase in ventilation during the warmer spring season. Diurnal 

patterns based on light operation can still be viewed with fork-like patterns arising due to 

fluctuations in the ventilation with the increase in the ambient temperature at certain 

periods of the daytime. The data collection spanned over weeks 36-47 of the production 

cycle. The increase in production week causes a slight increase in the time that the 

lights are on and thus affects the bird’s activity.    

Due to the temperatures increasing in the spring, the ventilation experienced periods of 

extreme increases generally during the daytime. This creates a more fork like patter in 

the daytime concentrations which can be observed more prominently in the PM10 

concentration in Figure 42. While the ventilation undergoes significant spikes during the 

spring, the ambient temperatures still have significant lows during the night-time causing 

the ventilation to drop. This creates distinct diurnal trends with low concentrations at 

night and the increased spikes in ventilation during the day causing a significant 

increase in emissions at these periods.  

The average concentration for PM2.5 and PM10 during the spring was found to be 0.04 

mg/m3 ± 0.02 mg/m3, and 0.16 mg/m3 ± 0.09 mg/m3, respectively. The calculated 

emission rates for PM2.5 and PM10 during the fall was found to be 2.19 mg/s ± 2.34 mg/s 

(189.49 g/d ± 202.48 g/d) and be 6.01 mg/s ± 5.70 mg/s (519.37 g/d ± 492.63 g/d), 

respectively.  

 



 

87 

 

 

Figure 43: Trends in particulate matter during the summer of 2011 (different sample periods used) 
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The particulate matter concentrations in the summer are displayed in Figure 43. The 

PM2.5 concentrations are observed to be the greatest during the summer months. It is 

hypothesized that the PM2.5 concentrations increased due to the higher ambient and 

barn temperatures. This temperature increase could promote the formation of secondary 

aerosol particles within the barn environment. A study by Behera and Sharma (2011) 

found that higher temperatures could cause a faster conversion of ammonia into salt 

compounds increasing the amount of secondary inorganic aerosols. A study by 

Roumeliotis (2010) that performed emissions testing on a broiler facility found that there 

was a greater ratio of inorganic aerosols to PM2.5 in the warmer months, supporting this 

hypothesis.  

The PM10 concentration in the summer sampling period remained around the same 

magnitude as observed in the spring. Due to the smaller sample size of PM10 data, 

summer values were taken from the very beginning of the summer period during June 

2011. This will affect the observed concentrations as the ventilation was increased from 

the spring, but not as consistently as in the late summer.    

The PM2.5 emission rate greatly increased due to the increase in ventilation experienced 

in the summer and the rise in PM2.5 concentration in the barn. The PM10 emission rate 

increased as well from the spring due to the increase in ventilation amplifying the output 

of a similar spring concentration.  

The average concentration for PM2.5 and PM10 during the summer was found to be 0.07 

mg/m3 ± 0.04 mg/m3, and 0.14 mg/m3 ± 0.08 mg/m3, respectively. The calculated 

emission rates for PM2.5 and PM10 during the fall was found to be 6.08 mg/s ± 4.71 mg/s 

(525.33 g/d ± 406.88 g/d) and be 6.75 mg/s ± 5.58 mg/s (582.87 g/d ± 482.34 g/d), 

respectively.  

7.3.3.2 Emission Factors 
 

Figure 44 and Figure 45 show the seasonal trends in emission factors for PM2.5 and 

PM10, respectively. Both emission factors have a very distinct diurnal trend in the winter, 

and the trend becomes less evident as the outdoor temperature becomes warmer and 

ventilation increases although it is still present. 
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The spikes in the data on February 3rd, for both PM2.5 and PM10 are expected to be 

attributed to sweeping occurrence in the barn mixing particulates, however cannot be 

corroborated with management staff. The spikes on May 22nd for PM2.5 and May 13th for 

PM10 can be explained by a very rapid increase in ventilation causing a high 

concentration of PM in the barn to be exhausted.  

The emission factors for PM2.5 seem to be greatly affected by the outdoor temperature 

as a greater concentration was observed to occur when the ventilation was increased, 

thus increasing the emission rate and subsequently emission factor greatly. The 

emission factors for PM10 were shown to vary moderately with the greatest emission 

factors occurring during the winter and summer. A summary table of the emission factors 

for particulate matter can be viewed in Table 15. 

Table 15: Seasonal variation in emission factors for particulate matter (PM2.5 and PM10)  

 PM2.5 PM10 

Season Concentration 

(ppm) 

Emission 

Rate  

(g/s) 

Emission  

Factor 

(g/day/AU

) 

Concentratio

n (ppm) 

Emission 

Rate  

(g/s) 

Emission 

Factor 

(g/day/AU

) 

Fall 0.04 ± 0.02 0.62  

± 0.39 

0.23 ± 0.15 0.50 ± 0.31 7.19  

± 5.02 

2.73 ± 1.91 

Winter 0.06 ± 0.03 0.82  

± 0.52 

0.30 ± 0.19 0.49 ± 0.43 7.67  

± 6.60 

2.82 ± 2.42 

Spring 0.04 ± 0.02 2.19  

± 2.34 

0.68 ± 0.80 0.16 ± 0.09 6.01  

± 5.70 

2.23 ± 2.11 

Summer 0.07 ± 0.04 6.08  

± 4.71 

2.19 ± 1.92 0.14 ± 0.08 6.75  

± 5.58 

2.51 ± 2.08 

 

 



 

 

 

 

 

 

 

 

 

Figure 44: Seasonal variation in emission factors for PM2.5 
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Figure 45: Seasonal variation in emission factors for PM10 
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7.3.4 Carbon Dioxide 

 

Carbon dioxide produced by the birds was monitored using the TEC 41C analyzer during 

the sampling periods outlined in Table 16. Carbon dioxide concentrations within the barn 

originated from bird respiration as well as manure decomposition in addition to the 

background ambient concentration. Therefore it was anticipated to see diurnal variations 

of carbon dioxide concentrations within the barn as the increase in bird activity during 

the daytime would result in an increase in bird respiration. Weekly variations in the 

concentration are also expected as the excreta on the belts build up until the Tuesday 

and Friday manure cleanout periods.  Due to the limitation in separating the barn 

contribution from the significant ambient concentration of carbon dioxide, only in barn 

carbon dioxide concentrations will be presented in this section. 

 

Table 16: Seasonal sampling periods for carbon dioxide 

Season Sample Period Average Outdoor 

Temperature (
o
C) 

Average Indoor 

Temperature (
o
C) 

Fall November 9, 2010 – 

December 15, 2010 

1.1 ± 6.5 22.4 ± 0.4 

Winter February 29, 2011 – 

March 22, 2011 

−5.1 ± 6.6 22.7 ± 0.4 

Spring March 28, 2011 – 

May 17, 2011 

8.1 ± 7.2 23.7 ± 0.8 

Summer June 10, 2011 – 

July 21, 2011 

20.3 ± 5.6 25.8 ± 2.3 

 

Segments of data were used to display trends in the carbon dioxide concentration 

throughout the year. The segments were chosen as the best representation of the 

observed data collected throughout the sampling time. Figure 46 displays seasonal 

trends in carbon dioxide.     

 

 



 

 

 

 

 

 

 

Figure 46: Seasonal variation in concentration for CO2
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Ventilation rates during the fall were low due to decreasing outdoor air temperatures.   

With low ventilation rates, a good characterization of CO2 concentrations could be 

determined in the barn. During this measurement period the manure belts were run on 

November 23rd, a steady increase in concentration was observed within the barn as the 

excreta built up on the belts. A diurnal pattern was observed due to light exposure 

sequencing influencing bird activity and therefore respiration.  

The concentration of carbon dioxide was observed to be greatest during the winter 

months, due to the extreme low outdoor temperature and therefore consistently minimal 

ventilation required by the facility to maintain the set point temperature. Due to this, it 

can be observed that the carbon dioxide concentration follows a distinct diurnal trend, 

however little trend can be found in the increase in excreta as the closest cleanout 

period occurred on March 22nd. The spike in concentration on March 20th could be 

attributed to extreme low ventilation that occurred overnight and into the morning, as the 

difference in barn temperature and the set point was very small at that time.  

During the spring, ventilation was increased and average carbon dioxide concentrations 

decreased from the observed winter data. Ventilation began to follow a diurnal trend as 

deviation of the outdoor temperature increased from day to night. The ventilation pattern 

amplified the magnitude of the diurnal effect experienced by the carbon dioxide 

originating from bird respiration creating a very distinct trend. The manure cleanout can 

also be observed in Figure 46 during the spring as a cleanout period occurred on May 

8th resulting in the spike on May 9th to be significantly decreased from the previous two 

observed spikes.  

Carbon dioxide concentrations in the summer were observed to be very small as the 

drying of the excreta on the belts decreased carbon dioxide production and the increase 

in ventilation significantly diluted the barn air.     

The average carbon dioxide concentrations were found to be similar during the fall and 

spring months, as the ventilation is more sporadic with increasing and decreasing 

temperatures. Concentrations were observed to be highest during the winter and lowest 

in the summer due to extreme changes in the ventilation rates to account for the extreme 

temperature changes. Seasonal average concentration for carbon dioxide within the 

barn can be viewed in Table 17.  
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Table 17: Seasonal variation on the average CO2 concentration 

Season Average CO2 Concentration (ppm) 

Fall 2256.2 ± 551.6 

Winter 4240.2 ± 710.9 

Spring 2183.5 ± 1203.0 

Summer 404.5 ± 80.6 

 

 

7.4 Average Seasonal Time of Day Effects on Pollutants 
 

Along with the seasonal effects on the average concentrations at the layer facility it is 

important to view the diurnal emission behaviour in order to compare average hourly 

trends throughout a day. The diurnal emissions of ammonia, PM2.5, and PM10, with error 

bars representing one standard deviation in the data, throughout the seasons can be 

viewed in Figure 47, Figure 48 and Figure 49, respectively.  (Diurnal effects for carbon 

dioxide are given in Figure 56 in Appendix D due to the confounding issues with the 

ambient carbon dioxide concentrations). 

7.4.1 Ammonia 

 

At the layer facility an observed increase in ammonia within the barn was observed 

between manure cleanout events; sudden decreases in concentration following the 

cleanouts. Figure 47 displays the average day ammonia concentration, ventilation and 

emission factor for each hour over each seasonal measuring period with the error bars 

representing one standard deviation on the data.  

The distinct diurnal pattern can be observed where the ammonia concentration 

decreases in the late morning over each season which typically coincides with the time 

of the manure cleanout events. Summer trends are less visible due to the lower 

concentrations and therefore smaller fluctuations. The concentrations were also shown 

to increase during the evening and early morning which is in relation to the ventilation 

decreasing during this time due to decreases in outdoor temperatures. 

On an average hourly basis, the ammonia emissions ranged from 3.62 to 40.59 

g/day/AU over the entire sampling period. Despite the observed decrease in 

concentration during the afternoon after the manure cleanouts, the emissions factors 
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showed a common trend of increasing during the morning, remaining fairly constant 

throughout the afternoon then decreasing at night, with the exception of the summer.  

This is due to the high ammonia concentration in the observed in the morning coinciding 

with the lower morning ventilation, and the decrease in concentration in the afternoon 

coinciding with the maximum daily ventilation occurring in the mid afternoon. The 

decrease in emission factor at night-time is related to the typical decline in ventilation. 

Summer emission factors were observed to be driven by barn ventilation increasing 

during the morning, with a peak in the mid afternoon and declining at night. Although the 

ammonia concentration within the barn has the same diurnal trend as the other seasons, 

the magnitude is far less which results in a smaller effect on the emission factor.     
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Figure 47: Diurnal effects on NH3 throughout a year 
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7.4.2 Particulate Matter 

 

Particulate matter has a distinct diurnal pattern with high concentrations occurring during 

the day when birds are most active. PM2.5 and PM10 concentrations in the facility 

decreased at night due to lights being turned off (7:30-10:00 p.m.) thus decreasing bird 

activity in spite of decreases in the ventilation as compared to day time conditions. When 

the lights are turned on (6:00 a.m.) in the morning the birds become active again thus 

increasing particulate concentration. Concentration during the day appears decline 

slightly in the afternoon due to an increase in ventilation associated with higher outdoor 

temperature. Concentrations were observed to increase briefly just prior to lights being 

turned off: this could be because of a decrease in ventilation that often occurs before the 

lights are shut off. The time of day when lights are turned off also typically corresponds 

to decreasing temperatures triggering the ventilation system to slow and subsequently 

causing an increase in particulates. The light schedule was increased throughout the 

production cycle of the birds which is why a small trend of prolonged increase of the high 

daytime particulate concentrations can be viewed as the seasons change as a slight 

increase in the length of bird activity occurs.    

On an hourly basis, the PM2.5 emissions ranged from 0.09 to 4.06 g/day/AU over the 

entire sampling period. The PM2.5 emissions displayed in Figure 48 were observed to 

change seasonally, with similar magnitude recorded during the fall and winter average 

day data due to the lower ventilation rates operating at this time. An increase in 

emissions with outdoor temperatures is observed as the spring and summer ventilation 

rates rise as well as an increase in the formation of secondary aerosols in the warmer 

months.     

 On an hourly basis the PM10 emissions ranged from 0.33 to 5.43 g/day/AU over the 

entire sampling period. The PM10 emissions displayed in Figure 49 were observed to 

remain fairly consistent with seasonal changes; in contrast to observed PM2.5 emissions. 

The concentration of PM10 decreases as ambient temperature and ventilation rate 

increase. PM10 data was collected at the beginning of the summer and therefore the 

summer data in Figure 49 should not be directly compared to the summer PM2.5 data in 

Figure 48.  
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Figure 48: Diurnal effects on PM2.5 throughout a year 
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Figure 49: Diurnal effects on PM10 throughout a year 
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Figure 50 displays the ratios of PM2.5/PM10 throughout an average day for each season. 

The ratios of PM2.5 and PM10 were developed from only the data that was collected at 

the same sampling periods in order to obtain truly comparable results. 

 

 

Figure 50: Seasonal Ratios of PM2.5 to PM10 during comparable sampling periods 

 

A distinct pattern was observed for all seasons: the ratio of indoor PM2.5/PM10 increases 

at night, when the lights are shut off and bird activity decreases. This pattern can be 

explained by the slower settling velocity of smaller particles as well as possible 

generation of fine secondary aerosols (Roumeliotis et al, 2010a).  

The average ratios of PM2.5/PM10 are 0.13 ± 0.07, 0.15 ± 0.08, 0.25 ± 0.08, and 0.55 ± 

0.19 for fall, winter, spring, and summer, respectively. Each of the seasonal average 

ratios is statistically different from the others with the exception of the fall and winter 

data, based on a multiple comparison test (see Appendix E.4 PM2.5/PM10 Statistics).   
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In order to analyze exactly how much effect seasons and time of day had on the 

emissions of particulates, ratios for the average hourly to average daily emissions rates 

for PM2.5 and PM10 were developed and are displayed in Figure 51.  

 

 

Figure 51: Ratio of the hourly emissions for PM10 and PM2.5 for each season 

 

The ratios were found to follow the same trend for each season with statistically 

significant relationships of the means for both PM2.5 and PM10 (see Appendix E.5 
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Average Hourly to Average Day PM Emission Statistics). Ratios for average hourly to 

average daily emissions were observed to be 0.46 ± 0.24 and 0.32 ± 0.30 for PM2.5 and 

PM10, respectively for the dark periods (21:00-6:00 hours). This indicates, similarly to 

results concluded from the PM2.5/PM10 emissions ratios, PM2.5 is less dependent upon 

bird activity then PM10 emissions. This type of behaviour has been documented in a 

study by Roumeliotis et al (2010a) for broiler facilities. The trend in the ratios appeared 

to consistently increase throughout the day for both PM2.5 and PM10 emissions with a 

sudden decline at night. During the hours of light the average values for the average 

hourly to average daily emissions were 1.39 ± 0.30 and 1.49 ± 0.36 for PM2.5 and PM10, 

respectively.    

 

7.5 Emission Models 
 

Pollutant emission correlations were developed using in-house and ambient parameters 

of the layer facility. These parameters were used in statistical regression analysis, as 

they would be readily available at other layer facilities. The model can then be used to 

develop a better understanding of pollutant emissions from other layer facilities. The 

parameters used were: 

• ∆T = Difference in barn temperature to set-point barn temperature (oC) 

• LW = Live weight of birds in the barn (kg) 

• Tout = Outdoor temperature (oC) 

• P = Ambient pressure (ammonia model=atm, particulate models=kPa) 

• RH = Ambient relative humidity (%) 

A full parameter correlation was created for ammonia, PM2.5, and PM10 for all four 

seasons and one including a total dataset. Multiple linear regressions were performed 

for each in-house and ambient parameter to determine which parameters most 

significantly affected the emissions of a pollutant during each season. The significant 

parameters (p-value < 0.1) and the corresponding correlation statistics were used to 

develop a linear regression model for each pollutant over each season, and over the 

total sampling period.  
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7.5.1 Ammonia 

 

Table 18 presents the comparison of significant variables from multiple linear 

regressions (MLR) performed for each season and the subsequent model equation for 

each season’s emission rates. Models were also developed for the emissions observed 

over the entire sampling period. The equations generated from the correlations were 

used to model the ammonia emissions and compare against the observed emissions 

from the facility. Figure 52 and Figure 53 represent the observed ammonia emissions 

compared against the seasonal models and model developed for the entire sampling 

period, respectively. 

It was observed that the model created from the seasonal correlations accounted for 

more variability in the data as the model had an R2 of 0.320 on average, compared to 

the total sampling period model which had an R2 value of 0.229. The ammonia emission 

model was shown to correlate best to the summer data (R2=0.780) as the decrease in 

emissions of ammonia created a less drastic deviation of emissions with excreta 

cleanout periods. The reason for the low R2 values for both models is due to the inability 

to account for the excreta cleanout periods. This is the most significant influence on the 

ammonia emission fluctuations. It is anticipated that layer facilities with deep-pit manure 

management systems, and not periodically cleaned manure systems, would produce a 

model with a higher correlation.  For broilers, Roumeliotis et al (2010b) produced highly 

correlated models for ammonia emissions due to a strong correlation between emissions 

and live weight.  Live weight is not as significant an influence on the emission model for 

layers as the weight fluctuation of layer birds is less extreme during the production cycle. 

The addition of a statistically significant intercept in the ammonia correlation strongly 

implies that the effect of another explanatory variable is needed to describe the 

emissions behaviour, such as a countdown to manure cleanout.   

The ammonia emissions were influenced by different variables as the seasons change 

due to differences between indoor temperature and set point (∆T). The temperature 

difference was more influential during the colder seasons. The outdoor temperature thus 

has a stronger influence on predicted emissions during the warmer seasons. This is due 

to the ventilation being driven by the ∆T in the colder seasons while the outdoor 

temperature drives the ventilation during the warmer seasons (see section 7.1).  
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Live weight is a significant variable for some of the seasons as well as the total dataset 

of the ammonia emissions as it indicates the amount of excreta being produced by the 

flock. The live weight is shown to be more significant during the fall and summer 

seasons due to the increase and decrease occurring at this time.  During the middle of 

the production cycle, live weight usually levels off for a length of time which can help 

explain the decrease in significance during the winter and spring seasons.  

The ambient relative humidity is only a significantly influencing factor for the summer as 

the ventilation rate is drastically increased which increases the air exchange rate.  

Average observed emissions from the layer facility over the entire sampling period were 

found to be 19.53 g/day/AU ± 19.97 g/day/AU, and the seasonal equations model and 

total equation model averages were found to be and 19.22 ± 12.10 and 26.46 g/day/AU 

± 9.23 g/day/AU, respectively. Ammonia can be considered to be reasonably well 

characterized by the both emission models, although only the seasonal model has a 

statistically significant average compared to the observed emissions. The percent 

differences between the measured and correlated averages are 1.6% and 35.5% for the 

seasonal model and the total dataset model, respectively.     

 

 

 



 

 

 

Table 18: Statistical significant variables with multiple linear regression results for ammonia emissions 

Ammonia 

Data Comparison Equation p-value R
2
(%) 

Fall  ΔT= 0.000, LW=0.006, Tout=0.1401, 

P=0.000, RH=0.6862 

31.33 

Fall significant 

variables 

EF=1059.8293+14.8122(ΔT)-0.0057(LW)-416.0035(P) ΔT= 0.000, LW=0.0001 P=0.000 30.99 

Winter  ΔT= 0.000, LW=0.379, Tout=0.0001, 

P=0.0855, RH=0.3908 

6.85 

Winter significant 

variables 

EF=11.7983+8.7463(ΔT)-0.6907(Tout) ΔT= 0.000, Tout=0.0001 6.17 

Spring  ΔT= 0.815, LW=0.2460, Tout=0.000, 

P=0.5529, RH=0.2015 

14.34 

Spring significant 

variables 

EF=9.9276+1.5244(Tout) Tout=0.000 12.81 

Summer  ΔT= 0.000, LW=0.000, Tout=0.000, 

P=0.2143, RH=0.000 

77.97 

Summer significant 

variables 

EF=-146.8992+1.2134(ΔT)+0.0013(LW) 

+0.7806(Tout)+0.0443(RH) 

ΔT= 0.000, LW=0.000, Tout=0.000, 

RH=0.000 

77.92 

Total  ΔT= 0.000, LW=0.000, Tout=0.000, 

P=0.3649, RH=0.0384 

22.95 

Total significant 

variables 

EF=-149.9163+1.2151(ΔT)+0.0015(LW) 

+0.4136(Tout)-0.0492(RH) 

ΔT= 0.000, LW=0.000, Tout=0.000, 

RH=0.0605 

22.92 
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Figure 52: Ammonia observed emissions and the seasonal correlated emissions found using house parameters 

 

 

Figure 53: Ammonia observed emissions and the total correlated emissions found using house parameters 
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7.5.2 Particulate Matter 

 

Table 19 and Table 20 present the comparison of significant variables from MLRs 

performed for each season as well as the entire sampling period for PM2.5 and PM10, 

respectively. The equations generated from the correlations were used to model the 

particulate emissions and compare against the observed emissions from the facility. 

Figure 54 and Figure 55 represent the observed particulate emissions compared against 

the seasonal models and model developed for the entire sampling period, respectively.  

The models created for the particulate matter were able to account for more variability in 

the data then the ammonia models as the PM2.5 average seasonal model and total 

models were found to have R2 values of 0.580 and 0.581, respectively. The PM10 season 

models had an average R2 of 0.533, however the model accounting for the entire data 

sample was found to have an R2 of 0.009 characterizing only a very small amount of 

variability, which can be viewed in Figure 55. Similarly to the ammonia models the 

addition of a statistically significant intercept was required for all of the PM2.5 and PM10 

models as there is a very strong implication that an additional explanatory variable is 

needed to characterize the emissions, most notably bird activity. A possible reason for 

the lower R2 values for the PM10 data could be due to the greater effect that bird activity 

has on PM10 then PM2.5 as shown in Figure 51.   

Similarly to the ammonia emissions, there is a strong influence of the ∆T during the 

colder seasons and a stronger correlation on the outdoor temperature during the warmer 

seasons as the variables that drive the ventilation rate change. The outdoor temperature 

appears in all particulate correlations except for the poorly correlated total PM10 model 

as the temperature decline at night could mask an indication of bird activity. The live 

weight of the birds is also shown to be a significant parameter in most models due to the 

influence it has on the total amount of feathers and dander that will be released and 

mixed in the indoor air. Relative humidity was also found to significantly affect the PM 

emissions due to the ability for particulates to become more readily entrained in the air 

when the relative humidity is lower (Just et al, 2009).  

The PM2.5 observed average emissions over the entire sampling period was found to be 

1.10 g/day/AU ± 1.52 g/day/AU, and the seasonal equations model and total equation 

model averages were found to be 1.35 g/day/AU ± 1.53 g/day/AU and 1.91 g/day/AU ± 
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1.13 g/day/AU, respectively. This yields a percent difference of averages to be 22.7% 

and 73.6% for the seasonal and total models, respectively. The standard deviations of 

both models fall over the mean observed emission, however the seasonal emission 

model has a much less percent difference of means suggesting it is the better 

characterizing model. 

PM10 observed average emissions over the entire sampling period was found to be 2.57 

g/day/AU ± 2.17 g/day/AU, and the seasonal equations model and total equation model 

averages were found to be 3.17 g/day/AU ± 1.52 g/day/AU and 2.57 g/day/AU ± 0.21 

g/day/AU, respectively. This yields a percent difference of averages to be 23.3% and 

0.01% for the seasonal and total models, respectively. Similarly to PM2.5 correlations, the 

standard deviations of both models fall over the mean observed emission, however in 

this case the percent difference is very small in the total model. This is a deceiving 

result, as the R2 value is 0.009 for this model and as shown in Figure 55, while 

characterizing the overall average emission fairly accurately, the model does not 

account for very much variability in the data. This is most likely due to the consistent 

magnitude of the PM10 emissions over each season while the in-house and ambient 

parameters vary significantly. Due to this, the seasonal model is a more accurate 

representation for the PM10 emissions as it can account for the changing in significant 

parameters affecting the seemingly consistent emissions.       

 

 

 

 

 

 

 



 

 

 

Table 19: Statistical significant variables with multiple linear regression results for PM2.5 emissions 

PM2.5 

Data Comparison Equation p-value R
2
(%) 

Fall  ΔT= 0.000, LW=0.768, Tout=0.000, 

P=0.2219, RH=0.6675 

62.77 

Fall significant 

variables 

EF=-0.0829+0.2053(ΔT)-0.0071(Tout) ΔT= 0.000, Tout=0.000 62.51 

Winter  ΔT= 0.000, LW=0.000, 

Tout=0.0001, P=0.000, RH=0.000 

55.24 

Winter significant 

variables 

EF=17.7855+0.2142(ΔT)-0.0002(LW) 

+0.0076(Tout)+0.0425(P)+0.0031(RH) 

ΔT= 0.000, LW=0.000, 

Tout=0.0001, P=0.000, RH=0.000 

55.24 

Spring  ΔT= 0.9532, LW=0.000, 

Tout=0.000, P=0.1084, RH=0.0155 

41.81 

Spring significant 

variables 

EF=-23.2736+0.0002(LW)+0.0792(Tout) 

-0.0066(RH) 

LW=0.000, Tout=0.000, 

RH=0.0001 

41.53 

Summer  ΔT= 0.000, LW=0.000, Tout=0.000, 

P=0.8247, RH=0.000 

72.52 

Summer significant 

variables 

EF=10.722+0.2873(ΔT)-0.0001(LW) 

+0.1654(Tout)+0.0186(RH) 

ΔT= 0.000, LW=0.000, Tout=0.000, 

RH=0.000 

72.52 

Total  ΔT= 0.000, LW=0.000, Tout=0.000, 

P=0.000, RH=0.000 

58.18 

Total significant 

variables 

EF=36.5242+0.0628(ΔT)-0.0001(LW) 

+0.0361(Tout)-0.2113(P)-0.0196(RH) 

ΔT= 0.000, LW=0.000, Tout=0.000, 

P=0.000, RH=0.000 

58.18 
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Table 20: Statistical significant variables with multiple linear regression results for PM10 emissions 

PM10 

Data Comparison Equation p-value R
2
(%) 

Fall  ΔT= 0.000, LW=0.0034, 

Tout=0.000, P=0.0118, RH=0.0019 

69.51 

Fall significant 

variables 

EF=67.5359+3.3016(ΔT)-0.0004(LW) 

-0.0842(Tout)-0.2636(P)-0.0297(RH) 

ΔT= 0.000, LW=0.0034, 

Tout=0.000, P=0.0118, RH=0.0019 

69.51 

Winter  ΔT= 0.000, LW=0.000, Tout=0.000, 

P=0.009, RH=0.8871 

51.9 

Winter significant 

variables 

EF=-200.6572+2.5313(ΔT)+0.0013(LW) 

-0.1173(Tout)+0.4203(P) 

ΔT= 0.000, LW=0.000, Tout=0.000, 

P=0.009 

51.9 

Spring  ΔT= 0.7104, LW=0.4351, 

Tout=0.000, P=0.000, RH=0.000 

43.98 

Spring significant 

variables 

EF=78.8671+0.1851(Tout)-0.7545(P) 

-0.0471(RH) 

Tout=0.000, P=0.000, RH=0.000 43.82 

Summer  ΔT= 0.0018, LW=0.5225, 

Tout=0.000, P=0.3270, RH=0.0086 

49.09 

Summer significant 

variables 

EF=-13.5257+0.637(ΔT)+0.4167(Tout) 

+0.0935(RH) 

ΔT= 0.0002, Tout=0.000, RH=0.000 47.95 

Total  ΔT= 0.0523, LW=0.2306, 

Tout=0.2678, P=0.3772, RH=0.000 

7.63 

   Total significant 

        variables 

ΔT= 0.0023, RH=0.351 0.99 

Total significant 

variables 

EF=2.4418+0.0503(ΔT) ΔT= 0.0019 0.90 
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Figure 54: Observed particulate emissions and seasonal correlated emissions found using house parameters 

 

Figure 55: Observed particulate emissions and total correlated emissions found using house parameters 
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7.6 Emissions Summary 
 

The emissions from the commercial layer facility were summarized in Table 21 and 

represent the average of hourly averaged emission data. The concentrations and 

emission factors developed were produced for seasonal data collection as well as the 

overall sample period.  

The observed ammonia emissions from the facility under review can be compared to 

recorded emission factors presented in section 2.2. In general, the observed emissions 

are much less than the previously published values. This is anticipated due to the 

published values generally being for facilities with a high-rise or deep-pit configuration, 

by which the manure is not removed throughout the production cycle and would increase 

the ammonia production in the facilities. Emissions from a daily run manure belt system 

and a manure belt run twice a week have reported emission factors of 17.5 and 30.8 

g/day/AU, respectively. Given that the facility under review has a manure belt run twice a 

week with emissions ranging from 8.13 ± 7.32 to 28.89 g/day/AU ± 23.13 g/day/AU over 

a year, indicates that the emissions observed are within the expected range of values. It 

should also be noted that the published values generally do not give information 

regarding what time of year and the duration of sampling that was performed, which as 

shown by this review has a large effect on the emissions of ammonia.  

Particulate matter emissions that were observed from the facility appeared to be on a 

similar magnitude to the published values in section 2.2. Published PM2.5 emissions 

ranged from 1.10-4.73 g/day/AU, where the facilities under review in these studies 

observed total average was 1.10 g/day/AU ± 1.52 g/day/AU. Published PM10 emissions 

ranged from 0.23-15.00 g/day/AU, where the facilities under review in these studies 

observed total average was 2.57 g/day/AU ± 2.17 g/day/AU. Manure management has a 

less significant effect on the PM emissions than that of ammonia, however management 

practices, such as sweeping regularity, lighting, and whether the facility has bedding 

material does have a large effect on PM production. Due to the reviewed facilities 

sweeping regularity, lighting, and no bedding material, it is to be expected that the PM 

emissions are on the lower end of the published values.         

 



 

 

 

 

 

 

Table 21: Emissions Summary 

 Ammonia PM2.5 PM10 CO2 

Season Average barn 

Concentration 

(mg/m
3
 [ppm]) 

Average 

Emission 

Factor 

(g/day/AU) 

Average barn 

Concentration 

(mg/m
3
) 

Average 

Emission 

Factor 

(g/day/AU) 

Average barn 

Concentration 

(mg/m
3
) 

Average 

Emission 

Factor 

(g/day/AU) 

Average barn 

Concentration 

(mg/m
3
 [ppm]) 

Fall 2.75 ± 2.60 

[4.39 ± 4.13] 

12.97 ± 15.37 0.04 ± 0.02 0.23 ± 0.15 0.50 ± 0.31 2.73 ± 1.91 3698.66 ± 893.49 

[2256.24 ± 551.56] 

Winter 5.55 ± 4.51 

[8.78 ± 7.10] 

28.89 ± 23.13 0.06 ± 0.03 0.30 ± 0.19 0.49 ± 0.43 2.82 ± 2.42 6998.10 ± 1186.43 

[4240.16 ± 710.89] 

Spring 2.69 ± 1.95 

[4.28 ± 3.07] 

26.25 ± 18.83 0.04 ± 0.02 0.68 ± 0.80 0.16 ± 0.09 2.23 ± 2.11 3569.51 ± 1972.98 

[2183.50 ± 1203.03] 

Summer 0.24 ± 0.14 

[0.40 ± 0.22] 

8.13 ± 7.32 0.07 ± 0.04 2.19 ± 1.92 0.14 ± 0.08* 2.51 ± 2.08* 662.93 ± 132.35 

[404.53 ± 80.59] 

Overall 3.07 ± 3.77 

[4.61 ± 5.88] 

19.53 ± 19.97 0.06 ± 0.03 1.10 ± 1.52 0.19 ± 0.17 2.57 ± 2.17 2935.32 ± 2490.10 

[1788.16 ± 1511.83] 
*Values averaged over early summer data for PM10 therefore underestimating actual emissions 
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8.0 Conclusions 
 

The objective of this report was to quantify the emissions from a commercial layer facility 

with a manure belt management system and characterize trends in the collected data 

providing a baseline for the emissions of ammonia, and sized-fractioned particulate 

matter (PM2.5 and PM10). A research trailer was positioned at a layer facility and 

collected data from these pollutants that were used to develop average emissions 

produced from the facility over the course of a year. 

A ventilation flow rate characterization device called a Balometer was initially used to 

quantify the flow rates from the smaller 0.61 m (24”) ventilation fans. The ventilation rate 

of these fans were retested using a Fan Assessment Numeration System (FANS) unit 

used in conjunction with the Balometer system and showed that the Balometer could 

only quantify on average 53 % of the actual flow rate through the system. The Balometer 

and capture hood, attached to the outside portion of the ventilation fan, was also found 

to decrease the flow rate by 4.6 % as measured by the FANS unit, with and without the 

Balometer attached. For these reasons, the Balometer data was not used for the testing 

of the ventilation rates of the layer facility. The FANS unit was used in the development 

of a ventilation profile for the facility. 

Seasonal variation in ammonia emissions were discovered during the course of the 

sampling period. The emissions were observed to be the highest during the winter due 

to concentration build up indoors that resulted from decreased ventilation associated 

with cold ambient temperatures. Emissions of ammonia were found to be lowest in the 

summer when the increase in ventilation appeared to dry the excreta making it 

biologically less active and the increase in air exchanges caused the indoor 

concentrations of ammonia to severely decrease.  

A diurnal trend was found in the ammonia concentrations for each season in which the 

concentration is high during the night-time due to the decrease in ventilation with the 

cooling of the ambient temperatures. Also, a very distinct trend was observed during the 

late morning when the ammonia concentration would abruptly decrease due to the 

manure belt cleaning periods which occurred twice a week. 
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The average ammonia emissions were found to be 12.97 ± 15.37, 28.89 ± 23.13, 26.25 

± 18.83, 8.13 ± 7.32, and 19.53 g/day/AU ± 19.97 g/day/AU for the fall, winter, spring, 

summer, and total sampling periods, respectively.  Two regression models were 

developed to fit the ammonia emissions at the layer facility based on in-house and 

ambient conditions. One model was developed by fitting an emission plot for each 

season, while the second was fitted for the entire sampling period. The variability of the 

data was difficult to fit as the manure cleanout periods were not able to be used as a 

parameter. The two correlations had R2 values of 0.320 and 0.229 for the seasonal and 

total models, respectively. The seasonal model was deemed most acceptable to quantify 

emissions as the ventilation is driven by more the ambient temperature during the 

summer and more by the in-house temperature in the winter and the seasonal model 

could account for this variability.  

Seasonal variations in particulate matter emissions were observed over the course of 

the sampling period. The emissions of PM2.5 were the lowest during the fall and winter 

sampling periods increasing with the warmer seasons. The reason for the decreased 

emissions in the winter is due to the low ventilation allowing the fine particulates to settle 

more readily decreasing the concentration.  This, coupled with the low ventilation, 

produced fairly low emissions. The higher emissions for PM2.5 were found to occur 

during the summer when ventilation rates and temperature increased. These factors 

increased the drying of dust and excreta in the barn allowing for more particulates to 

become entrained in the barn air. There is little seasonal variation observed in the 

emissions of PM10. The facility experienced higher indoor concentrations of PM10 during 

the colder seasons as the decrease in ventilation allowed for more build up of 

particulates. The PM10 concentration was then found to be lowest during the summer 

when ventilation increased and the air exchange rate was larger. This relationship of 

concentration to ventilation appears to result in a balanced emission rate throughout the 

year.  

A distinct diurnal trend was observed in both PM2.5 and PM10 concentrations and 

emissions in each season. The particulate production would increase in the early 

morning when the lights were turned on and the birds became more active and decrease 

at night when the lights shut off. This trend was amplified by the ventilation rate which 

followed a similar pattern due to increased temperatures during the day. Emissions were 
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found to be greatest during the mid afternoon when both bird activity and ventilation was 

high.  

The PM2.5 emissions were also found to be less affected by the observed diurnal trend 

resulting from bird activity. This is due to the slower settling velocity of the fine 

particulates compared to the more coarse PM10 particles. This also suggests that there 

could be other mechanisms in the barn which form secondary PM2.5. 

The average PM2.5 emissions were found to be 0.23 ± 0.15, 0.30 ± 0.19, 0.68 ± 0.80, 

2.19 ± 1.92, and 1.10 g/day/AU ± 1.52 g/day/AU for the fall, winter, spring, summer, and 

total sampling periods, respectively. The average PM10 emissions were found to be 2.73 

± 1.91, 2.82 ± 2.42, 2.23 ± 2.11, 2.51 ± 2.08, and 2.57 g/day/AU ± 2.17 g/day/AU for the 

fall, winter, spring, and summer, and total sampling periods, respectively.  

As with ammonia, two regression models were developed to fit both PM2.5 and PM10 

emissions at the layer facility based on in-house and ambient conditions.  One model 

was developed to fit an emission plot for each season, and the other was fit to a plot 

over the entire sampling period. Variability of the observed emissions data was difficult 

to fit as the bird activity based on lighting periods was not able to be used as a 

parameter. The PM2.5 correlations had R2 values of 0.580 and 0.581 for the seasonal 

and total models respectively. While both models were found to account for the same 

amount of variability in the data, the seasonal model was found to produce a smaller 

difference in the average emissions of the sampling period suggesting it is the better 

model. The PM10 correlations had R2 values of 0.533 and 0.009 for the seasonal and 

total models, respectively. The seasonal model accounts for much more variability in the 

observed emissions and is the better model. 

Carbon dioxide concentrations were found to increase during the winter months due to 

the lowered ventilation and decrease in the summer when ventilation is at its highest. 

The carbon dioxide concentrations were found to follow trends with bird respiration as 

well as manure accumulation. Average concentrations in the layer facility were found to 

be 2256.2 ± 551.6, 4240.2 ± 710.9, 2183.5 ± 1203.0, and 404.5 ± 80.6 ppm for the fall, 

winter, spring, and summer sampling periods showing that layer barns are a significant 

producer of carbon dioxide source.            
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9.0 Recommendations 
 

The main objectives of this project were completed, however during the sampling period 

a few issues with the system became apparent. The following are a list of 

recommendations for future aerial pollutant monitoring projects, which might aid in the 

development of accurate emissions from agricultural facilities.   

• The FANS ventilation assessment unit was shown to quantify the exhaust flow 

rates with consistent measurements from the various ventilation fans at the layer 

facility. It was shown that the observed flow rate could be affected by the area of 

the FANS unit compared to the size of the ventilation fan after adding a blocking 

device to the bottom portion of the smaller 0.61 m fans. The unit was also 

obstructed by the second floor and therefore could not be centered on the 

smaller fans. It is recommended that a deeper understanding of the FANS units’ 

placement around a ventilation fan and the effect on measured flow be pursued. 

A study should be performed on a smaller ventilation fan where the unit is 

situated in the center position as well as other configurations to determine exactly 

how much influence this has on the measured flow rates. 

 

• The exhaust lines in cold winter months experienced freezing due to the 

temperature change caused by elevated exhaust gas temperature which in turn 

caused condensation to form that would freeze and obstruct the sample 

distribution system. A recommendation is to introduce a heater cord to the end of 

the exhaust lines which could ensure that condensation would not occur until 

after the exhaust has left the tubing and therefore alleviate any possibility for 

obstructions to occur.  

 

• It was observed that the decrease in ammonia concentration within the barn in 

the summer was due to an increase in ventilation and temperatures which 

increase the air exchange as well as drying the manure decreasing biological 

degradation. It was corroborated with the management staff at the layer barn that 

the manure is drier in the summer months; it is recommended that manure 

samples should be taken throughout the sampling period so a measured 

relationship can be developed to explain manure properties with ammonia 

emissions. 
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• Due to the location of the power supply for the research trailer, the ambient 

concentrations that were collected for the pollutants during the sampling period 

were greatly overestimated as the sampling ports were located too close to the 

barn exhaust stream. It is recommended to situate the research trailer as far 

away as possible from the exhaust stream if the sampling site location and 

proximity to the power supply permits it. If this is not possible as it was in the 

case of the research presented in this thesis, it is recommended that air samples 

be collected periodically nearby the facility in a sample canister to be analyzed at 

a later date.     

 

• The emission models that were developed for ammonia and particulate matter 

were unable to account for the manure belt cleanout periods and bird activity 

levels. It is recommended that for facilities that have manure cleanout periods 

and known lighting schedules, an improved model could be created that includes 

variables that explain the frequency and occurrences for this and implement them 

into the model in order to obtain a more accurate model that explains the 

emission behavior.  
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Appendix A: Sample Calculations 
 

A.1 Particulate Bulk Density Calculations 
 

In order to calculate the particulate bulk density the procedure in section 4.2 must be 

followed. The following sample calculation is for one of the three tests performed to 

obtain an average sample particulate bulk density representative of the particulate 

matter within the barn. The following variables were recorded for test#1: 

• Strainer cup mass = 1813.8 g 

• Strainer cup + dry dust mass = 1899.4 g  

• Strainer cup + dry dust mass + water mass = 2053.3 g  

• Height of dust in strainer cup = 37.2 mm 

• Diameter of strainer cup = 90.0 mm 

The amount of dry compacted dust is calculated: 

S�/ S
=E = �:E�$9�� %
; <== + S�/ &
=E <==� − �:E�$9�� %
; <==� 

S�/ S
=E = 1899.4- − 1813.8- = 85.6- = 8.56 × 10W�M- 

The amount of water added to the compacted dust to saturation is calculated: 

8E�� <== = �:E�$9�� %
; <== + S�/ &
=E <== + 8E�� <==�− �:E�$9�� %
; <== + S�/ &
=E <==� 

8E�� <== = 2053.3- − 1899.4- = 150.9- = 1.51 × 10WXM- 

The volume of the compacted dust is calculated for a standard cylinder: 

Y0.
<� 0Z S
=E = H�� 0Z :E�$9�� × ��$-ℎE 0Z &
=E 

Y0.
<� 0Z S
=E = [ ∙ �90.0<<��
4 × 37.2<< = 2.37 × 10#<<� = 2.37 × 10W�<� 

The volume of water that remained in the dust after saturation: 

Y0.
<� 0Z 8E�� = K== 0Z 8E��
S�9=$E/ 0Z 8E�� 

Assuming a density of water of 998 kg/m3 at room temperature (20oC): 

Y0.
<� 0Z 8E�� = 1.51 × 10WXM-
998 M- <�\ = 1.51 × 10W�<� 
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The volume of particulates in the compacted dust can then be determined: 

Y0.
<� 0Z C�E$%
.E�= = Y0.
<� 0Z S
=E − Y0.
<� 0Z 8E�� 

Y0.
<� 0Z C�E$%
.E�= = 2.37 × 10W�<� − 1.51 × 10W�<� = 8.6 × 10W#<� 

The density of the particulates can then be calculated: 

S�9=$E/ 0Z C�E$%
.E�= = K== 0Z S
=E
Y0.
<� 0Z C�E$%
.E�= 

S�9=$E/ 0Z C�E$%
.E�= = 8.56 × 10W�M-
8.6 × 10W#<� = 995.35 M- <�\  

 

A.2 Emission Factor Calculations 
 

The following variables are necessary in order to calculate an emission factor for a given 

pollutant: 

• Pollutant concentration (in barn) 

• Pollutant concentration (ambient) 

• Ventilation rate 

• Average weight of bird 

• Number of birds 

The following sample calculation will be performed for the average hourly ammonia 

concentration in the barn at 12:00 noon on November 27, 2011. The following are the 

observed variables for ammonia for the previously stated time: 

• Ammonia concentration (in barn) = 1.845 ppm  

• Ammonia concentration (ambient) = 1.27 x 10-5 g/m3 

• Ventilation rate = 15.31 m3/s 

• Average weight of bird = 1628 g 

• Number of birds = 69 964 birds 

The concentration within the barn must first be converted from parts per million into 

mass per volume (g/m3) in order to use with the ventilation rate to obtain an emission 

rate.  The following equation based on the ideal gas law allows for this conversion: 
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m^_`Vbcd = V^_`Vbcd ∙ P ∙ MW^_`R ∙ T  

Where;   mpol = Mass of pollutant (kg) 
   Vair = Volume of air (m3) 
   Vpol = Volume of pollutant (m3) 
   P = Pressure (atm) 
   MWpol = Molecular weight of pollutant (kg/kgmol) 
   R = Universal gas constant (0.08208 atm·m3/kgmol·K) 
   T = Temperature (K) 
 
Given;   MWpol = 17.031 kg/kgmol (for ammonia) 
   P = Atmospheric pressure = 0.985 atm  
   T = Reaction temperature = 323.15 K (for 17i Analyzer) 
   Vpol/Vair·106 = Parts per million of pollutant   
  

Substituting the given and observed values into the mass per volume equation yields: 

m^_`Vbcd = 1.845ppm
10k ∙ �0.985atm� ∙ n17.031 kgkgmols

n0.08208 atm ∙ m�
kgmol ∙ Ks ∙ �323.15K� 

m^_`Vbcd = 1.166 × 10Wk kg
m� = 0.00117 g

m� 

 

The mass concentration in the ambient air must then be subtracted from the mass 

concentration within the barn: 

  m^_`Vbcd = 0.00117 g
m� − 0.0000127 g

m� = 0.001157 g
m� 

 

The ventilation rate can then be used with the in barn pollutant concentration to develop 

emission rates (ERs) for the amount of pollutant exiting the barn.  

FD = <u!�Y��� ∙ Y���E$<� 

FD = v0.001157 -
<�w ∙ x15.31 <�

= y 

FD = 0.01772 -
=  
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The calculated emission rate can then be converted into an emission factor (EF) with the 

use of an activity factor (AF). The AF is a way to create a reference point to the amount 

of live mass within a barn in order to compare one barn with another that may have a 

different amount of livestock. The activity factor is expressed in terms of animal units 

(AU) and expressed by the following equation: 

HI = 500M-
JK*!*�� 

Where;   BMtotal = Total bird mass in the barn (kg) 

 Using the average bird weight (1628g) and number of birds (69 964) within the barn the 

activity factor can be calculated: 

HI = 500M-
n1628- ∙ 1M-1000-s ∙ 69964z$�&= 

HI = 0.00439 H{WX 

The activity factor can then be used in order to convert the emission rate to a emission 

factor using the following equation: 

FI = FD ∙ HI 

FI = 0.01772 -
= ∙ 0.00439 H{WX 

FI = 7.778 × 10W# -
= ∙ H{ 
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Appendix B: FANS Calibration Certificate 
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Appendix C: FANS Summary Tables for Ventilation Fans 
 

The following are summary tables for the ventilation fans using the FANS system. The 

airflows are averages taken from all flow samples for each sized ventilation fans.  

 

Table 22: Summary of 0.61 m (24") variable speed ventilation fan at various bandwidth temperatures 

0.61 m Fans 

Varying Bandwidth (
o
C) Average Airflow (m3/s) % Standard Deviation 

0.00 0.17 15.7 

0.06 0.31 11.4 

0.11 0.31 11.4 

0.28 0.88 11.5 

0.50 1.33 6.3 

0.67 1.42 6.2 

0.78 1.73 10.5 

 

 

Table 23: Summary of 0.91 m (36") ventilation fan 

Barn 1 0.91 m Fan 

Average Airflow (m
3
/s) % Standard Deviation 

3.01 37.6 

2.96 37.0 

2.83 39.1 

2.88 40.9 

2.82 39.7 

2.93 37.2 

 

 

Table 24: Summary of 1.22 m (48") ventilation fan 

Barn 1 1.22 m Fan 

Average Airflow (m
3
/s) % Standard Deviation 

6.51 23.8 

6.17 26.3 

6.50 27.3 

6.46 26.8 

6.51 26.3 

6.49 25.8 
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Table 25: Summary of 1.37 m (54") ventilation fan 

Barn 1 1.37 m Fan 

Average Airflow (m
3
/s) % Standard Deviation 

7.92 17.1 

7.00 19.5 

6.93 18.8 

6.93 18.2 

6.95 17.2 

6.90 17.7 
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Appendix D: Diurnal Effects on Carbon Dioxide 
 

The seasonal average day of hourly carbon dioxide concentrations, ventilation, and 

emission rates can be viewed in Figure 56 with the error bars representing one standard 

deviation in the data. The carbon dioxide concentration pattern is complex as it is 

dependent upon both the respiration of the birds as well as the production from the 

biological degradation of the manure.  

Due to the mentioned contributing factors to carbon dioxide the concentration is found to 

increase in the morning as lights are turned on and bird activity increases. The 

concentration is then found to decrease in the afternoon due to an increase in ventilation 

commonly found at this time, as well as the removal of manure which occurs around 

10:30-11:30 in the late morning. The concentration is then found to increase and remain 

fairly constant at night when respiration is lowered as well as ventilation.  

The seasonal variation in concentration is apparent with roughly similar magnitude 

concentrations occurring during the fall and spring. Maximum and minimum 

concentrations occur during the winter and summer, respectively. This is due to the low 

ventilation rates operating in the winter causing a build up of carbon dioxide, and the 

extremely high ventilation rates during the summer causing the carbon dioxide to 

significantly drop.  

The emission rates in Figure 56 do not take into account the subtraction of ambient 

carbon dioxide concentrations as the variation in seasonal carbon dioxide concentration 

in the ambient air due to the increase in carbon dioxide sinks that become available 

during the warmer seasons is very difficult to characterize. It can be viewed that the 

emission rate appears to be on a similar magnitude throughout all the seasons, with a 

maximum occurring in the winter due to the extreme increase in indoor carbon dioxide 

concentration. The emissions follow a fairly diurnal pattern as well increased in the 

daytime with increase respiration and ventilation with a decrease at night. The exception 

in this case is the summer emissions as the concentrations are on a very small 

magnitude, therefore creating a pattern driven primarily by the ventilation rate.  
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Figure 56: Diurnal effects on CO2 throughout a year 
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Appendix E: Statistical Data  
 

Statistical analysis was performed in SPlus software. 

E.1 House Data 
 

Barn Ventilation versus Barn Temperature During the Winter: 
> attach(Ammonia.WINTER..2011..for.stats) 
> reg2=lm(BarnVent~BarnTemp) 
> summary(reg2) 
 
Call: lm(formula = BarnVent ~ BarnTemp) 
Residuals: 
    Min      1Q Median    3Q   Max  
 -3.187 -0.9769 -0.241 1.403 6.441 
 
Coefficients: 
                  Value   Std. Error    t value    Pr(>|t|)  
(Intercept)   -184.2268     3.4121    -53.9920      0.0000 
   BarnTemp     8.7123     0.1499     58.1114      0.0000 
 
Residual standard error: 1.479 on 554 degrees of freedom 
Multiple R-Squared: 0.8591  
F-statistic: 3377 on 1 and 554 degrees of freedom, the p-value is 0  
 
Barn Ventilation versus Outdoor Temperature During the Winter: 
> attach(Ammonia.WINTER..2011..for.stats) 
> reg=lm(BarnVent~OutTemp) 
> summary(reg) 
 
Call: lm(formula = BarnVent ~ OutTemp) 
Residuals: 
    Min     1Q Median    3Q Max  
 -7.384 -2.927 0.4642 2.581  10 
 
Coefficients: 
                Value   Std. Error  t value   Pr(>|t|)  
(Intercept)   15.7993   0.1785     88.5097  0.0000  
    OutTemp    0.5071   0.0321     15.8157   0.0000  
 
Residual standard error: 3.271 on 554 degrees of freedom 
Multiple R-Squared: 0.3111  
F-statistic: 250.1 on 1 and 554 degrees of freedom, the p-value is 0  
 
Barn Ventilation versus Barn Temperature and Outdoor Temperature During the 
Winter: 
> reg3=lm(BarnVent~BarnTemp+OutTemp) 
> summary(reg3) 
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Call: lm(formula = BarnVent ~ BarnTemp + OutTemp) 
Residuals: 
    Min     1Q  Median    3Q   Max  
 -3.187 -1.003 -0.3056 1.317 6.398 
 
Coefficients: 
                 Value   Std. Error    t value    Pr(>|t|)  
(Intercept)  -181.6921    4.2549   -42.7019     0.0000 
   BarnTemp    8.6037     0.1853    46.4234      0.0000 
    OutTemp     0.0179    0.0179      0.9971     0.3191 
 
Residual standard error: 1.479 on 553 degrees of freedom 
Multiple R-Squared: 0.8593  
F-statistic: 1689 on 2 and 553 degrees of freedom, the p-value is 0  
 
Barn Temperature versus Outdoor Temperature During the Winter: 
> reg4=lm(BarnTemp~OutTemp) 
> summary(reg4) 
 
Call: lm(formula = BarnTemp ~ OutTemp) 
Residuals: 
     Min      1Q  Median    3Q  Max  
 -0.8567 -0.2766 0.04079 0.288 0.65 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)    22.9544     0.0185   1240.2222     0.0000 
    OutTemp     0.0569     0.0033     17.1042     0.0000 
 
Residual standard error: 0.3391 on 554 degrees of freedom 
Multiple R-Squared: 0.3456  
F-statistic: 292.6 on 1 and 554 degrees of freedom, the p-value is 0 
 
 
Barn Temperature versus Barn Ventilation During the Summer: 
> attach(Ammonia.SUMMER..2011..for.stats) 
> reg=lm(BarnVent~BarnTemp) 
> summary(reg) 
 
Call: lm(formula = BarnVent ~ BarnTemp) 
Residuals: 
    Min     1Q Median   3Q   Max  
 -108.9 -13.48 -3.307 20.8 35.33 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)  -563.9718    13.7757    -40.9396     0.0000 
   BarnTemp    27.1182     0.5789     46.8467    0.0000 
 
Residual standard error: 22.65 on 614 degrees of freedom 
Multiple R-Squared: 0.7814  
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F-statistic: 2195 on 1 and 614 degrees of freedom, the p-value is 0  
 

Barn Ventilation versus Outdoor Temperature During the Summer: 
> reg=lm(BarnVent~OutTemp) 
> summary(reg) 
 
Call: lm(formula = BarnVent ~ OutTemp) 
Residuals: 
    Min    1Q Median    3Q   Max  
 -55.34 -16.2 0.3774 16.53 55.66 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)  -115.9348     3.8217    -30.3359     0.0000 
    OutTemp    10.1112     0.1925     52.5202     0.0000 
 
Residual standard error: 20.67 on 614 degrees of freedom 
Multiple R-Squared: 0.8179  
F-statistic: 2758 on 1 and 614 degrees of freedom, the p-value is 0  
 
Barn Ventilation versus Barn Temperature and Outdoor Temperature During the 
Summer: 
> reg2=lm(BarnVent~BarnTemp+OutTemp) 
> summary(reg2) 
 
Call: lm(formula = BarnVent ~ BarnTemp + OutTemp) 
Residuals: 
    Min     1Q Median    3Q   Max  
 -72.58 -13.74  1.984 14.53 46.23 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)  -319.4753    18.8482    -16.9499     0.0000 
   BarnTemp    11.6575     1.0608     10.9896     0.0000 
    OutTemp     6.3293     0.3866     16.3725     0.0000 
 
Residual standard error: 18.91 on 613 degrees of freedom 
Multiple R-Squared: 0.8479  
F-statistic: 1709 on 2 and 613 degrees of freedom, the p-value is 0  
 
Barn Temperature versus Outdoor Temperature During the Summer: 
> reg3=lm(BarnTemp~OutTemp) 
> summary(reg3) 
 
Call: lm(formula = BarnTemp ~ OutTemp) 
Residuals: 
    Min      1Q   Median     3Q   Max  
 -1.554 -0.4283 -0.07599 0.3303 3.424 
 
Coefficients: 
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                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)   17.4600    0.1330    131.2782    0.0000 
    OutTemp    0.3244    0.0067     48.4212   0.0000 
 
Residual standard error: 0.7193 on 614 degrees of freedom 
Multiple R-Squared: 0.7925  
F-statistic: 2345 on 1 and 614 degrees of freedom, the p-value is 0 
 

E.2 Ammonia Emission Model 
 

For the following regressions: C2=EF, C3=∆T, C4=LW, C5=Tout, C6=P, C7=RH 

Fall Ammonia Multiple Linear Regressions 
> attach(Ammonia.Fall) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
    Min     1Q Median   3Q   Max  
 -24.66 -7.844 -0.959 4.16 70.89 
 
Coefficients: 
                 Value  Std. Error    t value   Pr(>|t|)  
(Intercept)   970.7147   206.0580      4.7109     0.0000 
         C3    13.5305     1.4611      9.2608     0.0000 
         C4    -0.0048     0.0017     -2.7575     0.0061 
         C5     0.2723     0.1842      1.4781     0.1401 
         C6  -436.7447    76.5961     -5.7019     0.0000 
         C7     0.0275     0.0680      0.4044     0.6862 
 
Residual standard error: 12.81 on 436 degrees of freedom 
Multiple R-Squared: 0.3133  
F-statistic: 39.79 on 5 and 436 degrees of freedom, the p-value is 0  
> reg2=lm(C2~C3+C4+C6) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C3 + C4 + C6) 
Residuals: 
    Min     1Q  Median    3Q   Max  
 -24.39 -7.902 -0.9668 4.161 71.59 
 
Coefficients: 
                  Value   Std. Error     t value    Pr(>|t|)  
(Intercept)   1059.8293    191.9503      5.5214      0.0000 
         C3     14.8122      1.1699     12.6615      0.0000 
         C4     -0.0057      0.0015     -3.8582      0.0001 
         C6   -416.0035     72.9150     -5.7053      0.0000 
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Residual standard error: 12.81 on 438 degrees of freedom 
Multiple R-Squared: 0.3099  
F-statistic: 65.56 on 3 and 438 degrees of freedom, the p-value is 0  
> 
 
 
Winter Ammonia Multiple Linear Regressions 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
    Min     1Q Median    3Q   Max  
 -29.31 -16.05 -7.743 10.53 106.9 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)   114.9675   119.0072      0.9661     0.3343 
         C3     9.1088     1.2135      7.5062     0.0000 
         C4     0.0006     0.0006      0.8804     0.3789 
         C5    -0.8192     0.2108     -3.8863     0.0001 
         C6  -177.7845   103.2618     -1.7217     0.0855 
         C7     0.0527     0.0613      0.8585     0.3908 
 
Residual standard error: 22.38 on 916 degrees of freedom 
Multiple R-Squared: 0.06846  
F-statistic: 13.46 on 5 and 916 degrees of freedom, the p-value is 1.087e-012 
 
> reg2=lm(C2~C3+C5) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C3 + C5) 
Residuals: 
    Min     1Q Median    3Q   Max  
 -30.07 -15.99 -7.823 10.38 109.6 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)   11.7983    2.4481      4.8194    0.0000 
         C3    8.7463    1.1481      7.6177    0.0000 
         C5   -0.6907    0.1883     -3.6692    0.0003 
 
Residual standard error: 22.43 on 919 degrees of freedom 
Multiple R-Squared: 0.06167  
F-statistic: 30.2 on 2 and 919 degrees of freedom, the p-value is 1.985e-013  
> 
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Spring Ammonia Multiple Linear Regressions 
> attach(Ammonia.Spring) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
    Min     1Q Median    3Q   Max  
 -24.11 -12.09 -5.421 7.635 91.93 
 
Coefficients: 
                  Value   Std. Error    t value    Pr(>|t|)  
(Intercept)  -6282.3709   5319.2756     -1.1811      0.2384 
         C3      0.0570      0.2431      0.2342      0.8149 
         C4      0.0531      0.0457      1.1621      0.2460 
         C5      1.3474      0.3112      4.3293      0.0000 
         C6    104.2171    175.4560      0.5940      0.5529 
         C7     -0.1039      0.0812     -1.2798      0.2015 
 
Residual standard error: 17.56 on 348 degrees of freedom 
Multiple R-Squared: 0.1434  
F-statistic: 11.65 on 5 and 348 degrees of freedom, the p-value is 2.02e-010  
>  
> reg2=lm(C2~C5) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C5) 
Residuals: 
    Min     1Q Median    3Q   Max  
 -24.07 -12.31 -5.917 6.109 94.37 
 
Coefficients: 
              Value    Std. Error  t value   Pr(>|t|)  
(Intercept)  9.9276   2.4548      4.0442   0.0001   
         C5  1.5244   0.2119      7.1926   0.0000   
 
Residual standard error: 17.61 on 352 degrees of freedom 
Multiple R-Squared: 0.1281  
F-statistic: 51.73 on 1 and 352 degrees of freedom, the p-value is 3.848e-012  
> 
 
Summer Multiple Linear Regressions 
> attach(Ammonia.Summer) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
    Min     1Q  Median   3Q   Max  
 -8.648 -2.269 -0.5552 2.09 23.03 
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Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)  -180.7934    28.8888     -6.2582     0.0000 
         C3     1.2323     0.0956     12.8869     0.0000 
         C4     0.0013     0.0001     13.3340     0.0000 
         C5     0.7756     0.0564     13.7556     0.0000 
         C6    38.2937    30.8108      1.2429     0.2143 
         C7     0.0472     0.0106      4.4378     0.0000 
 
Residual standard error: 3.447 on 706 degrees of freedom 
Multiple R-Squared: 0.7797  
F-statistic: 499.7 on 5 and 706 degrees of freedom, the p-value is 0  
>  
> reg2=lm(C2~C3+C4+C5+C7) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C7) 
Residuals: 
    Min    1Q  Median    3Q   Max  
 -8.395 -2.32 -0.5092 2.123 22.96 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)  -146.8992     9.5358    -15.4050     0.0000 
         C3     1.2134     0.0944     12.8477     0.0000 
         C4     0.0013     0.0001     14.6674     0.0000 
         C5     0.7806     0.0563     13.8736     0.0000 
         C7     0.0443     0.0104      4.2691     0.0000 
 
Residual standard error: 3.448 on 707 degrees of freedom 
Multiple R-Squared: 0.7792  
F-statistic: 623.7 on 4 and 707 degrees of freedom, the p-value is 0  
> 
 
 
Total Sampling Period Ammonia Multiple Linear Regressions 
 
> attach(Ammonia.Total) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
    Min     1Q Median    3Q   Max  
 -105.1 -12.24 -2.163 4.113 109.5 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)  -104.0111    51.3773     -2.0245     0.0430 
         C3     1.2083     0.1841      6.5616     0.0000 
         C4     0.0015     0.0001     22.3492     0.0000 
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         C5     0.4020     0.0660      6.0881     0.0000 
         C6   -44.7281    49.3530     -0.9063     0.3649 
         C7    -0.0574     0.0277     -2.0718     0.0384 
 
Residual standard error: 17.54 on 2424 degrees of freedom 
Multiple R-Squared: 0.2295  
F-statistic: 144.4 on 5 and 2424 degrees of freedom, the p-value is 0  
>  
>  
> reg2=lm(C2~C3+C4+C5+C7) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C7) 
Residuals: 
    Min     1Q Median   3Q   Max  
 -105.5 -12.24 -2.163 4.09 110.3 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)  -149.9163     8.6033    -17.4255     0.0000 
         C3     1.2151    0.1840      6.6047     0.0000 
         C4     0.0015     0.0001     22.7717     0.0000 
         C5     0.4136     0.0648      6.3854     0.0000 
         C7    -0.0492     0.0262     -1.8784     0.0605 
 
Residual standard error: 17.54 on 2425 degrees of freedom 
Multiple R-Squared: 0.2292  
F-statistic: 180.3 on 4 and 2425 degrees of freedom, the p-value is 0  
 
Statistical Significance between Ammonia Models and Observed Emissions 
 
> attach(Ammonia.stat.significance) 
> boxplot(split(C2,C1),xlab="Model",ylab="Emissions") 
> reg<-aov(C2~C1) 
> summary(reg) 
             Df  Sum of Sq   Mean Sq  F Value  Pr(F)  
       C1     2      81384   40691.82  193.652      0 
Residuals  7287   1531207    210.13          
 
95 % non-simultaneous confidence intervals for specified  
linear combinations, by the Fisher LSD method  
 
critical point: 1.9603  
response variable: C2  
 
intervals excluding 0 are flagged by '****'  
 
                    Estimate  Std.Error  Lower Bound  Upper Bound       
Observed-Seasonal     0.304       0.416       -0.511         1.12      
   Observed-Total    -6.930      0.416        -7.750        -6.12 **** 
   Seasonal-Total    -7.230      0.416       -8.050        -6.42 **** 
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Figure 57: Fisher's LSD method for multiple comparisons to determine significance between ammonia models 

 

E.3 Particulate Emission Model 
 

PM2.5 Correlations 
 
Fall PM2.5 Multiple Linear Regressions 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
     Min       1Q   Median      3Q    Max  
 -0.1528 -0.04627 -0.01079 0.04176 0.2139 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)    0.4816    1.0380      0.4640    0.6431 
         C3    0.2066    0.0107     19.3103    0.0000 
         C4    0.0000    0.0000      0.2953    0.7680 
         C5   -0.0071    0.0012     -5.6704    0.0000 
         C6   -0.0086    0.0070     -1.2246    0.2219 
         C7    0.0003    0.0006      0.4301    0.6675 
 
Residual standard error: 0.06788 on 241 degrees of freedom 
Multiple R-Squared: 0.6277  
F-statistic: 81.28 on 5 and 241 degrees of freedom, the p-value is 0  
>  
> reg2=lm(C2~C3+C5) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C3 + C5) 
Residuals: 
     Min       1Q    Median      3Q    Max  
 -0.1548 -0.04678 -0.009664 0.04077 0.2106 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)   -0.0829    0.0159     -5.1977    0.0000 
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         C3    0.2053    0.0106     19.3771    0.0000 
         C5   -0.0071    0.0012     -6.1000    0.0000 
 
Residual standard error: 0.0677 on 244 degrees of freedom 
Multiple R-Squared: 0.6251  
F-statistic: 203.4 on 2 and 244 degrees of freedom, the p-value is 0  
 
 
Winter PM2.5 Multiple Linear Regressions 
> attach(PM25.Winter) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
     Min       1Q   Median      3Q    Max  
 -0.3029 -0.07998 -0.01664 0.06042 0.9458 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)   17.7855    2.3487      7.5726    0.0000 
         C3    0.2142    0.0122     17.4994    0.0000 
         C4   -0.0002    0.0000     -9.0871    0.0000 
         C5    0.0076    0.0020      3.8794    0.0001 
         C6    0.0425    0.0103      4.1155    0.0000 
         C7    0.0031    0.0006      4.8364    0.0000 
 
Residual standard error: 0.127 on 432 degrees of freedom 
Multiple R-Squared: 0.5524  
F-statistic: 106.6 on 5 and 432 degrees of freedom, the p-value is 0 
 
Spring PM2.5 Multiple Linear Regressions 
> attach(PM25.Spring) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
    Min      1Q   Median    3Q   Max  
 -1.131 -0.3407 -0.06571 0.227 5.329 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)  -39.1360   11.3524     -3.4474    0.0006 
         C3    0.0003    0.0043      0.0587    0.9532 
         C4    0.0003    0.0001      4.2761    0.0000 
         C5    0.0854    0.0080     10.7351    0.0000 
         C6    0.0802    0.0499      1.6082    0.1084 
         C7   -0.0049    0.0020     -2.4282    0.0155 
 
Residual standard error: 0.6118 on 540 degrees of freedom 



 

148 

 

Multiple R-Squared: 0.4181  
F-statistic: 77.59 on 5 and 540 degrees of freedom, the p-value is 0  
>  
> reg2=lm(C2~C4+C5+C7) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C4 + C5 + C7) 
Residuals: 
    Min      1Q   Median     3Q   Max  
 -1.093 -0.3471 -0.07564 0.2322 5.363 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)  -23.2736    5.6130     -4.1464    0.0000 
         C4    0.0002    0.0000      4.2686    0.0000 
         C5    0.0792    0.0069     11.5485    0.0000 
         C7   -0.0066    0.0017     -3.8277    0.0001 
 
Residual standard error: 0.6121 on 542 degrees of freedom 
Multiple R-Squared: 0.4153  
F-statistic: 128.3 on 3 and 542 degrees of freedom, the p-value is 0  
 
Summer PM2.5 Multiple Linear Regressions 
> attach(PM25.Summer) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
    Min      1Q   Median     3Q   Max  
 -2.551 -0.5705 -0.03352 0.5138 4.716 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)   13.2895   11.6024      1.1454    0.2524 
         C3    0.2880    0.0278     10.3551    0.0000 
         C4   -0.0001    0.0000    -27.6295    0.0000 
         C5    0.1635    0.0178      9.1829    0.0000 
         C6   -0.0248    0.1121     -0.2215    0.8247 
         C7    0.0180    0.0040      4.4813    0.0000 
 
Residual standard error: 1.013 on 727 degrees of freedom 
Multiple R-Squared: 0.7252  
F-statistic: 383.7 on 5 and 727 degrees of freedom, the p-value is 0  
>  
> reg2=lm(C2~C3+C4+C5+C7) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C7) 
Residuals: 
    Min      1Q   Median     3Q   Max  
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 -2.558 -0.5695 -0.03494 0.5152 4.726 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)   10.7220    0.5663     18.9327   0.0000 
         C3    0.2873    0.0276     10.4107    0.0000 
         C4   -0.0001    0.0000    -27.9011    0.0000 
         C5    0.1654    0.0157     10.5170    0.0000 
         C7    0.0186    0.0032      5.7932    0.0000 
 
Residual standard error: 1.012 on 728 degrees of freedom 
Multiple R-Squared: 0.7252  
F-statistic: 480.3 on 4 and 728 degrees of freedom, the p-value is 0  
 
 
Total Sampling PM2.5 Multiple Linear Regressions 
> attach(PM25.Total) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
    Min      1Q  Median    3Q   Max  
 -5.157 -0.5335 -0.1164 0.386 6.972 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)   36.5242    3.7092      9.8470    0.0000 
         C3    0.0628    0.0064      9.7923    0.0000 
         C4   -0.0001    0.0000    -29.6241    0.0000 
         C5    0.0361    0.0025     14.2989    0.0000 
         C6   -0.2113    0.0354     -5.9745    0.0000 
         C7   -0.0196    0.0017    -11.6087    0.0000 
 
Residual standard error: 0.9824 on 1958 degrees of freedom 
Multiple R-Squared: 0.5818  
F-statistic: 544.7 on 5 and 1958 degrees of freedom, the p-value is 0 
 
Statistical Significance between PM2.5 Models and Observed Emissions 
 
attach(PM25.stat.significance) 
> reg<-aov(C2~C1) 
> summary(reg) 
             Df  Sum of Sq   Mean Sq   F Value  Pr(F)  
       C1     2     687.11  343.5551  174.0046      0 
Residuals  5889   11627.25    1.9744            
 
95 % non-simultaneous confidence intervals for specified  
linear combinations, by the Fisher LSD method  
 
critical point: 1.9604  
response variable: C2  
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intervals excluding 0 are flagged by '****'  
 
                    Estimate  Std.Error  Lower Bound  Upper Bound       
Observed-Seasonal    -0.248      0.0448       -0.336       -0.161 **** 
   Observed-Total    -0.816      0.0448      -0.904       -0.728 **** 
   Seasonal-Total    -0.568      0.0448       -0.655       -0.480 **** 

 

 
Figure 58: Fisher's LSD method for multiple comparisons to determine significance between PM2.5 models 

 
PM10 Correlations  
 
Fall PM10 Multiple Linear Regressions 
> attach(PM10.Fall) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
    Min      1Q  Median     3Q   Max  
 -3.379 -0.6426 -0.1001 0.4851 3.442 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)   67.5359   15.5905      4.3319    0.0000 
         C3    3.3016    0.1588     20.7898    0.0000 
         C4   -0.0004    0.0001     -2.9572    0.0034 
         C5   -0.0842    0.0185     -4.5452    0.0000 
         C6   -0.2636    0.1039     -2.5364    0.0118 
         C7   -0.0297    0.0094     -3.1393    0.0019 
 
Residual standard error: 1.015 on 243 degrees of freedom 
Multiple R-Squared: 0.6951  
F-statistic: 110.8 on 5 and 243 degrees of freedom, the p-value is 0 
 
Winter PM10 Multiple Linear Regressions 
> attach(PM10.Winter) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
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    Min     1Q   Median     3Q   Max  
 -2.899 -1.303 0.004607 0.9293 17.49 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)  -202.0285    38.3259     -5.2713     0.0000 
         C3     2.5362     0.1452     17.4657     0.0000 
         C4     0.0013     0.0002      6.4387     0.0000 
         C5    -0.1170     0.0269     -4.3449     0.0000 
         C6     0.4257     0.1621      2.6262     0.0090 
         C7     0.0013     0.0093      0.1420     0.8871 
 
Residual standard error: 1.69 on 381 degrees of freedom 
Multiple R-Squared: 0.519  
F-statistic: 82.22 on 5 and 381 degrees of freedom, the p-value is 0  
>  
> reg2=lm(C2~C3+C4+C5+C6) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6) 
Residuals: 
    Min     1Q   Median     3Q  Max  
 -2.909 -1.301 0.007094 0.9283 17.5 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)  -200.6572    37.0422     -5.4170     0.0000 
         C3     2.5313     0.1407     17.9881     0.0000 
         C4     0.0013     0.0002      6.5553     0.0000 
         C5    -0.1173     0.0268     -4.3714     0.0000 
         C6     0.4203     0.1573      2.6716     0.0079 
 
Residual standard error: 1.688 on 382 degrees of freedom 
Multiple R-Squared: 0.519  
F-statistic: 103 on 4 and 382 degrees of freedom, the p-value is 0  
> 
 
Spring PM10 Multiple Linear Regressions 
> attach(PM10.Spring) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
    Min     1Q  Median     3Q   Max  
 -2.789 -1.084 -0.1893 0.8047 7.241 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)   301.5823   285.4418      1.0565     0.2917 
         C3   -0.0048     0.0129     -0.3717     0.7104 
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         C4    -0.0019     0.0025     -0.7817     0.4351 
         C5     0.1958     0.0203      9.6674     0.0000 
         C6    -0.7226     0.1578     -4.5801     0.0000 
         C7    -0.0458     0.0065     -7.0424     0.0000 
 
Residual standard error: 1.594 on 272 degrees of freedom 
Multiple R-Squared: 0.4398  
F-statistic: 42.7 on 5 and 272 degrees of freedom, the p-value is 0  
>  
> reg2=lm(C2~C5+C6+C7) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C5 + C6 + C7) 
Residuals: 
    Min     1Q  Median     3Q  Max  
 -2.888 -1.074 -0.2016 0.7801 7.19 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)   78.8671   15.0973      5.2239    0.0000 
         C5    0.1851    0.0157     11.7528    0.0000 
         C6   -0.7545    0.1523     -4.9529    0.0000 
         C7   -0.0471    0.0063     -7.4999    0.0000 
 
Residual standard error: 1.59 on 274 degrees of freedom 
Multiple R-Squared: 0.4382  
F-statistic: 71.25 on 3 and 274 degrees of freedom, the p-value is 0  
 
Summer PM10 Multiple Linear Regressions 
> attach(PM10.Summer) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
   Min     1Q  Median     3Q   Max  
 -2.65 -1.034 -0.1241 0.6437 5.321 
 
Coefficients: 
                 Value   Std. Error    t value   Pr(>|t|)  
(Intercept)     2.2220   176.3429      0.0126     0.9900 
         C3     0.5779     0.1815      3.1836     0.0018 
         C4     0.0006     0.0009      0.6412     0.5225 
         C5     0.3863     0.0833      4.6399     0.0000 
         C6    -0.8420     0.8560     -0.9836     0.3270 
         C7     0.0770     0.0289      2.6637     0.0086 
 
Residual standard error: 1.507 on 141 degrees of freedom 
Multiple R-Squared: 0.4909  
F-statistic: 27.2 on 5 and 141 degrees of freedom, the p-value is 0  
>  
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> reg2=lm(C2~C3+C5+C7) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C3 + C5 + C7) 
Residuals: 
    Min     1Q  Median     3Q   Max  
 -2.506 -1.102 -0.1693 0.7549 5.426 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)  -13.5257    2.6595     -5.0859    0.0000 
         C3    0.6370    0.1643      3.8779    0.0002 
         C5    0.4167    0.0760      5.4865    0.0000 
         C7    0.0935    0.0208      4.5069    0.0000 
 
Residual standard error: 1.513 on 143 degrees of freedom 
Multiple R-Squared: 0.4795  
F-statistic: 43.9 on 3 and 143 degrees of freedom, the p-value is 0  
 
Total Sampling PM10 Multiple Linear Regressions 
> attach(PM10.Total) 
> reg=lm(C2~C3+C4+C5+C6+C7) 
> summary(reg) 
 
Call: lm(formula = C2 ~ C3 + C4 + C5 + C6 + C7) 
Residuals: 
    Min     1Q  Median    3Q   Max  
 -4.235 -1.736 -0.4311 1.596 18.37 
 
Coefficients: 
                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)    6.9330   12.3883      0.5596    0.5758 
         C3    0.0325    0.0167      1.9430    0.0523 
         C4    0.0001    0.0001      1.1996    0.2306 
         C5   -0.0085    0.0077     -1.1088    0.2678 
         C6   -0.0781    0.0884     -0.8834    0.3772 
         C7   -0.0447    0.0055     -8.1291    0.0000 
 
Residual standard error: 2.093 on 1055 degrees of freedom 
Multiple R-Squared: 0.07631  
F-statistic: 17.43 on 5 and 1055 degrees of freedom, the p-value is 1.11e-016  
>  
> reg2=lm(C2~C3+C6) 
> summary(reg2) 
 
Call: lm(formula = C2 ~ C3 + C6) 
Residuals: 
    Min     1Q Median    3Q   Max  
 -5.956 -1.986 -0.366 1.653 18.28 
 
Coefficients: 
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                Value   Std. Error   t value   Pr(>|t|)  
(Intercept)   10.3045    8.4278      1.2227    0.2217 
         C3    0.0495    0.0162      3.0588    0.0023 
         C6   -0.0787    0.0844     -0.9330    0.3510 
 
Residual standard error: 2.164 on 1058 degrees of freedom 
Multiple R-Squared: 0.009857  
F-statistic: 5.266 on 2 and 1058 degrees of freedom, the p-value is 0.0053  
>  
> reg3=lm(C2~C3) 
> summary(reg3) 
 
Call: lm(formula = C2 ~ C3) 
Residuals: 
    Min    1Q  Median    3Q  Max  
 -6.005 -1.98 -0.3792 1.643 18.2 
 
Coefficients: 
               Value   Std. Error  t value   Pr(>|t|)  
(Intercept)   2.4418   0.0782     31.2224   0.0000  
         C3   0.0503   0.0162      3.1085   0.0019  
 
Residual standard error: 2.164 on 1059 degrees of freedom 
Multiple R-Squared: 0.009042  
F-statistic: 9.663 on 1 and 1059 degrees of freedom, the p-value is 0.001931  
 

Statistical Significance between PM10 Models and Observed Emissions 
 

reg<-aov(C2~C1) 
> summary(reg) 
             Df  Sum of Sq   Mean Sq   F Value  Pr(F)  
       C1     2    264.113  132.0566  58.55665      0 
Residuals  3177   7164.752    2.2552     
 
95 % non-simultaneous confidence intervals for specified  
linear combinations, by the Fisher LSD method  
 
critical point: 1.9607  
response variable: C2  
 
intervals excluding 0 are flagged by '****'  
 
                    Estimate  Std.Error  Lower Bound  Upper Bound       
Observed-Seasonal   -0.6200     0.0652       -0.748       -0.492 **** 
   Observed-Total   -0.0173     0.0652       -0.145        0.111      
   Seasonal-Total    0.6030     0.0652        0.475        0.730 **** 
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Figure 59: Fisher's LSD method for multiple comparisons to determine significance between PM10 models 

 

E.4 PM2.5/PM10 Statistics 
 

Multiple Comparisons of Seasons with PM2.5/PM10 Ratios 
attach(PM2510.Ratios) 
> boxplot(split(PMRatio,Season),xlab="Season",ylab="PM2.5/PM10 Ratio") 
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Figure 60: Boxplot of variance of means for PM2.5/PM10 ratios 

> test<- aov(PMRatio~Season) 
> summary(test) 
            Df  Sum of Sq    Mean Sq   F Value   Pr(F)  
   Season   3   2.670070  0.8900233  66.08936       0 
Residuals  92   1.238961  0.0134670      
 
Since the p-value is 0, there is overwhelming evidence of a difference in PM2.5/PM10 

ratios with seasons. 

 
response variable: PMRatio  
 
intervals excluding 0 are flagged by '****'  
 
              Estimate Std.Error Lower Bound Upper Bound       
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  Fall-Spring   -0.125    0.0335     -0.1910     -0.0581 **** 
  Fall-Summer   -0.417    0.0335     -0.4830     -0.3500 **** 
  Fall-Winter   -0.018    0.0335     -0.0845      0.0485      
Spring-Summer   -0.292    0.0335     -0.3590     -0.2260 **** 
Spring-Winter    0.107    0.0335      0.0401      0.1730 **** 
Summer-Winter    0.399    0.0335      0.3320      0.4650 **** 
 
 
 
 
95 % non-simultaneous confidence intervals for specified  
linear combinations, by the Fisher LSD method  
 
critical point: 1.9861  
response variable: PMRatio  
 
intervals excluding 0 are flagged by '****'  
 
              Estimate Std.Error Lower Bound Upper Bound       
  Fall-Spring   -0.125    0.0335     -0.1910     -0.0581 **** 
  Fall-Summer   -0.417    0.0335     -0.4830     -0.3500 **** 
  Fall-Winter   -0.018    0.0335     -0.0845      0.0485      
Spring-Summer   -0.292    0.0335     -0.3590     -0.2260 **** 
Spring-Winter    0.107    0.0335      0.0401      0.1730 **** 
Summer-Winter    0.399    0.0335      0.3320      0.4650 **** 
 

 
Figure 61: Fisher's LSD method for multiple comparisons to determine which seasons are significantly different 

The multiple comparisons test indicates that five of the six possible comparison pairs of 

seasons are statistically different from each other with respect to PM2.5/PM10 ratio, 

except for the fall and winter comparison whose confidence interval includes zero.  

E.5 Average Hourly to Average Day PM Emission Statistics 
 

PM2.5 Average Hourly to Average Day 
> attach(PM.AHADratio) 
> boxplot(split(PM25,Season25),xlab="Season",ylab="PM25 Ratio") 
  



 

157 

 

0
.5

1
.0

1
.5

2
.0

Fall Spring Summer Winter

Season

P
M

2
5

 R
a

ti
o

 

Figure 62: Boxplot of variance of means of PM2.5 average hourly to average day ratios 

> test<- aov(PM25~Season25) 
> summary(test) 
            Df  Sum of Sq   Mean Sq        F Value    Pr(F)  
 Season25   3    0.00000  0.000000  1.307618e-031       1 
Residuals  92   27.33164  0.297083                    
 
Since the p-value is 1, there is overwhelming evidence of significance in average hourly 

to average day ratios with seasons. 

 
 
95 % non-simultaneous confidence intervals for specified  
linear combinations, by the Fisher LSD method  
 
critical point: 1.9861  
response variable: PM25  
 
intervals excluding 0 are flagged by '****'  
 
                Estimate Std.Error Lower Bound Upper Bound       
  Fall-Spring  5.71e-017     0.157      -0.312       0.312      
  Fall-Summer -1.86e-016     0.157      -0.312       0.312      
  Fall-Winter  4.25e-016     0.157      -0.312       0.312      
Spring-Summer -1.93e-016     0.157      -0.312       0.312      
Spring-Winter  7.13e-016     0.157      -0.312       0.312      
Summer-Winter  1.29e-016     0.157      -0.312       0.312      
 
 
 
95 % non-simultaneous confidence intervals for specified  
linear combinations, by the Fisher LSD method  
 
critical point: 1.9861  
response variable: PM25  
 
intervals excluding 0 are flagged by '****'  
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                Estimate Std.Error Lower Bound Upper Bound       
  Fall-Spring  5.71e-017     0.157      -0.312       0.312      
  Fall-Summer -1.86e-016     0.157      -0.312       0.312      
  Fall-Winter  4.25e-016     0.157      -0.312       0.312      
Spring-Summer -1.93e-016     0.157      -0.312       0.312      
Spring-Winter  7.13e-016     0.157      -0.312       0.312      
Summer-Winter  1.29e-016     0.157      -0.312       0.312      
 

 

Figure 63: Fisher's LSD method for multiple comparisons to determine seasonal significance in PM2.5 ratios 

The multiple comparisons test indicates that all possible comparison pairs of seasons 

are statistically signifiant to each other with respect to PM2.5 average hourly to average 

day ratio.  

PM10 Average Hourly to Average Day 

 

> boxplot(split(PM10,Season10),xlab="Season",ylab="PM10 Ratio") 
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Figure 64: Boxplot of variance of means of PM10 average hourly to average day ratios 
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> test2<- aov(PM10~Season10) 
> summary(test) 
            Df  Sum of Sq   Mean Sq        F Value    Pr(F)  
 Season25   3    0.00000  0.000000  1.307618e-031       1 
Residuals  92   27.33164  0.297083     
 
response variable: PM10  
 
intervals excluding 0 are flagged by '****'  
 
                Estimate Std.Error Lower Bound Upper Bound       
  Fall-Spring  4.17e-016     0.194      -0.384       0.384      
  Fall-Summer -6.68e-017     0.194      -0.384       0.384      
  Fall-Winter  7.66e-016     0.194      -0.384       0.384      
Spring-Summer -4.34e-016     0.194      -0.384       0.384      
Spring-Winter  6.94e-016     0.194      -0.384       0.384      
Summer-Winter  3.50e-016     0.194      -0.384       0.384      
 
 
 
95 % non-simultaneous confidence intervals for specified  
linear combinations, by the Fisher LSD method  
 
critical point: 1.9861  
response variable: PM10  
 
intervals excluding 0 are flagged by '****'  
 
                Estimate Std.Error Lower Bound Upper Bound       
  Fall-Spring  4.17e-016     0.194      -0.384       0.384      
  Fall-Summer -6.68e-017     0.194      -0.384       0.384      
  Fall-Winter  7.66e-016     0.194      -0.384       0.384      
Spring-Summer -4.34e-016     0.194      -0.384       0.384      
Spring-Winter  6.94e-016     0.194      -0.384       0.384      
Summer-Winter  3.50e-016     0.194      -0.384       0.384      

 

 
Figure 65: Fisher's LSD method for multiple comparisons to determine seasonal significance in PM10 ratios 

The multiple comparisons test indicates that all possible comparison pairs of seasons 

are statistically signifiant to each other with respect to PM10 average hourly to average 

day ratio.  
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E.6 Statistical Relationship between FANS with and without Block 
 

> attach(FANSblock) 
> reg<- aov(C2~C1) 
> summary(reg) 
            Df  Sum of Sq   Mean Sq    F Value      Pr(F)  
       C1   1     118997  118996.6  0.4432977  0.5104594 
Residuals  31    8321481  268434.9           
 
Due to the p>0.1 there is little evidence against the null hypothesis of no difference.  


