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ABSTRACT

DEVELOPMENT OF AMMONIA AND PARTICULATE MATTER EMISSION
FACTORS FOR A BROILER HOUSE WITH A HEAT EXCHANGER VENTILATION
SYSTEM

Giulia Celli
University of Guelph, 2018

Advisor:
Dr. Bill Van Heyst

This thesis investigates the ammonia and sized-fractioned particulate matter (PM2.5 and PM10)
emission factors for a broiler house equipped with a heat exchanger ventilation system, the Agro
Clima Unit, for comparison with conventional broiler house emission factors. The data collection
was performed in Bruce County, Ontario during four production cycles over the period of July
2016 to April 2017. The average emission factors for ammonia, PM2.5, and PM10 were found to be
117 ± 98 g day-1 AU-1, 9.30 ± 14.0 g day-1 AU-1, and 15.8 ± 17.7 g day-1 AU-1, respectively.
Seasonal variation appeared to have a significant effect on both ammonia and particulate matter
emissions. The findings of the study suggest that the Agro Clima Unit may be effectively managing
the moisture in the house and, under these drier conditions, less ammonia, and more particulate
matter is generated.

iii
Acknowledgements
I would like to recognize the great number of people who supported me during my time a graduate
student at the University of Guelph. A truly special thank you to Dr. Bill Van Heyst for allowing
me the opportunity to achieve a personal goal in my chosen field of research. With his guidance I
have learned many invaluable skills that will benefit me both personally and professionally. I
would also like to thank the additional member of my advisory committee, Dr. Amir Aliabadi, for
lending his insights and expertise.
I was fortunate to have been surrounded by supportive group of graduate and summer students that
were always willing to help, even when it meant a four-hour drive to the farm. Thank you, Jeni
Spencer, Jaime Anderson, Mostafa Elkurdy, and Pat McGrath. A special thank you to Dave Wood
for introducing me to the field of research and answering all of my questions. I would also like to
thank all the School of Engineering staff who have helped me in countless ways.
This project would not have been possible without the cooperation of John Elphick and Donna
Curtin who generously allowed us access to their barn and provided substantial insight into the
research.
Thank you to my family and friends for the encouragement and support they have provided me
during the completion of my degree.
Finally, I would like to thank Canadian Poultry Research Council (CPRC) as well as the Ontario
Ministry of Agriculture and Rural Affairs (OMAFRA)/ University of Guelph Partnership for
providing financial support.

iv
Table of Contents
Acknowledgements ...................................................................................................................................... iii
List of Tables ............................................................................................................................................... vi
List of Figures ............................................................................................................................................ viii

Chapter 1: Introduction ................................................................................................................................. 1
1.1

Study objectives ............................................................................................................................... 2

1.2

Thesis outline ................................................................................................................................... 2

Chapter 2: Review of Literature.................................................................................................................... 4
2.1

Broiler house facilities ..................................................................................................................... 4

2.1.1

Litter management .................................................................................................................. 5

2.1.2

Ventilation ............................................................................................................................... 5

2.2

Aerial emissions from broiler houses .............................................................................................. 6

2.2.1

Ammonia ................................................................................................................................. 6

2.2.2

Particulate matter .................................................................................................................. 13

2.3

Emission mitigation ....................................................................................................................... 22

2.3.1

Flock diet strategies............................................................................................................... 23

2.3.2

Litter management strategies ................................................................................................ 23

2.3.3

Remedial technologies .......................................................................................................... 24

2.4

Emission factors ............................................................................................................................. 25

2.4.1

Results of previous literature ..................................................................................................... 26

Chapter 3: Commercial Broiler Facility...................................................................................................... 30
3.1

Description of the facility operation .............................................................................................. 30

3.2

Ventilation systems ........................................................................................................................ 33

3.2.1

Agro Clima Unit ventilators .................................................................................................. 35

3.2.2

Exhaust fans .......................................................................................................................... 36

Chapter 4: Methodology ............................................................................................................................. 38
4.1

Ammonia sampling ........................................................................................................................ 38

4.1.1

Gas analyzer .......................................................................................................................... 39

4.1.2

Sample pump ......................................................................................................................... 41

v
4.1.3

Sample lines .......................................................................................................................... 42

4.1.4

Housing trailer ....................................................................................................................... 43

4.1.5

Sampling issues ..................................................................................................................... 44

4.2

Particulate matter sampling............................................................................................................ 45

4.2.1

Calibration and maintenance ................................................................................................. 46

4.2.2

Particulate matter adjustment factor ...................................................................................... 46

4.2.3

Sampling issues ..................................................................................................................... 47

4.3

Litter sampling ............................................................................................................................... 47

4.4

Facility computer recordings ......................................................................................................... 47

4.5

Temperature and relative humidity measurements ........................................................................ 48

4.6

Ventilation rate measurements ....................................................................................................... 49

4.7

Emission factor calculation ............................................................................................................ 52

Chapter 5: Results & Discussion ................................................................................................................ 53
5.1

Bird mass and flock size ................................................................................................................ 53

5.2

House conditions............................................................................................................................ 56

5.3

Ventilation rates ............................................................................................................................. 58

5.3.1

FANS testing – variable speed ventilation units ................................................................... 58

5.3.2

FANS testing – single speed fans .......................................................................................... 58

5.3.3

Measured ventilation rates .................................................................................................... 61

5.4

Litter composition .......................................................................................................................... 63

5.5

Air emission measurements ........................................................................................................... 66

5.5.1

Ammonia emissions .............................................................................................................. 66

5.5.2

Particulate matter emissions .................................................................................................. 73

5.5.3

Emissions summary table ...................................................................................................... 82

5.5.4

Comparison to previous studies ............................................................................................ 85

Chapter 6: Summary & Conclusions .......................................................................................................... 88
Chapter 7: Recommendations ..................................................................................................................... 90
References ................................................................................................................................................... 91
Appendix A: Laboratory Litter Testing Results ....................................................................................... 101

vi
List of Tables
Table 1: Ammonia emission factors (EF) developed for various ventilation systems, and litter
management systems. Literature is presented in chronological order. Table adapted from
Roumeliotis & Van Heyst (2008) ................................................................................................ 27
Table 2: Size fractioned particulate matter emission factors (EF) developed for various ventilation
systems, and litter management systems. Literature is presented in chronological order. Table
adapted from Roumeliotis & Van Heyst (2008) .......................................................................... 29
Table 3: Broiler house lighting schedule ...................................................................................... 31
Table 4: Exhaust fan capacities..................................................................................................... 37
Table 5: List of production cycles, their start and end dates, season, and average ambient
temperature ± 1 standard deviation ............................................................................................... 38
Table 6: Model 17C Specifications (Thermo Fisher Scientific, 2007) ......................................... 40
Table 7: Gases used for the calibration of the Model 17C ........................................................... 40
Table 8: Sample pump specifications (CleanAir Engineering, Inc., 2014) .................................. 42
Table 9: DustTrak™ specifications (TSI Incorporated, 2014) ..................................................... 45
Table 10: Computer system measurements .................................................................................. 48
Table 11: Tinytag Plus 2 specifications (Gemini Data Loggers, 2014) ........................................ 49
Table 12: List of FANS tests ........................................................................................................ 50
Table 13: Bird population and mortality rate for each production cycle ...................................... 54
Table 14: Average house conditions for each production cycle ................................................... 56
Table 15: FANS testing results for the 0.46 m diameter single speed fans .................................. 60
Table 16: FANS testing results for the 1.2 m diameter single speed fans .................................... 60

vii
Table 17: Total and ACU ventilation rates for all production cycles ........................................... 61
Table 18: Results of laboratory analysis on litter samples from this study, averaged over each
production cycle ............................................................................................................................ 64
Table 19: Results of laboratory analysis on litter samples from the Wood (2015), averaged over
each production cycle. Table adapted from Wood (2015). ........................................................... 64
Table 20: Overall averages of each litter property for this study and the Wood (2015) study, and
the percent difference between the two studies ............................................................................ 64
Table 21: Ammonia emission results (measured data only) ......................................................... 67
Table 22: Ammonia emission results (measured data and estimated data) .................................. 67
Table 23: PM2.5 (Particulate matter <2.5 μm) emission results (measured data only) ................. 75
Table 24: PM10 (Particulate matter <10 μm) emission results (measured data only) ................... 75
Table 25: PM2.5 (Particulate matter <2.5 μm) emission results (measured data and estimated data)
....................................................................................................................................................... 75
Table 26: PM10 (Particulate matter <10 μm) emission results (measured data and estimated data)
....................................................................................................................................................... 75
Table 27: Average ratio of PM2.5 to PM10 for each production cycle compared to average total
ventilation rate .............................................................................................................................. 81
Table 28: Summary of the broiler house operating conditions ..................................................... 83
Table 29: Summary of concentrations and emission factors ........................................................ 84
Table 30: Ammonia emission factors from broiler houses with new litter after each flock and that
are mechanically ventilated........................................................................................................... 86
Table 31: PM emission factors from broiler houses with new litter after each flock and that are
mechanically ventilated ................................................................................................................ 87

viii
List of Figures
Figure 1: Schematic of sampling and analysis with gas washing (Ni & Heber, 1998) ................ 10
Figure 2: Annular denuder system (Limon-Sanchez et al., 2002) ................................................ 11
Figure 3: Schematic of open-path sampling (Ni & Heber, 1998) ................................................. 11
Figure 4: Schematic diagram of chemiluminescent detector for NO2 and NO. PMT:
photomultiplier (Boubel et al., 2013) ............................................................................................ 13
Figure 5: PM10 sampling inlet (A & P Instrument, 2011)............................................................ 17
Figure 6: Filter sampler (A & P Instrument 2011) ....................................................................... 18
Figure 7: Beta attenuation monitoring measurement system (Met One Instruments, Inc., 2012) 19
Figure 8: Schematic of mass transducer (Thermo Fisher Scientific, 2009) .................................. 20
Figure 9: DustTrak™ measurement system (TSI Incorporated, 2012a) ....................................... 21
Figure 10: The commercial broiler facility ................................................................................... 30
Figure 11: Schematic of the pan feeding system (AgroMax, n.d.) .............................................. 31
Figure 12: Pan feeder and nipple drinker systems inside the broiler house.................................. 32
Figure 13: Cleaned-out broiler house. .......................................................................................... 33
Figure 14: Schematic of broiler house ventilation ........................................................................ 34
Figure 15: Temperature set point curve for inside the poultry house ........................................... 35
Figure 16: The Agro Clima Unit, next to the broiler house .......................................................... 36
Figure 17: Flow schematic for the ammonia sampling system..................................................... 39
Figure 18: Rack of continuous gas analyzers ............................................................................... 41

ix
Figure 19: Heated sample line installed inside the broiler house ................................................. 43
Figure 20: Exterior and interior of the housing trailer .................................................................. 44
Figure 21: DustTrak™ in a housing cabinet ................................................................................. 46
Figure 22: Computer system interface .......................................................................................... 48
Figure 23: FANS setup to measure large fans (left) and small fans (right) .................................. 51
Figure 24: Average Bird Mass Observed During the Winter/Spring Production Cycle with Growth
Curve ............................................................................................................................................. 54
Figure 25: Bird population for each production cycle .................................................................. 55
Figure 26: Total live mass for each production cycle ................................................................... 55
Figure 27: House parameters for each production cycle. ............................................................. 57
Figure 28: Ventilation curve for the 0.46 m diameter exhaust fans (Stage 1 fans) ...................... 59
Figure 29: Ventilation curve for the 0.61 m diameter exhaust fans (Stage 2 fans) ...................... 59
Figure 30: Ventilation curve for the Agro Clima Unit ................................................................. 60
Figure 31: Measured ventilation rates for each production cycle ................................................. 62
Figure 32: Litter sampling analysis results for each production cycle ......................................... 65
Figure 33: Ammonia emission results for the Summer production cycle .................................... 68
Figure 34: Ammonia emission results for the Fall production cycle ............................................ 69
Figure 35: Ammonia emission results for the Fall/Winter production cycle................................ 70
Figure 36: Ammonia emission results for the Winter/Spring production cycle ........................... 71
Figure 37: Particulate matter emission results for the Summer production cycle ........................ 76

x
Figure 38: Particulate matter emission results for the Fall production cycle ............................... 77
Figure 39: Particulate matter emission results for the Fall/Winter production cycle ................... 78
Figure 40: Particulate matter emission results for the Winter/Spring production cycle ............... 79
Figure 41: PM2.5 to PM10 ratio for each production cycle............................................................. 81

Chapter 1: Introduction
The environmental impact of animal production is wide-ranging, encompassing aspects of human
and animal health, as well as water, soil, and air quality. Recently, growing concerns over aerial
emissions generated from animal housing facilities has prompted the research and development of
technologies to mitigate the concentrations and emission rates of aerial pollutants. However, there
is a general lack of credible scientific information on the effectiveness of these new technologies.
Centralized air-to-air heat exchange ventilation systems have been designed to reduce aerial
pollutant emissions, in addition to regulating the animal house climate, and decreasing energy
costs. These systems were initially developed in Europe and are beginning to be adopted in Ontario,
Canada. One such system is the Agro Clima Unit (Agro Supply B.V., Eersel, The Netherlands).
Agro Supply claims the unit lowers ammonia and particulate matter emissions from broiler houses.
Estimating emissions from animal production is typically done using an emission factor approach,
as described by the methodology in Air Emissions From Animal Feeding Operations by the
National Research Council (NRC, 2003). In this method, emissions of an aerial pollutant are
estimated by multiplying the number of animal units (AU, 500 kg of live weight) by an emission
factor (units of g day-1 AU-1) specific to the animal production category, and country or region. A
disadvantage to this approach is that mitigation strategies cannot be accounted for since the effects
of the mitigation technologies and practices will not be captured in this emission equation.
Therefore, a separate emission factor or a control efficiency must be determined for animal houses
using mitigation technologies or practices.
Determining reasonably accurate estimates of air emissions from animal production is difficult.
Commercial animal production operations are complex and the quantity and chemical composition
of the emissions will largely depend on the type of animal housing, species of animal, size of
operation, climatic conditions, meteorological conditions, and management practices (i.e. feeding
and watering regimens, litter removal and storage processes, and ventilation systems). In addition,
aerial emissions show diurnal, seasonal, and life cycle variations. Although complicated,
estimating accurate air emission rates from animal production is necessary for the guidance of
regulatory, management, and mitigation programs.
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In the case of chicken broiler houses, the aerial pollutants of interest are ammonia and particulate
matter due to their environmental and health impacts. The environmental impacts of ammonia can
be discussed on a regional, national, and global scale, with its primary effects of concern being
secondary aerosol formation and atmospheric deposition. In addition, ammonia emissions present
occupational health concerns for broiler house operators. McCubbin et al (2002) estimate that a
10% reduction in ammonia emissions from livestock production would create over $4 billion
annually in particulate matter related health benefits in the United States. Animal production also
generates particulate matter, which may lead to a variety of human health issues, in addition to
causing regional haze.

1.1

Study objectives

This thesis provides an overview of the measurements for a broiler house in Bruce County, Ontario
equipped with a heat exchanger ventilation system, the Agro Clima Unit. The data collection was
performed during four production cycles over the period of July 2016 to April 2017 to observe
seasonal trends. The final goal of these measurements is to develop an emission factor for a broiler
house equipped with an Agro Clima Unit for comparison with conventional broiler house emission
factors.

1.2

Thesis outline

A literature review is presented in Chapter 2 of this thesis. The literature review provides a detailed
overview of broiler house facilities, including common litter management and ventilation practices.
Next, several aspects of broiler house emissions are discussed, including environmental and health
impacts, emission, transport, and fate of the pollutants, and measurement techniques. Current
mitigation strategies for broiler house emissions are reviewed, with a focus on the Agro Clima
Unit being studied in this thesis. Finally, previously observed broiler house emission factors are
presented.
Chapter 3 describes the day-to-day operation of the broiler facility studied in this thesis, including
lighting, feeding, and watering regimes. The facility’s ventilation systems are discussed, including
a detailed description of the operation of the exhaust fans and the Agro Clima Unit.
2

Chapter 4 provides an overview of the methods used to collect data during the study period. The
methods for the measurement of ammonia concentrations, particulate matter concentrations,
environmental conditions, litter properties, and ventilation rates are described.
Chapter 5 describes the measurements observed from the commercial broiler house. Measured
parameters such as bird mass and flock size, house conditions, ventilation rates, and litter
composition are discussed. Next, the results of the air emission measurements are presented on a
seasonal basis. Finally, an emission summary table is provided, describing the ammonia and
particulate matter emissions throughout the study period.
Finally, Chapter 6 presents the conclusions of the study and Chapter 7 provides recommendations
for future research into the topic of the study.
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Chapter 2: Review of Literature
Significant increases in animal feeding operation productivity have been achieved through
improved diet formulation, housing, management, environmental controls, and veterinary care.
Genetic selection and increased specialization have also provided productivity gains (NRC, 2003).
As a case in point, a 2001 strain of broiler chicken required about one third the feed, and one third
the time to produce the same weight broiler as 1957 strain chicken (Havenstein et al., 2003).
As productivity rises, the number of farms in Canada has been steadily declining, while farm sizes
have been increasing (Statistics Canada, 2016). With increasing urbanization, farms have also
become more regionally concentrated (NRC, 2003). The growing size and geographic
concentration of farms has increased public, government, and operator concern for aerial emissions
from farming operations. Recently, air exchange systems have been developed for broiler houses
with the purpose of reducing energy costs, improving house climate, and decreasing aerial
pollutant emissions.
This chapter starts with a description of broiler house facilities, with a focus on litter management
and ventilation practices. It then turns to information on the aerial pollutants emitted from broiler
houses, including impact, transport and fate, measurement techniques, and mitigation strategies. It
ends with a presentation of previously observed emission factors.

2.1

Broiler house facilities

Poultry farming can be divided into hatcheries, turkeys, egg-laying hens, and broilers. Broilers are
chickens raised specifically for meat production. Almost all poultry, including broilers, are raised
inside of buildings. The broiler production cycle begins with a delivery of a flock of day-old chicks,
usually separated by sex, from a hatchery. The birds are placed in an empty broiler house and
raised to grow-out market weight. Broilers reach market weight, typically after 5 to 7 weeks,
depending on the market being served, at which point they are shipped to a processing plant. The
broiler house is cleaned and sterilized before the delivery of the next flock of chicks, typically one
or two weeks later (NRC, 2003).

4

2.1.1 Litter management
Broiler houses have floors covered with a bedding material such as wood shavings or straw to
collect and dry excreta. The accumulated excreta and bedding is called litter. In Canada, the litter
is removed from the house at the end of each production cycle, and replaced with fresh bedding
(National Farm Animal Care Council et al., 2016). In the United States, the litter is typically fully
replaced with fresh bedding once per year (Arogo et al., 2006). Between these production cycles,
the litter surface is raked to remove caked material and new bedding is added (Lacy, 2002). In both
countries, the litter is usually directly land applied, however it may also be stored in concrete
bunkers, with or without a cover, or in a storage shed to be land applied later (NRC, 2003).

2.1.2 Ventilation
Broiler houses are ventilated to maintain barn temperature, remove moisture, and regulate air
quality. Buildings are either mechanically or naturally ventilated. Mechanically ventilated
facilities use fans to provide the specific air exchange rates necessary for healthy animals. The
required rate will vary through the production cycle. Lower ventilation rates are used when birds
are young, and the outdoor temperatures are cooler to prevent undesirable heat loss. High
ventilation rates are necessary when outdoor temperatures are warm, and when the birds are older
and produce more heat. In addition to animal age and climate, house design, animal density, and
the feeding program may also influence ventilation rate requirements. To meet ventilation
requirements, the number of fans, fan speed, and the length of time they operate is controlled by
equipment such as computers, timers, and thermostats (NRC, 2003).
Mechanically ventilated buildings may use negative, positive, or neutral-pressure ventilation
systems. Negative-pressure ventilation systems are most commonly used in Ontario. These
systems use fans to exhaust air from the house, and allow fresh air inside through air inlets. This
air flow causes a negative pressure, typically between 1.3 and 2.5 mm of water column. In a
positive-pressure ventilation system, fresh air is forced into the buildings by fans, then circulated
with additional mixing fans. This creates a slight positive pressure. Finally, neutral-pressure
ventilation systems have fans both exhausting air out, and forcing air inside at matching rates. The
pressure differential in this system is zero (NRC, 2003).
5

In contrast to mechanically ventilated houses, naturally ventilated houses use wind currents to
provide the air exchange. Typically, air enters the building through openings in the walls, that are
fitted with curtains or panels. These barriers provide only a basic level of environmental control.
Ventilation rates depend on the orientation of the house, the position of the curtains or panels, and
wind velocity (NRC, 2003).

2.2

Aerial emissions from broiler houses

Poultry production emits aerial pollutants through several phases of litter management: housing of
animals, litter storage, litter transport, and land application. This thesis focuses on the air emissions
from the animal housing. The pollutants of interest emitted from poultry housing are ammonia and
size fractioned particulate matter.

2.2.1 Ammonia
The primary source of global ammonia emissions is agriculture, with livestock producing the bulk
of ammonia emissions. In 2015, 83,686 tonnes of ammonia were released into the atmosphere in
Ontario, with 78% of these emissions resulting directly from animal production (Environment and
Climate Change Canada, 2017). Galloway et al. (2004) estimate that global anthropogenic
ammonia emissions will increase by a factor of 2.3 from the early 1990s to 2050, mostly due to
the increase in nitrogen needed to feed the growing population.

2.2.1.1 Emission, transport, and fate
Nitrogen use efficiency is estimated to be 34% for poultry (Van der Hoek, 1998b). This is the
proportion of ingested nitrogen that is converted to products such as eggs and meat. However,
recent progress in feed efficiency and resulting excretion rates may have caused published
estimations to become out-of-date. Undigested proteins and uric acid are the two primary
nitrogenous components of poultry excreta, accounting for 30% and 70% of total nitrogen,
respectively (Groot Koerkamp, 1994). These nitrogenous compounds are degraded into
ammonium by microorganisms (Maeda et al., 2011). The decomposition of uric acid by the
enzyme uricase is most favourable when the pH is higher than seven, and reaches a maximum at
6

a pH of nine (Li et al., 2013). The simplified biochemical processes are presented in Equation 1
and Equation 2 (Groot Koerkamp, 1994):
C5H4O3N4 (Uric acid) + 1.5O2 + H2O → 5CO2 + 4NH3

(1)

Undigested Proteins → NH3

(2)

Urea, formed by the partial breakdown of uric acid, is degraded by urease enzymes present in the
feces to form NH3 and carbon dioxide (Groot Koerkamp, 1994).
Ammoniacal nitrogen is present in poultry litter in two forms: ionic ammonium (NH4+) and
aqueous ammonia (NH3). The ammonia equilibrium equation is given by:
NH4+ ↔ H+ + NH3

(3)

Since the ionic ammonium is highly soluble in the liquid fraction of the litter, emissions are greater
when a larger proportion of ammoniacal nitrogen is in the form of ammonia. The equilibrium
between the two ammoniacal nitrogen forms is governed by the temperature and pH of the solution.
More ammonia is present when the pH and temperature are high, typically above a pH of eight
(Gay & Knowlton, 2005).
In addition to the aqueous chemistry of ammonia, emissions from the litter to the atmosphere are
controlled by convective mass transfer at the surface of the litter. The mass transfer is driven by
the difference in ammonia partial pressure between the litter equilibrium and the ambient
atmosphere. Ammonia partial pressure in litter is governed by the concentration of ammonia in
solution, temperature, pH, and wind speed (International Fertilizer Industry Association, 2001).
After the volatilization of ammonia into the atmosphere, it is transported by meteorological
processes such as diffusion, mechanical advection, and buoyant convection (Oenema et al., 2008).
Ammonia has a high solubility, and therefore will be rapidly absorbed by water droplets in the
atmosphere. An equilibrium reaction in solution leads to the formation of the ammonium ion
(Equation 3). The ammonium ion becomes part of atmospheric aerosols, and is transported on the
international and intercontinental scale (Dragosits et al., 2008). In comparison to ammonium,
ammonia has a very short lifetime in the atmosphere. Typically, ammonia is deposited within a
7

few hours following its emission. This is due to the relatively low height of emissions, as well as
the efficiency that ammonia is deposited to vegetation on the surface (Asman et al., 1998).
Both gaseous ammonia and particulate ammonium are removed from the atmosphere and
deposited to the surface through the processes of wet deposition and dry deposition. Wet deposition
refers to the mass flux caused by dissolved gases and particulates being carried to the earth’s
surface through precipitation. Dry deposition is defined as the mass flux to the earth’s surface in
the absences of precipitation (Schnoor, 1996). This occurs through turbulent air mixing and
subsidence leading to the vertical transport of particulates and gases (Dragosits et al., 2008).
Ammonia is primarily removed by dry deposition, and ammonium aerosols are primarily removed
by wet deposition (Asman et al., 1998).

2.2.1.2 Environmental and health impacts
Once emitted, ammonia from animal production can follow several different pathways and may
be converted to other chemical species, creating a series of environmental impacts. The ammonia
can be converted to an ammonium aerosol (secondary particulate matter having an aerodynamic
diameter of 2.5 µm or less) by reactions with nitric acid and other acidic gases (Dragosits et al.,
2008). The ammonium aerosol decreases atmospheric visibility. It is then removed from
atmosphere through wet deposition. After deposition, the same ammonium aerosol contributes to
ecosystem fertilization, acidification, and eutrophication. This may lead to an increase or decrease
in ecosystem productivity, and a decrease in biodiversity (NRC, 2003).
In addition to environmental impacts, ammonia emissions can have significant health impacts,
particularly for broiler house operators. High concentrations of ammonia can lead to toxic effects
in humans and poultry. In humans, its main routes of exposure are inhalation, skin contact, and
eye contact. Upon contact, the gas will immediately and corrosively react with moisture in the skin,
eyes, oral cavity, respiratory tract, and mucous surfaces (US Department of Health and Human
Services, 2004). When inhaled, ammonia is very toxic. Acute exposure may lead to life-threatening
accumulation of fluid in the lungs. Other symptoms include coughing, shortness of breath, difficult
breathing, and chest tightness. In addition, it is possible to suffer long-term damage from shortterm exposure (Canadian Centre for Occupational Health & Safety, 2017). Reoccurring exposure
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to ammonia may lead to chronic respiratory disease including bronchitis and asthma, as well as
changes in lung function (Whyte, 2002).
In Ontario, an occupational exposure standard has been set at 25 ppm (equivalent to 17.4 mg m-3)
for ammonia based on a time-weighted average of an 8-hour work day, and a short-term exposure
limit of 35 ppm (equivalent to 24.4 mg m-3) has been set for a ceiling value (Ontario Ministry of
Labour, 2016). These values are only relevant for indoor human exposure as the concentrations
are several orders of magnitude greater than typical ambient concentrations. Harmful exposures to
ammonia are likely to be detected by the exposed person as ammonia has a strong odour that is
noticeable at concentrations over 50 ppm (Environment and Climate Change Canada, 2013).
Ammonia is a precursor to secondary particulate matter in the atmosphere, creating additional
health impacts. The health effects of particulate matter are discussed later in this chapter.

2.2.1.3 Measurement techniques
There are a wide variety of sensors available to measure ammonia concentrations and the
technologies involved are rapidly changing. The categories of sensors for ammonia measurement
are: gas washing, annular denuders, and spectrometers.

Gas Washing
Gas washing uses the absorption of gaseous ammonia into an acid to scrub both ammonia and
volatile amines from the sample of air. However, the level of amines is typically very low. The
flow rate and length of time of the sample are also recorded. The average ammonia concentration
for the sample period can then be calculated from the concentration of ammonium in the solution
(Harper, 2005). Boric acid, sulfuric acid, and orthophosphoric acid are commonly used for
measuring ammonia at animal facilities (Ni & Heber, 1998). A gas washing system is shown in
Figure 1.
This technique is labour intensive and is susceptible to sample contamination. Air samples are
sometimes filtered as a quality control measure to remove aerosol particles that may contain
particulate-phase ammonium. Gas washing is beneficial when continuous sampling is not
9

necessary and high sensitivity is required. A sensitivity of 0.5 to 1.0 μg m-3 can be obtained for a
sampling period of 2 to 4 hours (Harper, 2005).

Figure 1: Schematic of sampling and analysis with gas washing (Ni & Heber, 1998)

Annular Denuders
Annular denuders are tubular glass collection devices with large surface areas. The glass is coated
with a basic solution to collect acid gases, or an acid solution to collect basic gases. The surface
excludes particles, removing particle-phase ammonium in the case of ammonia sampling. Particles
may also be collected by using a filter pack at the end of the denuder (Harper, 2005). An annular
denuder system is shown in Figure 2.
The primary advantages of annual denuders are their operational and functional simplicity, as well
as a relatively low cost. A drawback of denuders is that they have relatively low precision. One
study found that citric-acid-coated denuders consistently measure approximately 80% of the
ammonia measured by a chemiluminescence analyzer (McCulloch & Shendrikar, 2000). However,
phosphorous acid has been determined to be a more suitable coating layer as it provides a stronger
bond for the collected ammonia (Perrino & Gherardi, 1999).

10

Figure 2: Annular denuder system (Limon-Sanchez et al., 2002)

Spectrometers
Two types of spectrometers are available: open-path and closed-path. Open-path tunable diode
laser spectrometers and open-path Fourier transform infrared spectrometers are techniques that
allow for ammonia to be measured without transporting the air sample to the laser source or
detector site (Harper, 2005). Figure 3 shows an example of an open-path sampler.

Figure 3: Schematic of open-path sampling (Ni & Heber, 1998)
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Closed-path tunable diode laser spectrometers and chemiluminescence analyzers are examples of
closed-path spectrometers. These instruments may provide a high sensitivity with proper sample
handling (Harper, 2005).
Chemiluminescence detection is the method used to monitor ammonia in this study. The principle
of operation is based on the reaction of nitric oxide (NO) with ozone (O3) as shown is Equation 4
(Thermo Fisher Scientific, 2007).
𝑁𝑂 + 𝑂3 → 𝑁𝑂2 + 𝑂2 + ℎ𝑣

(4)

A sample of air is drawn into a chemiluminescence analyzer by an external pump. Ozone is
generated by an internal ozonator and mixes with the sample in a reaction chamber. The chemical
reaction in Equation 4 takes place. In the reaction, electronically excited nitrogen dioxide (NO2)
molecules decay into lower energy states, producing a characteristic luminescence (ℎ𝑣 ). The
intensity of the light emission is proportional to the concentration of NO, and is detected by a
photomultiplier tube that generates a proportional electrical signal. A microcomputer processes
this signal into a NO concentration reading (Thermo Fisher Scientific, 2007).
To measure the NOx (NO + NO2) in the sample, the NO2 is transformed in a molybdenum converter
at approximately 325 °C before entering the reaction chamber. In the reaction chamber both the
converted and original NO molecules react with ozone to give the NOx concentration reading.
To measure the total nitrogen (Nt; NO + NO2 + NH3) in the sample, both the NO2 and NH3 are
transformed in a stainless-steel converter at approximately 750°C before entering the reaction
chamber. Again, these converted NO molecules and the original NO molecules react with ozone
in the reaction chamber. This gives the Nt concentration reading (Thermo Fisher Scientific, 2007).
A flow schematic of a chemiluminescence analyzer is shown in Figure 4.
Finally, the NH3 concentration can be determined by subtracting the now known NOx
concentration from the Nt concentration (Equation 5) (Thermo Fisher Scientific, 2007).
𝑁𝐻3 = 𝑁𝑡 − 𝑁𝑂𝑥
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(5)

Figure 4: Schematic diagram of chemiluminescent detector for NO2 and NO. PMT: photomultiplier
(Boubel et al., 2013)

This method may also be used to determine the NO2 concentration, by subtracting the NO
concentration from the NOx concentration (Equation 6) (Thermo Fisher Scientific, 2007).
𝑁𝑂2 = 𝑁𝑂𝑥 − 𝑁𝑂

(6)

Benefits to the chemiluminescence detection method include the ability to sample continuously,
and to measure a large range of concentrations. The chemiluminescent analyzer used in this study
(Model 17C, Thermo Electron Corporation, Franklin, MA) can accurately measure samples from
0.001-100 ppm, depending on the concentration of calibration gas used.

2.2.2 Particulate matter
Particulate matter (PM) is emitted from both natural and anthropogenic sources and consists of
both solid particles and liquid droplets, including aerosols, smoke, fumes, dust, ash, and pollen. It
is highly variable in size, physical properties, and composition (Ontario Ministry of the
Environment and Climate Change, 2010). In this thesis, particulate matter is considered as PM10
and PM2.5. PM10 and PM2.5 are airborne particles with aerodynamic equivalent diameters of equal
13

to or less than 10 µm and 2.5 µm, respectively. These are the classifications regulated by Canadian
and United States governments due to their health impacts.
Unlike ammonia emissions, the bulk of particulate matter in Canada is not emitted from agriculture.
In 2015, 1,135,551 tonnes of PM10 were released into the atmosphere in Ontario, with 0.19% of
these emissions coming directly from animal production. In the same period, 274,109 tonnes of
PM2.5 were emitted, with 0.16% from animal production (Environment and Climate Change
Canada, 2017). The remaining particulate matter released is produced from a variety of industries
and sectors. Although animal production is a relatively small source of particulate matter, it is still
important to measure and mitigate, due to the its environmental and health effects.

2.2.2.1 Emission, transport, and fate
Animal production can contribute to the formation of both primary and secondary particulate
matter. Primary particulate matter is emitted as a direct result of mechanical generation and
entrainment. In poultry houses, emission rates are dependent on whether natural or mechanical
ventilation is used, and the rate of ventilation. In addition, animals’ level of activity will play a
large role in the emission and entrainment of particulate matter into the air. Animal activity may
be dependent on time of day, ambient temperature, and stocking density of animals. Particulate
matter emissions are also dependent on characteristics of the litter, such as moisture content and
the amount of material in the 0 to 10 µm size range (NRC, 2003).
Secondary particulate matter is produced when emissions of ammonia, nitrogen oxide, and
hydrogen sulfide from animal production are converted to aerosols through reactions in the
atmosphere (NRC, 2003). Particulate matter generated by gas-to-particle conversion outside of the
poultry house is not quantified with an emission factor approach.
In animal production, secondary particulate matter will typically fall into the PM 2.5 size range,
while primary particulate matter will typically fall into the PM10 size range (NRC, 2003). PM2.5
has an atmospheric lifetime on the order of days to weeks. It may undergo long-range transport
and have impacts on the local, regional, and global scale. PM10 is more rapidly removed from the
atmosphere and has a lifetime on the order of hours. Impacts are on the local scale (National
Research Council, 2010).
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Particulate matter is removed from the atmosphere through both dry and wet deposition. Once
particulate matter is deposited, its organic components are decomposed by natural processes, while
its inorganic components are accumulated on the deposition surface (Dzierżanowski et al., 2011).

2.2.2.2 Environmental and health impact
The primary environmental effect of airborne particulate matter is haze. Haze is the absorption and
scattering of light due to suspended aerosols, leading to reduced visibility (Chow et al., 2002). This
same mechanism is the cause of the direct radiative forcing effects of particulate matter. Radiative
forcing is the difference between solar radiation absorbed by the Earth and radiation reflected back
to space. Unlike greenhouse gases, particulate matter may be either warming or cooling, depending
on the composition of the aerosols. However, aerosols will generally have an overall net negative
radiative forcing (Schwartz, 1996). Since the lifetime of particulate matter in the atmosphere is
relatively short, its radiative forcing effect is highly variable with space and time (National
Research Council, 2010).
Another environmental impact of particulate matter is the atmospheric transport and deposition of
pollutants. Animal production generates particulate-phase sulfate and nitrate species. After dry or
wet deposition, these particulates may have a variety of environmental effects on ecosystems
including acidification, nitrification, corrosion, and damage to vegetation. In addition, particulate
matter may provide a vehicle for the transport and deposition of other pollutants, including heavy
metals and persistent organic pollutants (National Research Council, 2010). Particulate matter may
also be biological viable and able to transport bacteria and viruses.
Particulate matter exposure is an occupational health hazard to poultry house workers. When
particulate matter is inhaled, it may irritate and damage the lungs, leading to acute or chronic
respiratory disease (Whyte, 2002). The health effects of particulate matter are highly size
dependent. Large particles, on the scale of PM10, typically are deposited in the upper airways of
the respiratory tract. Smaller particles, on the scale of PM2.5 may be deeply inhaled and reach the
smallest airways in the lungs. These particles may remain embedded in the lungs for long periods
of time, or be absorbed into the blood stream (Canadian Centre for Occupational Health & Safety,
2012).
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Particulate matter, especially PM2.5, has been linked to health effects on both the long-term and
short-term exposure timescales. People who have experienced long-term exposure to elevated
concentrations of particulate matter have increased rates of mortality, morbidity, and
cardiovascular and lung disease. Short-term exposure to elevated concentrations for periods of a
few days is also correlated with increased mortality and morbidity (NRC, 2003). Populations that
are particularly vulnerable to the health effects of particulate matter are children, elderly people,
and people with asthma, cardiovascular disease, or lung disease (Ontario Ministry of the
Environment and Climate Change, 2010).
The physical and chemical composition of particulate matter is dependent on the source, chemical
reactions, the presence of other pollutants, and distance from the source. Therefore, the
composition of particulate matter from rural areas will be considerably different from the
particulate matter in urban areas. The environmental and health impacts of rural particulate matter
should not be inferred from research studying urban particulate matter, however, they are regulated
the same way (NRC, 2003).

2.2.2.3 Measurement techniques
A wide variety of particulate matter monitoring instruments and methodologies are available.
Typically, particulate matter is pre-separated, based on size fraction, before reaching the
measurement instrument. For regulatory purposes, PM10 and PM2.5 are typically measured.
Commonly used measurement techniques are gravimetric analysis, beta attenuation, microbalance,
and light-scattering.

Pre-separation
Size-selective sampler inlets are commonly used to remove larger, undesired particles. They
typically use some type of inertial separation, such as impaction, or cyclone separation. Both PM10
and PM2.5 size-selective sampling inlets will collect particles of a variety of sizes, shapes, and
compositions. A separator will sort particles based on a spherical particle with the same terminal
settling velocity and a density of 1 g cm-3, not based on the actual dimension of the particle. In
addition, a perfectly sharp size-selection cut-off is not possible. Instead, a PM10 sampling inlet has
16

a 50 percent removal rate for particles with an aerodynamic equivalent diameter of 10 µm.
Therefore, in particulate matter measurement, PM10 is operationally defined the particulate matter
captured in a PM10 inlet. Likewise, PM2.5 is operationally defined the particulate matter captured
in a PM2.5 inlet (NRC, 2003).
Figure 5 shows an example of a PM10 inlet used to sample PM10. To sample PM2.5, a PM2.5 sizeselective impactor or cyclone is commonly used in series with a PM10 inlet.

Figure 5: PM10 sampling inlet (A & P Instrument, 2011)

Gravimetric Analysis
The U.S. Federal Reference Method for measuring particulate matter concentrations in accordance
with Title 40, Part 53 of the Code of Federal Regulations (Clean Air Act, 1975) is based on a
gravimetric methodology. In gravimetric analysis, a sample flow is pulled through a filter. The
particles remaining after pre-separation are collected on the filter over a period of time. The filter,
typically made of Teflon, quartz, or nylon substrate, is weighed in a lab before and after sampling.
The increase in weight is divided by the total air volume that passed through the sampler to
determine the mass concentration (NRC, 2003). Figure 6 shows an example of a gravimetric
analysis setup.
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Figure 6: Filter sampler (A & P Instrument 2011)

Benefits of gravimetric analysis include its relative accuracy and that additional chemical and
biological analyses may be carried out on the sample to determine particulate matter composition.
Disadvantages include that the system may be expensive and time-consuming to operate, and it
does not allow for continuous measurements.

Beta Attenuation Monitoring
One semi-continuous method of measuring particulate matter concentration is beta attenuating
monitoring. It is a semi-continuous system because the filter collects particulate matter for a period
of time before a measurement is made. For these measurements, a sample of air is pulled through
a size-selective inlet and the airborne particulate matter is deposited on a filter tape. The filter tape
is located between a beta source that emits a supply of electrons and a detector that counts the
incident electrons (Figure 7). Beta ray transmission through the filter tape is attenuated by the
accumulation of particles. This attenuation is measured at the end of each measurement cycle and
used to determine the mass of deposited on the filter tape. The concentration of particulate matter
is calculated using this mass and the sample volume. The filter tape advances for the next
measurement cycle (Gobeli et al., 2008).
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Figure 7: Beta attenuation monitoring measurement system (Met One Instruments, Inc., 2012)

There are U.S. Federal Equivalency Methods (40 CFR Part 53) that use beta attenuation
instruments with the requirement that a heater is used to control moisture and temperature of the
sample air (United States Environmental Protection Agency, 2016).

Microbalance Method
Microbalance methods use the alteration of the resonance frequency of an oscillatory microbalance
element when particles are loaded on the surface of the element. Tapered Element Oscillation
Microbalance (TEOM) is a commonly used microbalance method. TEOMs contain a hollow glass
element that oscillates at a known frequency. An air sample is pre-separated, then is pulled through
a filter attached to the element. As particulate matter accumulates, the oscillating frequency
changes in proportion to the of mass the particles. In this way, the mass of particles is determined.
The sample volume is recorded by the instrument and used together with the particle mass to
calculate particulate matter concentration (Amaral at al., 2015). A schematic of a TEOM
measurement system is shown in Figure 8.
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Like beta attenuation instruments, microbalance instruments measure particulate matter
concentration on a semi-continuous basis. There are U.S. Federal Equivalency Methods (40 CFR
Part 53) that use microbalance instruments with the requirement that they are operated with a Filter
Dynamics Measurement System in order to correct for filter mass loading issues such as
volatilization (United States Environmental Protection Agency, 2016).

Figure 8: Schematic of mass transducer (Thermo Fisher Scientific, 2009)
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Optical Methods
In methods using optical detection, particle matter in an air sample are lit by a beam of light and
irradiate this light in all directions. This measuring principle is called light scattering. Part of the
light is transformed in other energy forms. This measuring principle is referred to as light
absorption. Instruments based on a light absorption principle are used to measure the concentration
of black carbon in in the particulate matter (Amaral et al., 2015).
Measurements from light scattering instruments, such as photometers, depend on the size
distribution of the particulate matter, refractive index, shape factor and density of the particulate
matter. Since the optical properties are a function of many factors, these instruments must be
calibrated for each type of particulate matter. The light scattering can be mathematically modeled
using equations based on Mie scattering theory (Amaral et al., 2015).

Figure 9: DustTrak™ measurement system (TSI Incorporated, 2012a)

The DustTrak II Aerosol Monitor (TSI Incorporated, Shoreview, MN) is an example of a
measurement instrument that operates on the principle of light scattering to determine particulate
matter mass concentrations. In this instrument, a sample is drawn into a sensing chamber in a
continuous stream by a diaphragm pump. The sample flow is illuminated by a sheet of laser light,
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formed from a laser diode. To create this thin sheet of light, the emitted light passes through a
collimating lens and a cylindrical lens. Next, a significant fraction of the light scattered by the
particles is captured by a spherical mirror. The voltage across the photo detector is proportional to
the mass concentration of the aerosol (TSI Incorporated, 2012b). A schematic of this measurement
system is given in Figure 9. The DustTrak II Aerosol Monitor provides continuous monitoring;
however, there is no U.S. Federal Equivalency Method for this instrument.

Measurement Challenges
A complication of current gravimetric and semi-continuous instruments is weight loss from semivolatile materials. In addition, water may contribute significantly to the mass of some particulate
matter samples in all types of instruments. To prevent weight loss, the temperature of the particle
collection media must be controlled for during all stages of sampling and handling. To remove the
particle-bound water from gravimetric samples, filters are equilibrated before and after sampling
at a constant specified temperature and relative humidity. Many continuous and semi-continuous
samplers heat the incoming sample air to prevent particle-bound water from being included in the
sample. However, this may cause a problem if there is a significant amount of ammonium nitrate
in the particulate matter, as heating may cause decomposition back to ammonia and nitric acid
(NRC, 2003).
Instruments based on optical methods are less reliable for the measurement of PM10 as particles
larger than about 2 µm are not very optically active (NRC, 2003). However, a major advantage to
optical methods is the ability to measure continuously.
Commonly used quality control procedures include estimating the overall uncertainty using
propagation of error analysis, using lab blanks and field blanks, and performing duplicate sampling
and analyses (NRC, 2003).

2.3

Emission mitigation

The use of emission mitigation strategies to reduce emissions from poultry houses has become
popular due to increased interest in environmentally sustainable practices from producers,
regulatory agencies, and the public. A variety of mitigation practices and technologies are available
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and can significantly decrease ammonia and particulate matter emissions. Emission measurements
from both traditional and innovative strategies are required to improve efficiency, reduce costs,
and protect human health.

2.3.1 Flock diet strategies
Air emissions may be reduced by decreasing the source of the pollutant being emitted. In poultry
production, this involves reducing the quantity of nitrogen in the excreta. High levels of crude
protein in feed significantly increases litter nitrogen content and the ammonia emission rate
(Elwinger & Svensson, 1996). Therefore, one approach is to decrease nitrogen content in excreta
in precisely matching broiler diets to their protein needs at each stage of production. This is called
multi-phase feeding. Multi-phase feeding has been found to decrease nitrogen content in excreta,
while having no negative effect on growth performance (Tolimir et al., 2013).
Another approach to decrease nitrogen content in excreta is increased precision in diet formulation.
Feed may be formulated to include the specific profile of amino acids required for optimal
production without including excess quantities of other amino acids which cause higher nitrogen
excretion. Synthetic amino acid supplements may be used to help achieve an optimal amino acid
balance without adversely affecting animal health or productivity. Use of synthetic amino acid
supplements has been shown to reduce nitrogen excreta content by up to 40% (Nahm, 2007);
however, this method tends to be expensive. Feed may also be formulated to exclude components
that are not highly digestible or metabolizable by broilers. Enzyme supplementation may be used
to increase amino acid digestibility and achieve up to a 25% increase in nitrogen digestibility
(Nahm, 2007).

2.3.2 Litter management strategies
Misting systems may be used to increase litter moisture and suppress particulate matter emissions,
in addition to cooling the broilers. However, ammonia emissions are also sensitive to the moisture
content of litter. As litter moisture increases, the total ammoniac nitrogen content in the litter
increases, leading to greater ammonia emissions (Liu et al., 2007). One study concluded the
optimum litter moisture content to minimize ammonia and particulate matter emissions is between
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25 to 35% (Carey et al., 2004).
Litter amendments may be used to reduce ammonia emissions. Most amendments are acidic
compounds that reduce ammonia volatilization by decreasing the litter pH. One study found that
an alum amendment reduced ammonia volatilization by up to 99% when compared with controls
(Moore et al., 1996); however, the overall reduction in ammonia emissions tends to be short lived,
lasting on average 11 days (Wood & Van Heyst, 2016).

2.3.3 Remedial technologies
Other technologies and practices such as scrubbers, filters, ionization techniques, oxidation, and
windbreaks are used to reduce ammonia and particulate matter emissions (Ullman et al., 2004).
Innovative technologies are being increasingly examined to determine efficient and cost-effective
alternative mitigation systems. Rigorous research is needed for both traditional and innovative
techniques to improve efficiency and reduce costs, however data in published literature is limited.
One such innovative technology is the use of centralized air-to-air heat exchange ventilation
systems. These systems are a new air emission mitigation technology for broiler houses, designed
in Europe and recently introduced in Ontario, Canada. The first installation of an air-to-air heat
exchanger for a poultry house in Ontario occurred in 2013 (Schaer, 2015).
Air exchange systems recover energy from exhaust air and transfer it to the air being supplied to
the house. This process heats and dries the incoming air stream. The emission reduction principle
of the air exchange systems is therefore based on the drying and heating of the litter by means of
the heat exchanger. In addition to emission reductions, these systems reduce energy costs by not
having to heat the incoming fresh air.

2.3.3.1 The Agro Clima Unit
The Agro Clima Unit (Agro Supply B.V., Eersel, The Netherlands) or ACU, is a heat exchanger
ventilation system designed to improve poultry house climate and reduce heating costs. Agro
Supply (2013) claims the unit lowers carbon dioxide, ammonia, and particulate matter emissions,
resulting in healthier animals. In a study of 25 broiler farms operating an Agro Clima Unit, Bokkers
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et al. (2010) concluded that the improved environmental conditions increased bodyweight gain,
but had no effect on mortality rate.
The Clima system consists of a heat exchanger, circulation fans, an air measuring unit, and a
computer manager. The system’s process begins with an extraction ventilator exhausting warm air
from the poultry house. The warm air flows through the air measuring unit, driving a three-bladed
propeller. The computer manager records and adjusts the speed of the ventilators to meet the
programmed ventilation air flow. Next, the air enters the heat exchanger where it flows through
air tubes and leaves through the ventilator opening and the exhaust chimney (Agro Supply BV,
2013).
At the same time, an intake ventilator pulls fresh air through a filter and into the heat exchanger.
The fresh air flows through the air tubes, where the heat transfer occurs, and it is preheated by the
warm exhaust air, before leaving the heat exchanger through the ventilator opening. The extraction
and intake ventilators run at the same speed (Agro Supply BV, 2013).
Inside the poultry house, the circulation fans evenly distribute the fresh preheated air. This
maintains a uniform ambient temperature throughout the house, which also results in better drying
of the litter. The circulation fans all run at the same speed, controlled by the computer manager
(Agro Supply BV, 2013).

2.4

Emission factors

Emission rate refers to the flux of a pollutant from a source into ambient air. In Canada, emission
rates are typically normalized to the number of animal units (AU), where one AU is equal to 500
kg of animal live weight. This is called an emission factor. Emission factors may also be expressed
per number of animals, animal places, or house, making comparison of emissions factors from
various studies difficult.
Another challenge in comparing emission factors is that data collection periods may vary between
studies. Emission rates are highly variable over a year depending on season, air temperature, and
humidity. The effect of seasonal variations in temperature on emission factors have been observed
to be between ± 5% per °C (Groot Koerkamp et al., 1998). Emission factors will also vary based
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on geographic region, due to variations in climate, as well as differences in regulations and best
practices. Potential differences in animal husbandry methods that will influence emission factors
include bird stocking densities, type of ventilation, and frequency of litter replacement.
Emission inventories of an aerial pollutant are estimated by multiplying the number of animal units
by an emission factor. This approach is advantageous to national inventories as it relies on activity
data that is readily available. However, mitigation practices and technologies will not be captured
in this equation, so a control factor must be developed for animal houses using mitigation strategies.
The calculation for an emission rate from an animal house is provided in Equation 7, where ER is
the emission rate, CF is the control factor, EF is the emission factor, and AU is the number of
animal units.
ER = (1 – CF) × EF × AU

(7)

2.4.1 Results of previous literature
Table 1 and Table 2 present a summary of ammonia and particulate matter emission factors for
broiler houses from previous studies. Where necessary, data were converted from original units to
common expression. There is a large variation in the data, with emission factors ranging from 32
to 582 g day-1 AU-1 for ammonia, 1.9 to 34.5 g day-1 AU-1 for PM10, and 0.78 to 2.4 g day-1 AU-1
for PM2.5.
A study by Hensen et al. (2010) measured the ammonia emission factors from broiler houses
equipped with the Agro Clima Unit. The measurements were carried out at four different facilities
in the Netherlands. Six measurements were taken per facility, distributed over the age of the birds,
and over various meteorological conditions. The average emission factor of all campaigns was
determined to be 32 g day-1 AU-1. The study concluded that the Agro Clima Unit reduced ammonia
emissions based on a comparison of this emission factor with the emission factor for a traditional
broiler house, as included in the Regeling Ammoniak en Veehouderij (Ammonia and Livestock
Farming Regulations), of 108 g day-1 AU-1. There are no previous studies measuring the particulate
matter emissions of a broiler house equipped with an Agro Clima Unit.
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Table 1: Ammonia emission factors (EF) developed for various ventilation systems, and litter management systems. Literature is presented in
chronological order. Table adapted from Roumeliotis & Van Heyst (2008)
Study

Geographic Region

Ventilation type

Litter system

Emission factor (g day-1 AU-1)

Asman (1992)1

Europe

Not reported

Not reported

77

Oldenburg (1992)3

Germany

Not reported

Not reported

182

United Kingdom

Not reported

Not reported

223 (maximum)

United Kingdom

Not reported

Not reported

178

Slovenia

Mechanically ventilated

Not reported

194 (maximum)

England

Not reported

Not reported

199

The Netherlands

Not reported

Not reported

100

Denmark

Not reported

Not reported

53

Germany

Not reported

Not reported

180

Van der Hoek (1998a)1,2

Europe

Not reported

Not reported

178 (maximum)

Wathes et al. (1998)5

United Kingdom

Various

Not reported

204

Demmers et al. (1999)

United Kingdom

Mechanically ventilated (Chimney)

Fresh litter each cycle

57

Misselbrook et al. (2000)

United Kingdom

Not reported

Not reported

149

Hyde et al. (2003)

Ireland

Not reported

Not reported

150

Lacey et al. (2003)

United States (TX)

Mechanically ventilated (Tunnel)

Built-up litter

307

(2003)7

United States (TN)

Not reported

Built-up litter

454

(2004)7

United States (DE)

Side-wall ventilated

Built-up litter

582

United States (KY/ PA)

Mechanically ventilated

Built-up litter (treated)

400

United States (KY/ PA)

Mechanically ventilated

Fresh litter each cycle

225

United States (KY)

Mechanically ventilated

Built-up litter

414

United States (DE)

Mechanically ventilated (Tunnel)

Not reported

64

United States (KY)

Mechanically ventilated

Built-up litter

406

United States (KY)

Mechanically ventilated

Fresh litter each cycle

299

Canada (ON)

Mechanically ventilated

Fresh litter each cycle

121

The Netherlands

Mechanically ventilated (ACU)

Fresh litter each cycle

32

Slovakia

Mechanically ventilated

Fresh litter each cycle

76

Phillips et al.
Sneath et al.

(1995)4

(1996)5

Amon et al. (1997)
Groot Koerkamp et al.

Burns et al.

Siefert et al.

(1998)1

Wheeler et al. (2006)

Burns et al.

(2007)6

Siefert & Scudlark
Gates et al.

(2008)7

(2008)7

Roumeliotis et al. (2010)
Hensen et al.

(2010)7

Knížatová et al. (2010)7
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Study
Moore et al. (2011)7
Calvet et al.

(2011)7

Lima et al. (2011)7

Geographic Region

Ventilation type

Litter system

Emission factor (g day-1 AU-1)

United States (AK)

Mechanically ventilated (Tunnel)

Built-up litter

279

Spain

Mechanically ventilated

Fresh litter each cycle

224

Brazil

Mechanically ventilated

Fresh litter each cycle

128

Brazil

Mechanically ventilated

Built-up litter

197

Lin et al. (2012)6

United States (CA)

Mechanically ventilated

Built-up litter

395

Miles et al. (2014)7

United States (MS)

Mechanically ventilated (Tunnel)

Built-up litter

267

Brazil

Naturally ventilated

Fresh litter for the study

133

Brazil

Mechanically ventilated

Fresh litter for the study

158

Canada (ON)

Mechanically ventilated

Fresh litter each cycle

175

Australia

Mechanically ventilated

Fresh litter each cycle

140

Portugal

Mechanically ventilated (Tunnel)

Fresh litter each cycle

64

Mendes et al.

(2014)7

Wood (2015)
Wiedemann et al.
Pereira

(2017)7

(2016)7

1

Emission factors used in the development of the EF of the US Environmental Protection Agency.
Emission factors were developed using statistics from NFPC (2003).
3
Emission factors were developed by Amon et al. (1997).
4
Emission factors were developed by Atai et al. (1999).
5
Emission factors were developed by Lacey et al. (2003).
6
Emission factors were developed by Wood et al. (2015)
7
Assumes an average bird weight of 1.013 kg.
2
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Table 2: Size fractioned particulate matter emission factors (EF) developed for various ventilation systems, and litter management systems.
Literature is presented in chronological order. Table adapted from Roumeliotis & Van Heyst (2008)
Emission factor1 (g day-1 AU-1)
Study

Geographic Region

Ventilation type

Litter system

TSP

PM10

RD

PM2.5

Van Der Hoek (1993)2

The Netherlands

Various

Not reported

—

1.9

—

—

Wathes et al. (1997)

United Kingdom

Various

Not reported

120 -204

—

14.4 -20.4

—

Takai et al. (1998)

Europe

Various

Not reported

85.7

—

12.4

—

Lacey et al. (2003)

United States (TX)

Tunnel-ventilated

Built-up litter

245

12.9

—

—

(2009)3

United States (KY)

Mechanically ventilated

Built-up litter

57.9

23.9

—

2.37

Canada (ON)

Mechanically ventilated

Fresh litter each cycle

—

5.9

—

1.4

Burns et al.

Roumeliotis et al. (2010)

United States (CA)

Mechanically ventilated

Built-up litter

—

33

—

1.7

Winkel et al. (2015)

The Netherlands

Various

Not reported

73.4

34.5

—

2.32

Wood (2015)

Canada (ON)

Mechanically ventilated

Fresh litter each cycle

—

4.2

—

2.4

Lin et al.

(2012)3

TSP = total suspended particulates; PM10 = particles with an aerodynamic diameter (AD) equal to or smaller than 10 μm; RD = respirable dust; PM 2.5 = particles with AD equal to or smaller than 2.5 μm;
PM1 = particles with AD equal to or smaller than 1 μm.
2
Emission factors were developed from a compilation of emission data from other studies and were converted to a per-animal unit (AU) basis using statistics from NFPC (2003).
3
Assumes an average bird weight of 1.013 kg.
1
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Chapter 3: Commercial Broiler Facility
The commercial broiler house studied in this thesis is located in Bruce County, Ontario, Canada.
The facility is a clear span structure and houses up to 12,500 birds each production cycle. For the
purpose of this study, a production cycle begins when a group of birds, from the same hatchery, is
delivered to the broiler house, and ends when the birds are removed from the facility for slaughter.
The production cycles in this facility last 48 days, resulting in a grow-out weight of approximately
3.6 kilograms. The facility operates about 5 production cycles a year. A photo of the commercial
broiler facility is given in Figure 10.
This chapter presents the operation of the facility including lighting, feeding, and watering regimes.
As the determination of ventilation rates is critical for the calculation of emission factors, there is
a strong focus on the facility’s ventilation systems. As such, a detailed description of the operation
of the exhaust fans and the Agro Clima Unit are given.

Figure 10: The commercial broiler facility

3.1

Description of the facility operation

Lighting, feeding, and watering of the broilers is performed by automated systems and controlled
by a computer system in the house. Lights operate on a set schedule (Table 3) that is implemented
by the computer. The birds are in darkness for 1 to 4.5 hours a day, based on their age. In addition,
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as the birds age, the lighting intensity decreases.
Table 3: Broiler house lighting schedule
Age (days)

Lighting intensity

Darkness period

Darkness duration

0-5

100%

21:00 – 22:00

1 hour

6-9

55%

21:00 – 1:00

4 hours

10-45

43%

21:00 – 1:30

4.5 hours

46-49

20%

21:00 – 11:00

2 hours

To distribute feed to the birds, a pan feeding system is used. A mechanical automatic feeder takes
feed from one of two silos located next to the house and delivers it to the birds continuously all
day. In this system, central hoppers are filled with feed from a silo. Feed from the hopper is then
carried through a distribution system to pans throughout the broiler house by a driving mechanism.
The driving mechanism includes a pressure switch for maintaining feed level in the last pan,
allowing for automatic operation. The height of the pans off the ground is adjusted as the birds
grow. Figure 11 shows a schematic of the pan feeding system.

Figure 11: Schematic of the pan feeding system (AgroMax, n.d.)

To provide water to the birds, the broiler house uses a nipple drinker system. In this system,
pressure regulators control the amount of water released when the nipple mechanisms are activated.
The water pressure is adjusted as necessary, based on flock age and environmental conditions.
This ensures that the birds receive adequate water and prevents wet litter. The height of the drinkers
is also adjusted as necessary, so that the broilers must reach up and stretch slightly to activate the
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nipples. Figure 12 shows the feeder and drinker systems inside the broiler house.
Prior to the arrival of chicks from the hatchery, the floor of the house is covered with straw, which
will be used as the dry bedding (litter) for the birds through the production cycle. At the end of the
cycle, both the pan feeding system and the nipple drinker system can be completely raised to allow
for cleaning of the house. A front-end loader is used to remove the litter from the barn floor. After
all organic matter is removed, the house is disinfected to remove pathogens that could be
transferred to the next flock. The cleaned-out house with raised feeders and drinkers is shown in
Figure 13.

During a production cycle, the farm operator walks through the broiler house twice a day: once in
the morning between 5:30 am and 8:00 am, and again in the evening between 7:30 pm and 8:00
pm. The operator performs general maintenance and removes dead birds to prevent the spread of
disease. The dead birds are composted on site.

Pan feeder
system

Nipple drinker
system

Figure 12: Pan feeder and nipple drinker systems inside the broiler house
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Figure 13: Cleaned-out broiler house.

3.2

Ventilation systems

The minimum ventilation in the house is provided by the Agro Clima Unit, with additional
ventilation provided by 17 exhaust fans and air baffles around the perimeter of the roof. The
exhaust fans are grouped into 8 stages. Fans in the same stage will turn on and off together. Fan
stages are successive, and later stages will only turn on once the ventilation requirement exceeds
the previous operating stage. Six internal circulation fans help to distribute the air evenly
throughout the house. A schematic of the ventilation system is shown in Figure 14.
The ventilation rate of the house is controlled by the facility computer and primarily driven by the
house temperature. Prior to the start of a production cycle, a temperature set point curve for inside
the house is created based on bird age (Figure 15). When the set point is exceeded, successive fan
stages are activated until the required temperature is reached. In the case of the house temperature
dropping too low, gas-fired heaters are used.
Secondary drivers of the ventilation are relative humidity and carbon dioxide concentration. The
relative humidity and carbon dioxide concentration set points for the house are 60% RH and 9000
mg m-3, respectively. If these set points are exceeded, only one additional fan stage will be
activated to reduce the relative humidity or carbon dioxide concentration.
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Figure 14: Schematic of broiler house ventilation
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Figure 15: Temperature set point curve for inside the poultry house

3.2.1 Agro Clima Unit ventilators
The Agro Clima Unit (Figure 16) provides the minimum ventilation to the house. The unit consists
of an extraction ventilator and an intake ventilator that run at the same speed. At the maximum
speed, the Agro Clima Unit at this facility has a capacity of 13,700 m3 hr-1. At the beginning of a
production cycle, a ventilation curve is programmed that automatically adjusts the necessary
ventilation for the needs of the growing birds. This minimum ventilation is based on a required
ventilation rate of approximately 1 m³ hr-1 kg-1 of live weight. To determine the necessary
ventilation rate, the weight of a bird on a certain day during the cycle is estimated and multiplied
by the number of birds in the house. As the weight of the birds increases, so does the need for
ventilation.
During the first 20 days of a production cycle, the Agro Clima Unit supplies all the ventilation, but
then it reaches its maximum capacity. After these first 20 days, additional exhaust fans become
necessary to supply the extra ventilation. An exception to this is if the house temperature becomes
too high due to exceptionally warm weather within the first 20 days of a production cycle. In this
case, the exhaust fans will be used to cool the house while the Agro Clima Unit keeps supplying
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the minimum ventilation.
The Agro Clima Unit undergoes a 20-minute cleaning cycle at 5:00 pm daily. During this time the
unit operates at 10% capacity.

Air baffles
Agro Clima Unit

Exhaust fans

Figure 16: The Agro Clima Unit, next to the broiler house

3.2.2 Exhaust fans
After the Agro Clima Unit reaches its maximum capacity additional mechanical ventilation is
provided using a negative-pressure system, with exhaust fans drawing air out of the house, and
fresh air returning through ducts around the perimeter of the roof (intake baffles). The exhaust fans
cycle on and off for short periods of time, rather than operating continuously. These bursts of
ventilation are needed to produce enough negative pressure to draw air in through the baffles and
to promote air mixing. The on and off cycling also prevents the birds from becoming chilled.
Table 4 lists each type of fan and its respective capacity, as provided by the manufacturer. The
variable speed fans begin at 50% capacity and ramp up to full capacity before the next fan stage is
activated. The single stage fans always operate at full capacity.
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Table 4: Exhaust fan capacities
Fan type

Number of fan type

Maximum capacity (m3 hr-1)

0.46 m (18”)

3 variable speed

5097

0.61 m (24”)

2 variable speed, 4 single speed

8495

1.2 m (48”)

8 single speed

30582
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Chapter 4: Methodology
The data collection for this study was performed during four production cycles over a period of 8
months in order to observe seasonal trends. Each production cycle was 48 to 49 days long. Data
was not collected between cycles. Table 5 presents the start and end dates, season, and average
ambient temperature for each production cycle studied.
Table 5: List of production cycles, their start and end dates, season, and average ambient temperature ±
1 standard deviation
Production cycle

Start/end dates

Season

Average temperature (°C)

1

Jul. 21, 2016 – Sept. 8, 2016

Summer

23.0 ± 2.4

2

Sept. 23, 2016 – Nov. 10, 2016

Fall

11.9 ± 4.9

3

Dec. 6, 2016 – Jan. 23, 2017

Fall/Winter

-2.1 ± 4.2

4

Feb. 7, 2017 – Mar. 27, 2017

Winter/Spring

0.0 ± 5.4

This section provides an overview of the methods used to collect data during these production
cycles. The methods for the measurement of ammonia concentrations, particulate matter
concentrations, environmental conditions, litter properties, and ventilation rates are described. In
addition, the calculations required to determine emission factors are presented.

4.1

Ammonia sampling

A sampling system designed in a study by Dixon (2009) for the monitoring of aerial pollutants
from livestock housing was used to collect continuous measurements of ammonia concentrations
from the broiler house. The system consists of gas analyzers, a sample pump, sampling lines, and
a housing trailer. The pump continuously draws air samples from the livestock housing to the gas
analyzers through a heated sampling line. The sample pump and gas analyzers are housed in the
trailer with other auxiliary equipment, including calibration gases and a desktop computer. The
system is designed with the capability to simultaneously measure several aerial pollutants common
in livestock housing, however, only the ammonia gas analyzer was used for this study. Figure 17
shows a flow schematic of the ammonia sampling system.
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Figure 17: Flow schematic for the ammonia sampling system

4.1.1 Gas analyzer
The gas analyzer used to measure ammonia for this study was the Model 17C Chemiluminescence
Ammonia Analyzer (Thermo Electron Corporation, Waltham, MA, USA). The Model 17C (Figure
18) uses chemiluminescence reactions with ozone to measure levels of nitrogen oxides and
ammonia. For a more detailed description of the principle of operation of chemiluminescence
ammonia analyzers, see Chapter 2. The analyzer’s accuracy, wide sampling range, stability, and
quick response time make the Model 17C a good candidate for long-term continuous monitoring.
Specifications for the instrument are given in Table 6.
The Model 17C requires an external pump to draw the reacted gases out of the reaction chamber.
A double-head diaphragm pump (PU 425-N026.3-8.90, KNF Neuberger, Inc., Trenton, NJ, USA)
with a flow rate of approximately 25 L min-1 provided the required flow to the instrument, then
exhausted the sample to the atmosphere. A dry air capillary is used along with the pump to control
flow in the dry air line of the Model 17C.
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Table 6: Model 17C Specifications (Thermo Fisher Scientific, 2007)
Outputs

NO, NO2, and NH3

Lower detectable limit

1 ppb

Zero drift (24-hour)

1 ppb

Span drift (24-hour)

1% full scale

Response time (0-90%)

120 seconds (10 second averaging time)

Sample flow rate

0.6 L min-1

Operating temperature

15°C - 35°C

4.1.1.1 Calibration and maintenance
Calibration of the Model 17C was performed at the beginning of each production cycle, and then
biweekly. Calibration involved four discrete single-point calibrations with known concentration
gases. First, the instrument was zeroed with ultrahigh purity nitrogen. Next the instrument was
calibrated for the three gases it measures, in the following order: nitrogen dioxide, nitric oxide,
and ammonia. The calibration gases used are listed in Table 7. Calibration gases were selected to
be approximately 80% of full scale that would be observed in the facility.
For each of the four single-point calibrations, the calibration gas was drawn through a rotameter
to correct the flow to approximately 2 L min-1. An atmospheric dump was used for pressure relief.
After passing the rotameter the calibration gas entered the sample inlet of the Model 17C. The
concentration reading on the graphic display was allowed to stabilize. Next, the calibration
coefficient was set so that the instrument measurement matched the known calibration gas value.
Table 7: Gases used for the calibration of the Model 17C
Calibration gas

Concentration

Nitrogen (ultrahigh purity)

99.999%

Nitrogen dioxide

2.06 ppm

Nitric oxide

2.49 ppm

Ammonia

25.1 ppm

Operation of the Model 17C involved regular maintenance. It was necessary to replace the
Drierite™ and silica beads from the drying column when it became saturated. This was done as
required, typically weekly or biweekly. In between production cycles, general inspections and
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cleanings were completed. This involved inspecting capillaries for blockages and ensuring all Orings were in place. At the beginning of the study, the thermoelectric cooler fins on the
photomultiplier tube cooler were inspected and cleaned.
Data from the Model 17C was logged in 5-minute intervals and a time constant of 10 seconds was
used. The data was downloaded at a minimum of once a week.

Model 17C
NH3 Converter

Model 17C
NH3 Analyzer

Figure 18: Rack of continuous gas analyzers

4.1.2 Sample pump
The sample was drawn through a heated sample line to the housing trailer with a single-head
diaphragm pump. The sample pump used (Model ADI R-Series 9769 TI, CleanAir Engineering,
Inc., Palatine, IL, USA) is a general-purpose motor with a 3 ply Teflon® diaphragm. The pump
provided the required flow to the Model 17C and then exhausted the remaining sample past a
flowmeter to an atmospheric dump. The specifications for the pump are given in Table 8.
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Table 8: Sample pump specifications (CleanAir Engineering, Inc., 2014)
Maximum flow

26.0 L min-1

Maximum pressure

365 kPa

Ultimate vacuum

81.2 kPa

4.1.3 Sample lines
A heated sample line (Model 0723-100, CleanAir Engineering, Inc., Palatine, IL, USA) was used
to transport air samples from the broiler house to the sample pump. The heated sample line is 30.5
m long and consists of 1.27 cm inner diameter Teflon® tube wrapped in heating coil, a power cord,
and two type-K thermocouples for temperature indication. The heater has a range of 0-180 °C and
was set to maintain a constant temperature of 124 °C. The sample was heated to ensure that no
condensation occurred within the sample line as moisture may damage pumps and gas analyzers,
(CleanAir Engineering, Inc., 2008) as well as scrub ammonia from the gas phase.
The inlet of the heated sampling line was placed at the midpoint within the facility and open to the
natural flow path of air in order to capture representative house air samples (Figure 19). The inlet
was also positioned to be at least 2.5 m in away from exhaust fans and at two-thirds of the pen
height (Heber & Bogan, 2006). This was done to minimize the influence of the exhaust fans and
the floor on air flow patterns.
To prevent obstructions in the sample line, a micrometer Millipore Fluoropore PTFE membrane
filter was placed in a filter holder at the sample line inlet to remove particulates from the air stream.
A redundancy membrane filter was placed in a filter holder at the end of the heated sample line,
before the air stream enters the pump. The membrane filters were replaced at the beginning of each
production cycle, and as necessary during sampling.
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Figure 19: Heated sample line installed inside the broiler house

After leaving the sample pump the air stream is transported to the gas analyzer with chemically
inert Teflon® tubing with an outer diameter of 0.64 cm and an inner diameter of at least 0.32 cm.
This same tubing is used for the sample pump atmospheric dump and for the calibration gas
network.

4.1.4 Housing trailer
A portable dual axle trailer (Trailer CM614CC-HD vehicle type) was used to transport and house
most of the ammonia sampling equipment and its auxiliary components. This includes the gas
analyzer, the sample pump, calibration gases, and a desktop computer. The heated sample line
enters the trailer through a hole in one of the walls. The Model 17C gas analyzer was stored on
sliding shelves to allow for easy access when maintenance was required. The gas cylinders used
for the calibration of the Model 17C were secured along the walls next to the instrument. The
Model 17C was connected to the computer with a serial cable for downloading the analyzer data.
To maintain an optimal temperature range of 15 ºC to 22 ºC the trailer was equipped with a
standalone heater, as well as an air conditioning unit. Figure 20 shows the exterior and interior of
the housing trailer.
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Figure 20: Exterior and interior of the housing trailer

4.1.5 Sampling issues
At the beginning of the Summer production cycle, the air conditioning unit was not functioning
correctly. This was due to a buildup of dirt on the unit that was leading to freezing on the coils.
While the air conditioner was not working, the temperature within the trailer rose to above the
operating range of the Model 17C. The instrument could not be used for this period of time.
An issue that occurred during the winter production cycle was caused by warm air exiting the
trailer via stainless steel tubing, leading to condensation and freezing. When the atmospheric
dumps were blocked by ice, it created a buildup of pressure in the sample stream, and at the
extreme, completely stopped the flow of the sample. This pressure buildup may have skewed the
concentrations reported by the Model 17C, as well as put excessive wear on the pumps. As such,
this data was excluded from any subsequent analysis.
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4.2

Particulate matter sampling

To measure the concentrations of particulate matter within the broiler house, two handheld
DustTrak™ II Aerosol Monitors 8532 were used (TSI, Inc., Shoreview, MN, USA). These
monitors operate on the principle of light-scattering photometry (see Chapter 2). The instruments’
light weight and portability allowed for ease of use in an indoor air quality study. The
specifications of the DustTrak™ II Aerosol Monitor 8532 are listed in Table 9.
Table 9: DustTrak™ specifications (TSI Incorporated, 2014)
Outputs

PM1, PM2.5, PM4, PM10 & TSP

Resolution

0.001 mg m-3

Zero drift (24-hour)

±0.002 mg m-3

Flow rate

3.0 L min-1

Flow accuracy

±5%

Operational temperature

0 to 50°C

The monitors were housed in cabinets inside the broiler house to protect them from excessive
moisture and dust. For both monitors, air samples were collected with a Tygon® tube,
approximately 1 m in length. These sample lines transported the broiler house air through a hole
in the cabinet to the monitor. Figure 21 shows a DustTrak™ inside its housing cabinet. Like the
ammonia sample line, the particulate matter sample lines were placed away from exhaust fans and
at approximately two-thirds of the pen height. The DustTrak™ monitors were located at
approximately one-quarter and three-quarters the house length to account for variations of
particulate matter concentrations throughout the facility.
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Figure 21: DustTrak™ in a housing cabinet

4.2.1 Calibration and maintenance
The DustTrak™ monitors were calibrated at least once per week. To calibrate each monitor, a
zero-filter was attached to the sample inlet. This filter provided air with no particulate matter.
Using the touchscreen display, the zero-calibration action was selected. The monitor sampled for
60 seconds and the calibration was complete. The zero-filter was replaced with the sample line.
Operation of the DustTrak™ monitors involved some maintenance. The sample lines were cleaned
when necessary, as determined by a visual inspection. In addition, internal filters were replaced
when prompted by a warning message from the instrument.
Data from the DustTrak™ monitors was logged in 5-minute intervals and a time constant of 10
seconds was used. The data was downloaded at a minimum of once a week.

4.2.2 Particulate matter adjustment factor
The DustTrak™ monitors were factory calibrated using standard ISO 12103-1 A1 ultrafine test
dust. The test dust has a bulk density of 500 kg m-3 (Reade International Corp, 2016). Since the
composition of particulates in a broiler house facility will not be the same as the composition in
the test dust, neither will their respective bulk densities. Therefore, a correction factor was used to
adjust the density of the dust for the particulate matter being studied. A previous study by Morgan
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(2012) determined that dust from a poultry house facility has a bulk density of 962.2 kg m -3. The
DustTrak™ monitors’ measurements were adjusted for this bulk density to obtain more
representative particulate concentrations.

4.2.3 Sampling issues
The optical mirrors located inside the instrument accumulate particulate matter over time making
zero calibrations not possible. When this occurred, it was necessary to disassemble the instrument
for cleaning, resulting in some gaps in the data.
In addition, during the Winter/Spring production cycle, one of the internal pumps failed to work
and could not be replaced before the end of the cycle. As a result, there is data from only one
instrument for the Winter/Spring production cycle.

4.3

Litter sampling

Litter samples were collected on the day of bird placement, and then twice a week during a
production cycle. Samples were created with litter collected from three areas of the house to create
a homogenized sample representative of the entire house. The litter was collected with plastic
sample bags and delivered to the Agriculture and Food Laboratory at the University of Guelph
immediately, or stored in a freezer for later delivery. The samples were analyzed for dry matter
content (%), Total Kjeldahl Nitrogen (TKN) (% wet), Ammonium-N (mg kg wet-1), and pH. The
laboratory testing results are provided in Appendix A.

4.4

Facility computer recordings

A computer system (Maximus Systems, Saint-Hubert, QC, Canada) was used by the facility for
the automated management of several parameters such as feeding, temperature, and lighting. The
touch screen interface for the system can be seen in Figure 22. The computer system generated a
daily report with the information necessary for this study. The data was reported in 5-minute
intervals. Table 10 lists the data collected by the computer system.
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Figure 22: Computer system interface

Table 10: Computer system measurements
Measurement

Description

Fan staging

Returns the number of the fan stage being implemented by the house.

Variable speed position

Returns the percentage of full capacity each variable speed fan is operating.

Carbon dioxide concentration

Reports the reading of one carbon dioxide sensor (DOL 19 CO2, dol-sensors
a/s, Roslev, Denmark) hanging in the centre of the barn, 1.5 m from the
ground.

Bird weight

Reports bird mass, as determined by two scales in the facility. (Mortalities
were recorded daily and were accounted for in the total live mass for the
emission factor calculation.)

Outdoor temperature

Reports the outdoor ambient temperature from a sensor outside of the facility.

4.5

Temperature and relative humidity measurements

Four Tinytag Plus 2 Dual Channel Temperature/Relative Humidity dataloggers (Model TGP-4500,
Gemini Data Loggers UK Ltd, Chichester, England) were used to continuously measure the
temperature and relative humidity within the house. The dataloggers were placed in equally spaced
positions along the midpoint of the house. These instruments were chosen for their robust design
and large storage capacity, allowing for minimal maintenance. Specifications for the Tinytag Plus
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2 are given in Table 11.
Data from the Tinytag Plus 2 dataloggers were set to be recorded in 5-minute intervals and was
downloaded at the end of each production cycle.
Table 11: Tinytag Plus 2 specifications (Gemini Data Loggers, 2014)
Outputs

Actual, minimum, and maximum temperature and RH

Operational temperature

-25°C to +85°C

Temperature sensor
Range

-25°C to +85°C

Sensor type

10K NTC Thermistor (Internally mounted)

Response time

25 mins to 90% FSD

Resolution

0.01°C

Relative humidity sensor

4.6

Range

0% to 100% RH

Sensor type

Capacitive (Externally mounted)

Accuracy

±3.0% RH at 25°C

Response time

40 seconds to 90% FSD

Resolution

0.3% RH

Ventilation rate measurements

The Fan Assessment Numeration System (University of Kentucky, Lexington, KY, USA) was
used to collect in-situ airflow measurements for the Agro Clima Unit and the exhaust fans. These
measurements were used together with fan staging and fan speed data to estimate ventilation rates
for the broiler house. The Fan Assessment Numeration System (FANS) measures wind speed by
moving an array of anemometers through a known cross-sectional area. The wind speed data is
collected by FANS software that converts it to a volumetric flow rate based on the cross-sectional
area.
All FANS testing was conducted under a facility static pressure of 1.3 mm of water, as this is the
standard operating static pressure of the house. To control the house static pressure, the baffles on
the fresh air intakes were adjusted using the facility computer system.
To conduct a FANS test, the unit was centered in front of a fan and sealed around the fan with duct
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tape to capture all the exhaust air. A scissor lift was used to transport the unit, and center it
vertically over the fan (Figure 23). Once the unit was in position, it was operated with the computer
software. For single speed fans, each fan was tested three times. One test included both an upward
and downward traverse of the anemometers. The results of the three tests were averaged to
calculate the volumetric flow rate. For variable speed fans, two FANS tests were conducted at 6
speeds, ranging from 50% to 100% capacity. The results were used to generate a ventilation curve
specific to the fan.
The FANS unit was designed for use with 1.2 m (48”) exhaust fans. Therefore, the 0.61 m (24”)
and 0.46 (18”) exhaust fans were too small of a source for the cross-sectional area of the unit. To
adjust the FANS unit for these smaller exhaust fans, the two end anemometers were removed from
the horizontal rack, and the cross-sectional area was adjusted with sheets of polystyrene (Figure
23). The new cross-sectional area was recorded. Tests were then run as usual. The results of the
FANS testing, reported in rpm, were used with Equation 8 (where SA is the new cross-sectional
area) to determine the volumetric flow rate.
Flow rate (m3 hr-1) = 0.05 × rpm × SA × 3600 s hr-1

(8)

Due to the layout of the facility, not all the exhaust fans could be tested. However, at least one test
was conducted for each fan type (Table 12). To determine the flow rate of exhaust fans that could
not be tested, an average flow rate of the fan type was used.
Table 12: List of FANS tests
Fan type

Fans tested

Agro Clima Unit

Intake ventilator

0.46 (18”) variable speed fans

Fan 13

0.61 m (24”) variable speed fans

Fan 1

0.61 m (24”) single speed fans

Fans 10, 14 & 17

1.2 m (48”) single speed fans

Fans 11, 12, 15, 16
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Figure 23: FANS setup to measure large fans (left) and small fans (right)

The facility computer records exhaust fan capacity and staging, however, it does not record the
capacity of the Agro Clima Unit. In order to monitor the Agro Clima Unit capacity a wireless data
acquisition system was used. The system monitored the current of the Agro Clima Unit through a
sensor attached to the power supply cable. This current sensor (CT120, Paragon Robotics, Euclid,
OH, USA) relayed its data to an external jack sensor (Model SC18, Paragon Robotics, Euclid, OH,
USA), via a signal cable, for wireless communication with a gateway (GW3, Paragon Robotics,
Euclid, OH, USA). The gateway wirelessly logged the incoming data and displayed it on the trailer
desktop computer. The measured current value was proportional to the ventilation capacity level
of the Agro Clima Unit.
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4.7

Emission factor calculation

An emission factor (EF, units of mass time-1 animal unit (AU)-1) is calculated by standardizing an
emission rate (ER, units of mass time-1) to an activity factor (AF, AU):
EF = ER / AF

(9)

ER = (Co - Ci) × Q

(10)

Emission rates are calculated as:

where Co is the pollutant concentration inside the house (units of mass volume-1), Ci is the pollutant
concentration in the ambient air (units of mass volume-1) and Q is the volumetric flow rate (units
of volume time-1).
A broiler house activity factor is calculated as:
AF = BM / AU

(11)

where BM is the total live bird mass (units of mass) and AU is an animal unit (500 kg of live
weight).
Representative ambient pollutant concentrations were not able to be collected due to the proximity
of the research trailer to the broiler house. To determine Ci the background concentration for
ammonia was estimated to be 1.73 x 10-2 ppm (1.27 x 10-5 g m-3) based on a study by Spencer
(2011), which used the same research trailer and sampling equipment as this study, and was also
located in rural Ontario.
The background concentration for particulate matter was estimated to be 5.34 x 10-6 g m-3 based
on an annual average of 2016 PM2.5 data from an ambient air monitoring station located in Tiverton,
Ontario, less than 20 km from the research site (Ministry of the Environment and Climate Change,
2016). As this background concentration was used for both PM2.5 and PM10 emission factor
calculations, PM10 emission factors are likely to be slightly overestimated.
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Chapter 5: Results & Discussion
This chapter describes the measurements observed from the commercial broiler house. Measured
parameters such as bird mass and flock size, house conditions, ventilation rates, and litter
composition are discussed. Next, the results of the air emission measurements are presented on a
seasonal basis. An emission summary table is provided, describing the ammonia and particulate
matter emissions throughout the study period. Finally, the calculated emission factors are
compared to the emission factors from previous studies, and the effect of the Agro Clima Unit on
emissions is discussed.
Air emissions are given as concentrations, emission rates, and emission factors. Where applicable,
the data has been provided based on a daily average to reduce noise. Respective graphs for each
measurement are provided on the same magnitudes to facilitate comparison.

5.1

Bird mass and flock size

The house computer system reported bird mass, as determined by two scales in the facility. For all
production cycles, the initial bird mass was approximately 0.047 kg and increased exponentially
until the end of the production cycle, when the birds are approximately 3.6 kg. A growth curve
was developed to express the average bird mass with respect to bird age for all production cycles
and is given by Equation 12, where Average Bird Mass is in kg and the unit for Bird Age is days.
Average Bird Mass = 0.0013 × (Bird Age)2 + 0.0142 × Bird Age + 0.047

(12)

The average bird mass for the Winter/Spring production cycle was plotted alongside the growth
curve in Figure 24. The correlation for average bird age gave an extremely good fit to the observed
data with an R2 values of 99.7%.
Mortalities were recorded daily and were accounted for in the total mass of birds in the facility.
Table 13 presents the number of birds placed in the facility at the start of the production cycle, and
the percentage of mortalities over each cycle. The average mortality rate for all production cycles
at the facility was 6.3%. The mortalities occurred for various reasons including flips, broken legs,
and culls.
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Figure 24: Average Bird Mass Observed During the Winter/Spring Production Cycle with Growth Curve

Table 13: Bird population and mortality rate for each production cycle
Bird population
Summer

11,730

Total mortalities
(%)
6.3

Fall

11,016

6.7

Fall/Winter

11,724

6.3

Winter/Spring

12,442

5.9

Figure 25 presents the populations of each production cycle throughout the cycle. Mortality rates
were often greatest during the first few and last few days of a production cycle. A linear regression
was decided to be inappropriate to quantify bird population in the facility due to the inconsistencies
of mortality rates both between production cycles, and during individual production cycles.
For the development of an emission factor, the daily total live mass in the facility was estimated
using the daily observed population and the calculated bird mass growth curve. The estimated total
live mass for each production cycle is presented in Figure 26. Like bird mass growth, the total live
mass increases exponentially until the end of each production cycle, indicating bird mass growth
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has a greater influence on total live mass than mortality rate.

Figure 25: Bird population for each production cycle

Figure 26: Total live mass for each production cycle
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5.2

House conditions

The house computer system reported outside temperature, house temperature, house set point,
relative humidity and carbon dioxide concentration. The results of the data collected for each
parameter over the course of each production cycle are presented in Table 14 and Figure 27.
Table 14: Average house conditions for each production cycle
Outside
Temperature

House
Temperature

House Set Point

Relative
Humidity

Carbon Dioxide
Concentration

Summer

(°C)
23.0 ± 2.4

(°C)
26.9 ± 2.0

(°C)
25.5 ± 3.0

(%)
67.6 ± 4.5

(mg m-3)
1775 ± 464

Fall

11.9 ± 4.9

25.6 ± 2.5

25.6 ± 3.0

64.9 ± 5.6

3161 ± 812

Fall/Winter

-2.1 ± 4.2

25.3 ± 2.6

25.6 ± 3.0

58.8 ± 11.2

3932 ± 1155

Winter/Spring

0.0 ± 5.4

25.6 ± 2.8

25.5 ± 3.0

58.6 ± 10.7

3861 ± 1060

The house computer system regulated the house temperature with the Agro Clima Unit, house
heaters and ventilation control system, maintaining a house temperature as close to the set point
as possible. The house temperate closely followed set point temperature for all production cycles
except for the Summer cycle. The average deviation of the house temperature from the set point
for the Summer cycle was 1.4°C, compared to 0°C, 0.3°C, and 0.1°C for the Fall, Fall/Winter, and
Winter/Spring cycles, respectively. The difference was greatest when the outside temperature rose
above the house set point as no cooling mechanism is available to reduce the house temperature
under these conditions.
The average relative humidity was highest during the warmer-weather production cycles (Summer
and Fall). The decrease in moisture during the Fall/Winter and Winter/Spring production cycles is
likely because cold air, which was used to replace the exhausted air, contains less moisture than
warm air, even when saturated. For all production cycles, the relative humidity increased through
the cycle as the birds grew. This trend was less clear in the Summer production cycle as there was
higher ventilation rates and greater air exchange with the outside air.
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Figure 27: House parameters for each production cycle.
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The carbon dioxide concentrations were dependent on the respiration of the birds, biological
degradation of the litter, and ventilation rates. Seasonal variation of carbon dioxide concentrations
was apparent between the production cycles. Concentrations were lowest during the Summer cycle,
when outside temperatures were highest, which caused higher ventilation rates. As the outside
temperatures lowered, the ventilation rate was reduced, which lead to higher carbon dioxide
concentrations. Concentrations of roughly similar magnitude occurred during the Fall/Winter and
Winter/Spring cycles when ventilation rates were at a minimum, which caused a build-up of carbon
dioxide.

5.3

Ventilation rates

The volumetric flow rate capacity of the exhaust fans was measured through FANS testing.
Ventilation rates throughout were determined using the flow rate capacity from FANS testing and
the fan speed data collected from the house computer system and exhaust fan current sensors.

5.3.1 FANS testing – variable speed ventilation units
The data from the FANS testing allowed a ventilation rate equation to be obtained for the 0.46 m
(Stage 1) and 0.61 m (Stage 2) diameter variable speed exhaust fans and the Agro Clima Unit. The
variable speed exhaust fans started at a minimum of 55% of their maximum capacity and could
ramp up to 100% as required by the fan staging computer. The results of this testing are shown in
Figures 28 to 30.

5.3.2 FANS testing – single speed fans
The ventilation rates from the single speed fan tests are summarized in Table 15 and Table 16. The
airflows shown are the average of all tests conducted for each exhaust fan. The repeated FANS
tests for individual fans, and between fans of the same size, produced relatively consistent results,
as the overall percent standard deviations for the 0.46 m diameter fans and 1.2 m diameter fans
were 1.18% and 1.36%, respectively.
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Figure 28: Ventilation curve for the 0.46 m diameter exhaust fans (Stage 1 fans)

Figure 29: Ventilation curve for the 0.61 m diameter exhaust fans (Stage 2 fans)
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Figure 30: Ventilation curve for the Agro Clima Unit

Table 15: FANS testing results for the 0.46 m diameter single speed fans
Average Airflow
3

% Standard Deviation

-1

(m hr )
Fan 10

7884

0.86

Fan 14

7853

1.40

Fan 17

7710

0.61

All 1.2 m Fans

7816

1.36

Table 16: FANS testing results for the 1.2 m diameter single speed fans
Average Airflow
3

% Standard Deviation

-1

(m hr )
Fan 11

30618

0.76

Fan 12

30280

1.14

Fan 15

30402

0.87

Fan 16

29896

0.57

All 0.46 m Fans

30299

1.18
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5.3.3 Measured ventilation rates
The average total ventilation rate and the average Agro Clima Unit (ACU) ventilation rate for each
production cycle are presented in Table 17 and Figure 31.
Table 17: Total and ACU ventilation rates for all production cycles
Average Total

Average ACU

ACU Flowrate as a

Bird Age when

Ventilation Rate

Ventilation Rate

Percent of Total

Exhaust Fans Start

Flowrate

Running

3

-1

3

-1

(m h )

(m h )

(%)

(Days)

Summer

84,564 ± 60,637

8,513 ± 3,001

10 ± 5

0

Fall

21,138 ± 14,583

8,953 ± 3,311

42 ± 23

14

Fall/Winter

13,247 ± 8,477

9,084 ± 4,380

69 ± 52

21

Winter/Spring

17,386 ± 10,230

10,004 ± 3,765

58 ± 37

21

For all production cycles, the Agro Clima Unit provided the minimum ventilation to the house
based on live weight. As the weight of the birds increased, so did the minimum required ventilation
rate. The high standard deviations of the ventilation rates are due to the increases in ventilation as
the production cycles progressed. Since the ACU reached its maximum capacity on day 20 of the
production cycle, additional exhaust fans turned on for day 21 to meet minimum requirements.
This was the case for the Fall/Winter and Winter/Spring production cycles. During the Summer
and Fall production cycles, the house temperature became too high within the first 20 days due to
warm weather and exhaust fans were used to cool the house while the ACU continued to supply
the minimum ventilation. As the ACU provides the minimum required ventilation based on live
weight, the average ACU ventilation rate remained relatively constant between production cycles.
The total ventilation rate of the house was primarily driven by the house temperature. When the
temperature set point (see Table 14 and Figure 27) was exceeded, successive fan stages were
activated until the required temperature was reached. This caused the high variation in total
ventilation rates for the Summer and Fall productions cycles. During the Fall/Winter and
Winter/Spring production cycles, outside temperatures were lower and ventilation rates were more
stable. For all production cycles, total ventilation rates increased as the production cycle
progressed due to the decreasing trend of the temperature set point curve (see Figure 27).
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Secondary drivers of the total ventilation rate were relative humidity and carbon dioxide
concentration. When the house relative humidity set point (60%) was exceeded only one additional
fan stage was activated. The computer system was also programmed to activate one additional fan
stage if the carbon dioxide concentration set point (9000 mg m-3) was exceeded, however, the set
point was never exceeded during the study period.

Figure 31: Measured ventilation rates for each production cycle
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5.4

Litter composition

Litter samples were collected twice a week during production cycles and analyzed for dry matter
content, Kjeldahl nitrogen (TKN), ammonium nitrogen (NH4-N), and pH. The results of this
analysis are presented in Table 18 and Figure 32.
An oat straw was used for litter during Fall production cycle, while a wheat straw was used for the
other three production cycles. It is possible the relatively low dry matter for the Fall production
cycle was due to this difference in straw type. In addition, no dry matter content and pH
measurements were taken for the first sample in the Summer production cycle due to a lab error.
This likely skewed the average dry matter content for the Summer production cycle to the low side,
and the average pH to the high side.
To determine the effect of the Agro Clima Unit on broiler house litter, results were compared to
the litter properties from a similar emissions study performed by Wood (2015) on a two-story
commercial broiler chicken facility located in Perth County, Ontario. The facility used straw as a
litter material, with occasional wood chips added during the winter months to control moisture.
Fresh litter was applied for each cycle, and the house was mechanically ventilated. Wood (2015)
collected litter samples prior to bird placement, and approximately every three days during the
production cycle. The samples from both studies were analyzed at the University of Guelph
Agriculture and Food Laboratory.
The results of the litter analysis from the Wood (2015) study are given in Table 19. Table 20
presents overall averages of each litter property for this study and the Wood (2015) study. The dry
matter content, pH, and Kjeldahl nitrogen content averages are very similar, with percent
differences of 2.2%, 0.3%, and 4.2%, respectively. There are notable differences in the ammonium
nitrogen content, and the ratio of ammonium nitrogen to Kjeldahl nitrogen. The results for these
properties are higher in the Wood (2015) study by 28.9% and 26.8%, respectively.
It was expected that the Agro Clima Unit would have the effect of drying the litter by means of
the heat exchanger. The comparison of these two studies suggest that the Agro Clima Unit has no
effect on the moisture content of broiler house litter.
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Table 18: Results of laboratory analysis on litter samples from this study, averaged over each production
cycle
Nitrogen Composition
Dry Matter
Content
(%)

pH

Kjeldahl
Nitrogen
(% wet)

Ammonium
Nitrogen
(mg kg wet-1)

NH4-N/ TKN

Summer

65.8 ± 2.8

8.1 ± 0.7

2.0 ± 0.7

1,584 ± 752

7.9

Fall

64.8 ± 10.7

7.7 ± 0.6

2.2 ± 0.6

1,541± 908

7.0

Fall/Winter

69.8 ± 10.9

7.1 ± 0.5

1.7 ± 1.0

1,264 ± 819

7.4

Winter/Spring

69.5 ± 11.5

7.4 ± 0.6

2.0 ± 0.9

1,539 ± 1047

7.7

(%)

Table 19: Results of laboratory analysis on litter samples from the Wood (2015), averaged over each
production cycle. Table adapted from Wood (2015).
Nitrogen Composition
Dry Matter
Content

pH

Kjeldahl

(%)

NH4-N/ TKN

Nitrogen

Ammonium
Nitrogen

(% wet)

(mg kg wet-1)

(%)

Winter, Bottom Floor

68

7.7

2.0

2117

10.7

Winter, Top Floor

70

7.4

1.9

1450

7.5

Spring, Bottom Floor

69

7.4

2.2

2116

9.5

Spring, Top Floor

73

7.3

2.3

1478

6.4

Summer, Bottom Floor

67

7.9

1.7

2579

14.8

Summer, Top Floor

67

7.6

2.2

2761

12.7

Table 20: Overall averages of each litter property for this study and the Wood (2015) study, and the
percent difference between the two studies
Wood (2015)

This study

% Difference

Dry Matter Content (%)

69

67

-2.2%

pH

7.6

7.58

0.3%

2.1

1.975

-4.2%

Ammonium Nitrogen (mg kg wet )

2084

1482

-28.9%

NH4-N/ TKN (%)

10.3

7.514

-26.8%

Kjeldahl Nitrogen (% wet)
-1
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Figure 32: Litter sampling analysis results for each production cycle
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5.5

Air emission measurements

In this section, ammonia and particulate matter emissions are discussed as a concentration (units
of mass per volume), as an emission rate (ER; units of mass per time), and as an emission factor
(EF; units of mass per time per animal unit (AU)).

5.5.1 Ammonia emissions
Stacked graphs presenting the ammonia concentration, emission rate, and emission factor results
for the Summer, Fall, Fall/Winter, and Winter/Spring production cycles are given in Figures 33,
34, 35, and 36, respectively. During the study period, the ammonia analyzer had some technical
difficulties which caused gaps in the data. Theses gaps occurred during Summer production cycle
(cycle days 0-19 and 26) and the Fall/Winter production cycle (cycle days 7-32). To fill in the data
for these gaps an average of the concentrations of same production cycle day from the other cycles
were used. The emission rates and emission factors were then calculated as usual, based on this
estimated concentration. The justification for this method follows.
It is expected that the estimated concentrations are reasonably representative since the
concentrations for all the production cycles followed a similar pattern with bird age and their
gained weight. Ammonia concentrations were low at the start of a production cycle and steadily
increased as bird mass increased and excreta accumulated, until the end of the production cycle
when the house was cleaned out. However, it is also expected that this method of estimating
ammonia concentrations overestimates ammonia emissions for the Summer production cycle due
to much higher ventilation rates in the Summer cycle that are not present in the other three
production cycles.
The Fall, Fall/Winter, and Winter/Spring production cycles maintain the minimum required
ventilation rate (no ventilation fans operating other than the ACU) for the first 14, 21, and 21 days,
respectively. In contrast, the additional ventilation fans were operating from the start of the
Summer production cycle and onward. Therefore, it is expected that the actual ammonia
concentration during days 0-19 and 26 would have been lower than what is estimated here.
However, the production cycle-averaged ammonia emission results for the Summer production
cycle are even greater if only measured data is used, as the missing data is at the beginning of the
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cycle when concentrations are lowest. In this case, the production cycle-average is heavily
weighted to the end of production cycle when concentrations are higher. The results show standard
deviations of the same order of magnitude of the measurements due to the significantly higher endof-cycle concentrations.
The average concentration, emission rate, and emission factor for all production cycles are
summarized in Table 21 and Table 22. Table 21 presents the ammonia emissions based only on
daily-averaged data measured with the gas analyser. Table 22 includes the estimated daily
concentration data for the data gaps in the overall averages.
Table 21: Ammonia emission results (measured data only)
NH3 Concentration

NH3 ER

-3

-1

NH3 EF

(g m )

(g day )

(g day-1 AU-1)

Summer

4.89E-03 ± 2.69E-03

9,402 ± 4,406

181 ± 47

Fall

7.78E-03 ± 7.52E-03`

5,410 ± 6,009

114 ± 90

Fall/Winter

2.23E-02 ± 1.70E-02

12,647 ± 10,486

201 ± 133

Winter/Spring

5.32E-03 ± 3.96E-03

3,072 ± 2,952

70 ± 42

Overall

8.67E-03 ± 1.02±-02

6,508 ± 6,795

126 ± 94

Table 22: Ammonia emission results (measured data and estimated data)
NH3 Concentration

NH3 ER

-3

-1

NH3 EF

(g m )

(g day )

(g day-1 AU-1)

Summer

3.40E-03 ± 2.81E-03

5,990 ± 5,370

169 ± 93

Fall

7.78E-03 ± 7.52E-03

5,410 ± 6,009

114 ± 90

Fall/Winter

1.22E-02 ± 1.51E-02

6,503 ± 9,227

113 ± 124

Winter/Spring

5.32E-03 ± 3.96E-03

3,072 ± 2,952

70 ± 42

Overall

7.17E-03 ± 9.31E-03

5,244 ± 6,389

117 ± 98
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Figure 33: Ammonia emission results for the Summer production cycle
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Figure 34: Ammonia emission results for the Fall production cycle
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Figure 35: Ammonia emission results for the Fall/Winter production cycle
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Figure 36: Ammonia emission results for the Winter/Spring production cycle
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In addition to increasing as bird mass increased and excreta was accumulated, ammonia
concentrations within the house fluctuated based on house conditions, litter properties, and
ventilation rates. It is expected that ammonia concentrations will be higher when the house and
litter are under warm and wet conditions, leading to greater volatilization. For all production cycles,
the house relative humidity increased and the litter dry matter content decreased over the course
of the production cycle (see Figure 28 and Figure 32). The trend of increasing moisture throughout
the production cycles is likely to be one of the causes of increasing emissions as the production
cycles progressed.
House conditions and litter properties also had seasonal variations which likely impacted ammonia
emissions. The ventilation and heating system for the broiler house maintained a consistent
temperature curve for each production cycle, except for the Summer production cycle which had
a slightly warmer than average house temperature (see Table 14). In addition, the warmer-weather
production cycles (Summer and Fall) also had wetter conditions than the Fall/Winter and
Winter/Spring production cycles. The average relative humidity was highest and average litter dry
matter content was lowest during these warmer-weather production cycles (see Table 14 and Table
18). The Summer production cycle also had the highest pH, indicating a greater potential for
increasing volatilization. These house conditions and litter properties were likely one factor that
caused the summer production cycle to have the highest emission factor, along with the high
ventilation rates.
Ventilation rates varied seasonally, impacting ammonia emissions between production cycles.
During the Summer production cycle, the outside temperatures were higher, which lead to higher
ventilation rates, and diluted the concentration of ammonia in the house air. This caused the
Summer production cycle to have the lowest concentration despite having the highest emission
factor. The highest concentrations were observed during the Fall/Winter production cycle when
outside temperatures were lowest and when the ventilation was minimal.
Relative to the Summer production cycle, the other three production cycles maintained a low and
fairly consistent ventilation rate. This can be seen in the difference between the concentrations and
emission rates in the stacked graphs (Figures 33 to 36). For the Fall, Fall/Winter and Winter/Spring
production cycles, the overall pattern does not vary greatly between the concentration and emission
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rate stacked graphs, although the magnitude and units have changed. In contrast, the concentration
graph for the Summer production cycle shows an almost steady concentration during the second
half of the cycle, however, the emission rate shows a clear increase through the cycle. There are
also more frequent and larger spikes in the Summer production cycle stacked graphs due the large
spikes and variation in ventilation during that time.
The Fall/Winter cycle had significantly higher ammonia concentrations than the other cycles. One
factor is likely that ventilation rates were lowest during the Fall/Winter cycle. In addition, the
ammonium nitrogen content in the litter was lowest during this cycle, which may suggest that the
missing ammonium was flashed off as ammonia, however, the driver for this is not clear.

5.5.2 Particulate matter emissions
Stacked graphs presenting the particulate matter (PM10 and PM2.5) concentration, emission rate,
and emission factor results for the Summer, Fall, Fall/Winter, and Winter/Spring production cycles
are given in Figures 37, 38, 39 and 40, respectively. During the study period, the aerosol monitors
had some technical difficulties which caused gaps in the data. Theses gaps occurred during the
Summer production cycle (days 0-19) and the Fall/Winter production cycle (days 42-48). Like the
missing ammonia emission data, the data for the gaps was filled in with an average of the
concentrations of same production cycle day from the other three cycles. The emission rates and
emission factors were then calculated as usual, based on this estimated concentration. The
justification for this method follows.
It is not expected that the particulate matter estimated concentrations are as representative as the
ammonia estimated concentrations as all the production cycles observed do not follow a similar
pattern between cycles. For the Fall and Winter/Spring production cycles, particulate matter
concentrations are low at the start of a production cycle and steadily increase as bird mass increases,
until the end of the production cycle when the house is cleaned out. In contrast, in the Summer and
Fall/Winter production cycles, particulate matter concentrations are low at the start of a production
cycle, rapidly rise after approximately one month, and continue to slowly increase until the end of
the production cycle. The cause of this spike in concentrations is not known. The results show
standard deviations of the same order of magnitude of the measurements due to the significantly
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higher end-of-cycle concentrations.
It is also expected that this method of estimating underestimates particulate matter emissions for
the Fall/Winter production cycle, as the particulate matter concentration measurements are
significantly greater for the Fall/Winter production cycle than the others. The sharp decrease in
concentration shown in Figure 39 illustrates this underestimation. Including the estimated data in
the emissions results for the Fall/Winter production cycle has the effect of slightly increasing the
PM2.5 emission results, and slightly decreasing the PM10 emission results for the cycle.
The average concentrations, emission rates, and emission factors, for all production cycles are
summarized in Tables 23-26. Tables 23 and 24 present the particulate matter emissions based only
on daily-averaged data measured with the aerosol monitors. Tables 25 and 26 include the estimated
daily concentration data for the data gaps in the overall averages.
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Table 23: PM2.5 (Particulate matter <2.5 μm) emission results (measured data only)
PM2.5 Concentration

PM2.5 ER

PM2.5 EF

(g m-3)

(g day-1)

(g day-1 AU-1)

Summer

5.96E-04 ± 4.04E-04

1,910 ± 1,680

31.7 ± 23.0

Fall

3.90E-04 ± 3.65E-04

259 ± 348

6.43 ± 5.26

Fall/Winter

5.93E-04 ± 7.22E-04

260 ± 367

5.82 ± 6.73

Winter/Spring

1.00E-04 ± 9.91E-05

59.1 ± 84.1

1.24 ± 0.866

Overall

3.93E-04 ± 4.87E-04

493 ± 997

9.24 ± 14.9

Table 24: PM10 (Particulate matter <10 μm) emission results (measured data only)
PM10 Concentration
-3

PM10 ER
-1

PM10 EF

(g m )

(g day )

(g day-1 AU-1)

Summer

7.63E-04 ± 4.68E-04

2310 ± 1,830

39.5 ± 23.4

Fall

5.88E-04 ± 4.46E-04

372 ± 448

9.73 ± 5.86

Fall/Winter

1.56E-03 ± 1.72E-03

661 ± 925

15.6 ± 15.6

Winter/Spring

2.34E-04 ± 2.30E-04

138 ± 195

2.88 ± 2.00

Overall

7.56E-04 ± 1.04E-03

719 ± 120

14.5 ± 17.9

Table 25: PM2.5 (Particulate matter <2.5 μm) emission results (measured data and estimated data)
PM2.5 Concentration

PM2.5 ER

PM2.5 EF

(g m-3)

(g day-1)

(g day-1 AU-1)

Summer

4.04E-04 ± 3.90E-04

1,190 ± 1,570

23.5 ± 35.6

Fall

3.90E-04 ± 3.65E-04

259 ± 348

6.43 ± 5.26

Fall/Winter

5.96E-04 ± 6.70E-04

277 ± 344

5.75 ± 6.24

Winter/Spring

1.00E-04 ± 9.91E-05

59.1 ± 84.1

1.24 ± 0.866

Overall

3.73E-04 ± 4.63E-04

449 ± 934

9.30 ± 14.0

Table 26: PM10 (Particulate matter <10 μm) emission results (measured data and estimated data)
PM10 Concentration
-3

PM10 ER
-1

PM10 EF

(g m )

(g day )

(g day-1 AU-1)

Summer

5.76E-04 ± 4.32E-04

1,490 ± 1,740

35.6 ± 20.0

Fall

5.88E-04 ± 4.46E-04

372 ± 448

9.73 ± 5.86

Fall/Winter

1.48E-03 ± 1.60E-03

653 ± 857

14.6 ± 14.6

Winter/Spring

2.34E-04 ± 2.30E-04

138 ± 195

2.88 ± 2.00

Overall

7.18E-04 ± 9.75E-04

667 ± 1,123

15.8 ± 17.7
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Figure 37: Particulate matter emission results for the Summer production cycle
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Figure 38: Particulate matter emission results for the Fall production cycle
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Figure 39: Particulate matter emission results for the Fall/Winter production cycle
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Figure 40: Particulate matter emission results for the Winter/Spring production cycle
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The concentration of particulate matter in a broiler house is primarily impacted by bird stocking
density and activity, ventilation rates, and litter moisture content. The overall trend through all
production cycles was that particulate matter concentrations increased as the birds grew, and
particulate matter accumulated. The Summer, Fall, and Winter/Spring production cycles all show
a decrease in concentrations during the last week of grow out. This is caused by the high bird mass
preventing significant motion of the broilers on the floor and thus minimizing the generation of
particulates. There is no measured data for the Fall/Winter cycle for the last week of production
so this trend cannot be seen.
The concentration of particulate matter in the house decreased when ventilation rates increased, as
the house air became diluted with outside air with much less particulate matter. This pattern is
evident in the Summer production cycle. The concentration of particulate matter drops when
ventilation spikes (see Figure 31). The pattern can also be seen between seasons. The concentration
in the house is highest during the Fall/Winter cycle, when ventilation rates are at their lowest. An
outlier to this trend is the relatively low concentrations observed during the Winter/Spring
production cycle, when ventilation rates were most similar to the Fall/Winter cycle. One possibility
for this outlier is that ammonia concentrations were low during the Winter/Spring production cycle.
Since PM2.5 is a potential byproduct of high ammonia levels, it is possible the low ammonia
concentration minimized PM generation.
Ventilation rates also impacted the ratio of the concentration of PM2.5 to PM10. A higher ventilation
rate increased the velocity of air moving through the house, allowing particulates to remain
entrained for longer. The ratio of the concentration of PM2.5 to PM10 for each production cycle is
shown in Table 27 Figure 41. The warm production cycles with the higher ventilation rates had
PM2.5 to PM10 ratios closer to one, indicating that a larger portion of the PM is less than 2.5 μm.
A possible explanation for this is that the summer air had more reactive acid gases present that
react with NH3 to create secondary inorganic aerosols. In addition, the higher temperatures may
have favoured the gas to particle conversion chemistry. Many of the peaks in Figure 41 correspond
with peaks in the ventilation rates for the respective production cycles (see Figure 31).
As dry matter in the litter remained relatively consistent between production cycles it is not
expected that litter moisture was a significant cause of the variations in particulate matter
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emissions between production cycles.
Table 27: Average ratio of PM2.5 to PM10 for each production cycle compared to average total ventilation
rate
PM2.5 / PM10 Ratio

Average Total Ventilation Rate
(m3 h-1)

Summer

0.71

84,564 ± 60,637

Fall

0.62

21,138 ± 14,583

Fall/Winter

0.29

13,247 ± 8,477

Winter/Spring

0.43

17,386 ± 10,230

Figure 41: PM2.5 to PM10 ratio for each production cycle
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5.5.3 Emissions summary table
The broiler house operating conditions are summarized in Table 28, and emissions are summarized
in Table 29. The emissions summary table includes the estimated emissions in the results. For all
contaminants, the emission factors are greatest in the Summer and lowest in Winter/Spring. The
overall emission factors for ammonia, PM2.5, and PM10 were found to be 117 ± 98 g day-1 AU-1,
9.30 ± 14.0 g day-1 AU-1, and 15.8 ± 17.7 g day-1 AU-1, respectively.
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Table 28: Summary of the broiler house operating conditions
Summer

Fall

Fall/Winter

Winter/Spring

Bird population

11,730

11,016

11,724

12,442

Total mortalities (%)

6.3

6.7

6.3

5.9

Outside Temperature (°C)

23.0 ± 2.4

11.9 ± 4.9

-2.1 ± 4.2

0.0 ± 5.4

House Temperature (°C)

26.9 ± 2.0

25.6 ± 2.5

25.3 ± 2.6

25.6 ± 2.8

House Set Point (°C)

25.5 ± 3.0

25.6 ± 3.0

25.6 ± 3.0

25.5 ± 3.0

67.6 ± 4.5

64.9 ± 5.6

58.8 ± 11.2

58.6 ± 10.7

1775 ± 464

3161 ± 812

3932 ± 1155

3861 ± 1060

84,564 ± 60,637

21,138 ± 14,583

13,247 ± 8,477

17,386 ± 10,230

Average ACU Ventilation Rate (m h )

8,513 ± 3,001

8,953 ± 3,311

9,084 ± 4,380

10,004 ± 3,765

ACU Flowrate/Total Flowrate (%)

10 ± 5

42 ± 23

69 ± 52

58 ± 37

Bird Age when Exhaust Fans Start (Days)

0

14

21

21

Dry Matter Content (%)

65.8 ± 2.8

64.8 ± 10.7

69.8 ± 10.9

69.5 ± 11.5

pH

8.1 ± 0.7

7.7 ± 0.6

7.1 ± 0.5

7.4 ± 0.6

Kjeldahl Nitrogen (% wet)

2.0 ± 0.7

2.2 ± 0.6

1.7 ± 1.0

2.0 ± 0.9

Ammonium Nitrogen (mg kg wet-1)

1,584 ± 752

1,541± 908

1,264 ± 819

1,539 ± 1047

NH4-N/ TKN (%)

7.9

7.0

7.4

7.7

Bird Mass and Flock Size

House Conditions

Relative Humidity (%)
-3

CO2 Concentration (mg m )
Ventilation Rates
Average Total Ventilation Rate (m3 h-1)
3

-1

Litter Composition
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Table 29: Summary of concentrations and emission factors
Summer

Fall

Fall/Winter

Winter/Spring

Overall

3.40E-03 ± 2.81E-03

7.78E-03 ± 7.52E-03

1.22E-02 ± 1.51E-02

5.32E-03 ± 3.96E-03

7.17E-03 ± 9.31E-03

5,990 ± 5,370

5,410 ± 6,009

6,503 ± 9,227

3,072 ± 2,952

5,244 ± 6,389

169 ± 93

114 ± 90

113 ± 124

70 ± 42

117 ± 98

4.04E-04 ± 3.90E-04

3.90E-04 ± 3.65E-04

5.96E-04 ± 6.70E-04

1.00E-04 ± 9.91E-05

3.73E-04 ± 4.63E-04

1,190 ± 1,570

259 ± 348

277 ± 344

59.1 ± 84.1

449 ± 934

23.5 ± 35.6

6.43 ± 5.26

5.75 ± 6.24

1.24 ± 0.866

9.30 ± 14.0

5.76E-04 ± 4.32E-04

5.88E-04 ± 4.46E-04

1.48E-03 ± 1.60E-03

2.34E-04 ± 2.30E-04

7.18E-04 ± 9.75E-04

1,490 ± 1,740

372 ± 448

653 ± 857

138 ± 195

667 ± 1,123

35.6 ± 20.0

9.73 ± 5.86

14.6 ± 14.6

2.88 ± 2.00

15.8 ± 17.7

Ammonia Emissions
Concentration (g m-3)
-1

Emission Rate (g day )
-1

-1

Emission Factor (g day AU )

PM2.5 Emissions
Concentration (g m-3)
-1

Emission Rate (g day )
-1

-1

Emission Factor (g day AU )

PM10 Emissions
Concentration (g m-3)
-1

Emission Rate (g day )
-1

-1

Emission Factor (g day AU )
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5.5.4 Comparison to previous studies
This section compares the determined emission factors to the data that is available in previous
studies. The emission factors from the available literature are provided in Table 1 and Table 2,
however, many of these studies monitored broiler houses with built-up litter, or broiler houses that
were naturally ventilated, and it is expected that the emissions from these houses would be
significantly affected by these practices. Therefore, the emission factors determined from this
study were only compared to emission factors observed from broiler houses with similar practices.
Table 30 and Table 31 list emission factors from mechanically ventilated houses with fresh litter
for each cycle. Only studies conducted in the last 10 years were included for comparison.
The average ammonia emission factor was observed to be 117 ± 98 g day-1 AU-1. This number is
on the lower end of values in Table 30, which provides some evidence to the claim that the Agro
Clima Unit reduces ammonia emissions. Of the available literature, two of the broiler houses
studied were also located in Ontario (Roumeliotis & Van Heyst, 2010; Wood, 2015) and are
expected to have the most similar conditions and management style to the house in this study.
Since they are located in the same province, the broiler houses are subject to the same relative
climate, as well as regulatory practices, which may have a significant impact on emissions. The
ammonia emission factor obtained in this study is comparable to the emission factor reported by
Roumeliotis & Van Heyst (2010) (3% lower), but much lower than the emission factor report by
Wood (2015) (33% lower).
One difference in operating conditions between these studies that would be expected to have a
significant effect on the overall emissions is the age at which the house was depopulated. Based
on the emission graphs, most of the emissions will occur in the last part of the growth cycle. The
normalization by AU helps to offset the longer growth cycle due to increasing mass, but the effects
may not be entirely accounted for. Lower emissions are seen in this study despite the house being
depopulated 14 days later than in Roumeliotis & Van Heyst (2010) study, and 6 days later than in
Wood (2015) study. This provides stronger evidence that the Agro Clima Unit had the effect of
reducing ammonia emissions.
The average PM2.5 and PM10 emission factors were observed to be 9.30 ± 15.0 g day-1 AU-1 and
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15.8 ± 17.7 g day-1 AU-1, respectively. These emission factors are significantly higher than the
values in Table 31. Even after considering depopulation age, this comparison suggests that the
Agro Clima Unit does not reduce, and may even increase particulate emissions. The Agro Clima
Unit may be managing the moisture in the house extremely well and, under these drier minimum
ventilation conditions, more PM is generated. However, the comparison of the litter composition
(Section 5.4) conflicts with this theory, as it indicated that the Agro Clima Unit has no effect on
the moisture content of broiler house litter. Another possibility for the high particulate matter
concentrations is that lower ammonia concentrations had improved broiler health, increasing
physical activity. A direct relationship between animal activity and particulate matter emissions
has been demonstrated (Calvet, 2009).
One study conducted in the Netherlands observed an ammonia emission factor of 32 g day-1 AU-1
and concluded that the Agro Clima Unit does reduce ammonia emissions (Hensen et al., 2010),
supporting the findings of this study. No studies were available that assessed the impact of the
Agro Clima Unit on particulate matter emissions.
Table 30: Ammonia emission factors from broiler houses with new litter after each flock and that are
mechanically ventilated
Study

Geographic Region

Cycle duration

Emission factor

(days)

(g day-1 AU-1)

Hensen et al. (2010)

The Netherlands

40-45

32

Pereira (2017)

Portugal

42

64

Knížatová et al. (2010)

Slovakia

40

76

This study

Canada (ON)

48

117

Roumeliotis et al. (2010)

Canada (ON)

35

121

Lima et al. (2011)

Brazil

42-49

128

Wiedemann et al. (2016)

Australia

42

140

Mendes et al. (2014)

Brazil

43

158

Wood (2015)

Canada (ON)

42

175

Calvet et al. (2011)

Spain

48

224

Gates et al. (2008)

United States (KY)

40

299

86

Table 31: PM emission factors from broiler houses with new litter after each flock and that are
mechanically ventilated
Study

Geographic

Cycle duration

PM10 Emission

PM2.5 Emission

factor

factor

(days)

(g day-1 AU-1)

(g day-1 AU-1)

Region

Wood (2015)

Canada (ON)

42

4.2

2.4

Roumeliotis et al. (2010)

Canada (ON)

42

5.9

1.4

This study

Canada (ON)

48

15.8

9.3
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Chapter 6: Summary & Conclusions
The objective of this report was to quantify the emissions from a commercial broiler facility with
an Agro Clima Unit (ACU) heat exchanger ventilation system to determine the effect of the
ventilation system on aerial pollutant emissions. The pollutants studied were ammonia and sizedfractioned particulate matter (PM2.5 and PM10). A research trailer was used to house an analyzer
to collect data of these pollutants and other house parameters. A ventilation flow rate
characterization device called Fan Assessment Numeration System (FANS) was used to quantify
the flow rates from the ventilation fans and develop a ventilation profile for the facility. This data
was used to develop average emission factors produced from the facility over the course of four
production cycles.
The average emission factors for ammonia, PM2.5, and PM10 were found to be 117 ± 98 g day-1
AU-1, 9.30 ± 14.0 g day-1 AU-1, and 15.8 ± 17.7 g day-1 AU-1, respectively. The results show
standard deviations of the same order of magnitude of the measurements due to increasing
emissions as the production cycles progressed. Seasonal variations had a significant effect on
emissions for all the pollutants. Emissions for all pollutants were found to be highest in the summer,
despite low concentrations in the house, due to the high ventilation rates. During the Summer
production cycle, ammonia emissions were additionally impacted by an elevated house
temperature and relative humidity. The emissions for all pollutants were observed to be the lowest
and concentrations the highest during the cold weather production cycles due to concentration
build up indoors that resulted from decreased ventilation associated with cold ambient
temperatures.
To determine the effect of the ACU on emissions, the emission factors measured in this study were
compared to the emission factors in available literature. The ammonia emission factor was found
to be on the lower end of values found in available literature, which provides some evidence to the
claim that the ACU reduces ammonia emissions. The particulate matter emission factors were
much higher, however, than in previous studies, indicating that the ACU might be responsible for
increases in particulate matter emissions.
Both findings suggest that the Agro Clima Unit may be managing the moisture in the house very
well and, under these drier minimum ventilation conditions, less ammonia and more particulate
88

matter is being generated. However, in a comparison to a broiler barn with a typical ventilation
system, it was found that the litter moisture content was in the same magnitude, indicating that the
Agro Clima Unit had little effect on the moisture content of broiler house litter.
The data collected in this study was conflicting, and therefore inconclusive in determining the
effect of the Agro Clima Unit on air emissions from a broiler house. However, as there is very
limited literature on the impact of the Agro Clima Unit on broiler house emissions, this study is a
good addition to literature.
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Chapter 7: Recommendations
The data from this study represents the first direct measurement of pollutant emissions from a
broiler house with an ACU in North America, but more studies are needed to fully evaluate the
effect of the ACU on emissions. The following are recommendations for future studies:
•

In general, the emissions from additional animal production facilities with an ACU should be
quantified so an average emission factor for these facilities may be determined, taking into
account the differences of various geographic regions and management practices.

•

Ideally, the emissions from an animal house with an ACU should be measured and compared
against an identical animal house to determine the effect of the ACU on emissions. This may
be accomplished by conducting a study before an ACU is installed at an existing facility, and
once again after. Alternatively, a study could be conducted at a facility with multiple animal
houses, with at least one using an ACU and one that uses a typical ventilation system.

•

Further study should be conducted to assess whether the ACU manages the moisture in animal
houses well, leading to drier litter, as this is the mechanism by which the Agro Clima Unit is
most likely impacting emissions.
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Appendix A: Laboratory Litter Testing Results
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