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ABSTRACT

THE DEVELOPMENT OF E MISSION FACTORS FOR AMMONIA AND SIZE -
FRACTIONED PARTICULA TE MATTER FROM A CAG E-FREE LAYER FACILITY
IN WESTERN CANADA

Patrick Keith McGrath Advisor:
University of Guelph, 2019 Dr. Bill Van Heyst

The Canadian egg industry is currently facing an industry wide transitlaganbarn hen

housing style from conventional battesgge barns to cageee or enriched cage barns. This

transition in housing style, although aimed to improve hen welfare, has brought about concerns

for theindoorair quality and the environmental impact of these facilifl@sassess these

concerns, aesearch study was performed at a-ingeaviarylayerbarn in central

Saskatchewan, Canagzgeriodically spannindugust of 20180 May of 2010. This study

measured several barn parameters, meteorological conditions, hen details, and pollutant
concentrations to develop emission fac(@Bs, g AU, AUifiani mall uni t o whict
equivalent to 500 kg of live mgder ammonia (NH) and sizefractioned particulate matter

(PM2sand PMo).

The overall EFs fothis facility forammoniaPM:.s, andPMiowere13.91+ 16.04 16.27+

23.4Q and37.74+ 50.62g d! AU, respectivelyEFs were found to vary seasonally and

diurnally. The ventilation rate, litter conditions, relative humidity, and hen activity all had strong
impacts on the emissions from this facilifhe ammonia EFs from this facility were less than
those found from similar studies performed in Ontario, Canada on a conventionaltedgiery

barn and on a fremun aviary barn. The PM EFs from this study were greater than those found
from the same studies in Ontaridifferences in EFs between the faos wereattributed to

differences in housing styderelative humidity, and temperature.
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1. Introduction

The consumption of eggs in Canada increased to 21.1 dozen eggs consumed per capita in 2018
(Statistics Canada, 2019 ccording to Statistics Canada (2019), the Canadian egg industry also
exported $16.3 million worth of eggsdirgg products in 2018. To produce the eggs required for
consumption and export, theneed,143 registered egg farms spread across the country.
Approximately 90% of these barns house hens in conventional bettgeg Egg Farmersf

Canada, 2016)This housing style is highly efficient for egg production and management while
remaining very cost effectiy®uncan, 2001)

However, facilities that utilize these cages have faced much scrutiny fraamers and

animal researchers alike in regards to hen welfare. These concerns come from the lack of
mobility and movement that hens in them féicay et al., 2011)ln response to these concerns,
many big name restauranteurs in Canada pabécly commitied to sourcing exclusively cage

free or enriched cage eggs by as early as 288§ Farmers of Canada, 201Bpg Farmers of
Canada, which is the governing body for the Canadian egg industry, has responded to these
concerns an@romises by implementing a twenygar plan to transition all registered egg farms
away from conventional battery cages to alternative housing styles by 2036. Further details on

these housing styles are provided in Chapter 2 of this thesis.

Although thischange in barn style is being implementedmprove hen welfare, it has brought

about concerns for the air quality in these barns and their emissions. In particular, concerns over
the concentrations and emissions of ammoniazfMHd particulate mattePM) have been

brought forward. These two contaminants are present in and emitted from all layer facilities and
have been shown to be dependent on a variety of factors, incthdingusing styl€Liang et

al., 2005; Xinet al, 2012, David et al., 2015} his is concerning as ammonia, which is

designated as a Schedule 1 Toxic Substance by Environment Canada (2018), is a severe eye and
respiratory tract irritant of humans and hens afikandenberg & Miedema, 201 High

concentrdons of ammonia in poultry barns have been shown to increase the risk of disease in

hens and lower their egg producti@itz, Fairchild, & Lacy, 2004)The presence of ammonia



in the atmosphere has also shown to contribusentog formation through the production of

secondary aerosol sa(tsrupa, 2003; Renard, Calidonna, & Henley, 2004)

The presence of PM with an aerodynamic diameter less than 2.5 and 10 um, knoway as PM

and PMoy, respectively, is of significant concern to human health. PM of these sizes are small
enough to be transported deep into the lungs, which reduces respiratory tract function and causes
asthmalike symptomgValavanidis, Fiotakis, & Vlachogianna, 2008; Camhopezet al,

2010) Further details on the nature of and risks associated with these two contaminants is

provided in Chapter 2 of this thesis.

The primary concern relative to these contaminants and the transition away from conventional
battery cage haing styles is that the concentrations and emissions of them will both be

increased in these new facilities. These concerns are especially apparentrion freary style

barns, which are a common céagee barn desig(Xin et al., 2012)asthese typesf barns allow

hens free access to move about the inside of the barn. This allows for manure to be deposited and
accumul ate throughout the barn. From this, in
and disturb litter in the barns, the concembreg of ammonia and PM are likely to be higher in

these barns than in conventional battery cage lfarausg et al, 2005; Xin et al., 2012, David et

al., 2015).

To address these concerns, a four season study was performed atia &@ary layer barmi

central Saskatchewan, Canada. The study, which consisted of six sampling campaigns, was
performed to quantify the concentrations of ammonia and PM in the facility and to develop
seasonal emission factors. Different barn parameters and environmenttibosngéere

recorded throughout each study to develop the emissions factors and explain seasonal trends in
them. The results from this study were compared with those found from prior studies performed
on different layer barns. This allowed for conclusiobsu the differences in concentrations and

emissions of ammonia and PM between this study and others to be made.
1.1.Research objectives

The objectives of this research study are tliode: First, this study aiedto develop emission
factors for ammonia anglarticulate matter from a cade=e layer facility in central



Saskatchewan, Canada. This makievedhrough the completion of six sampling campaigns
performed over four seasons. During each campaign, a variety of sasystagis werset up

and utilizedto record thevariablesnecessary to develop emission factors. Campaigns were
performed over a variety of seasons to see how the emission factors fluctuated in response to

changing climatic and barn conditions that occurred throughout the year.

The second objective of this stuas to investigate these seasonal changes in emissions and to
explaintheir causes througnanalysis of the data collected and the application of findings in

literature from similar studies.

The final objective of thistudywas to compare the results from this study with those found in

literature to highlight and explain their similarities and differences.
1.2.Thesis outline

Following this outline, Chapter 2 of this thesis provides a literature review on several ksy topi
relative to this research project. A review on layer facilities and the three primary housing styles
used in them, which are conventional battery cage, enriched cage, afiteeageprovided

first. The descriptions of each housing style fesus key facility aspects such as manure
management practices, packing density, and hen welfare. Positive and negative aspects of each

housing style are described to allow for a complete understanding of each.

Next, a review of the key pollutants emitted frorpdleabarns, which are ammonia and PM, is
provided. This section describne nature of each pollutant in detail before explaining how they
are produced in layer barns, their potential effects on human and hen health, and their

environmental impacts.

A de<ription of how emission factors (EFs) are calculated and why they are used is then
outlined. This section also provila review @ other studies performed on layer barns that
guantified emissions of ammonia and PM. These studies are organized by management
practices and housing styles. Details on the facilities, measurement techniques, and study
durations are also provided to give context to the EFs found from each. Overall EFs found from

each study are presented.



The final section of Chapter 2 stgibes commonly utilized instrumentation that is used to
guantify ammonia and PM in poultry studies. Different techniques utilized to measaine in

ventilation rates at layer barasethen outlined to conclude the literature review of this thesis.

Chapter 3 describes the layer facility that was used for this project. This section outlines the

layout of the facility by describing its size, configuration, and management practices.

The methodology used for tldata collections provided in Chapter 4. Thsection describes

instruments utilized to quantify ammonia and PM concentrations in the barn and how each of

these instruments was set up. The methods used to obtain other measurements recorded during

this study, including the ventilation rate of theba, manur e and | i tter anal
computer recordings, and environmental conditions in the barn, are then described. This section
concludes by providing information on how emission factors were calculated and instruments

were kept in working mler throughout the project.

Chapter 5 provides the results obtained from this study. First, the results obtained from the barn
parameters in terms of bird mass and flock size, temperature and humidity, ventilation rates, and
manure and litter analysesatescribed. Next, the pollutant emissions of ammonia and

particulate matter are outlined. This section concludes with an emissions summary found from

this research.

Chapter 6 provides a comparison of pollutant emissions between the barn used inytlEadtud
the results from other studieBhis section describes similarities and differences between the
studiesthat could explain the observed trends in ammonia and PM emissions at each barn.

The final chapters of this thesis, being Chapter 7 and Chaptes\8de conclusions found from

this study and recommendations for future research and mitigation strategies, respectively.



2. Literature review

This section provideinformation on various areas that are pertinent to this research. Topics
discussed incde a description of layer facilities and the three primary housing stylesnty
in use. Details on the manure management practices used in these housirgestidesssed

along with the pros and cons of each housing style.

A review on the primaryollutants of concern from layer barns, being particulate matter and
ammonia, is then provided. This section includes information on the generation mechanisms,
physical and chemical characteristics, health imp@ctdens and humans al)kend

environmeral impacts of these pollutants.

Following this, a description of emission factors and how they were calculated for thissstudy
provided. This sectioalsoincludes a review on particulate matter and ammonia emission factors

from different styles of layer houses in different locations.

The final section of this literature revigwovidesbackground information on the various types
of instrumentation thaireused tagather the necessary data to calculate emission factors. This

includespollutant, environmental, and ventilation monitoring equipment.

2.1.Layer facilities styles

Egg production in Canada increased 3.0% and 3.1% in 2016 and 2017, respEtintesttycs
Canada, 2018)f this trend continues, the construction of new layer facilities will be necessary
to keep up with demand. There are currently over 1000 egg production facilities dispersed
throughout the country and they aver@ge225 hens per floggAgriculture and AgrFood

Canada, 2018Properly housing this large number of live animals for up to a full year requires a
well designed and operated layer facility. According to Egg Farmers of C&Gi&),(90% of

these facilities in Canada use conventional battery cages while the other 10% have alternative
housing systems. The following sections describe these different barn styles in detail.



2.1.1. Conventional battery cage facilities

The majority of egg production in Canada and the US#erformedwith conventional battery
cageqTactataret al, 2009) These facilities are often composed of rows of cages that are
stacked on top of each other to maximize usage of available spaceagadypically houses 4
6 birds and it is recommended that they offer a minimum of58%cnf of space per hen
(United Egg Producers, 2017here are two main types of battery cage barns and they are
distinguished by their anure removal and storage systems. Higa (HR) facilities, which
represent approximately 70% of all battery cage facilities in the United States, are typically
composed of two flooréXin et al, 2011) The upper floor houses the hens in rows of cages
while the lower floor provides an area for manure deposition and st@@agenet al, 2007).
Wire grate or slats often separate the two floors. This allows maniaié éasily from the top

floor onto the bottom floor.

Ventilation systems in these fatigs are designed to bring airflow throughout the hen area to
convectively cool the birds and then down through the floor and over the manure storage area.
This allows for surface level manure drying to occur which inhibits fékmation(Xin et al,

201]). Many HR facilities also utilize mixing fans in the manure storage area to increase the
degree of manure drying by circulating air over the manure surface even more. Manure is
typically removed from these facilities once per y@&arker, 1996)A cross sectional schematic

of a HR layer facility is shown iRigurel (Lianget al, 2005).
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Figure 1: Cross section of a conventional highise battery-cage layer barn schemati¢Adapted from Liang et
al., 2005)



Manure belt (MB) layer barns are composed of rows of stacked cages similar to those in HR
barns, but they doat allow manure té-all to a lower level. Instead, MB houses have belts under
each row of cages that collect manure. These belts, typically ran one to seven times a week, carry
thedepositednanure to one end of the barn where it can be colléctadg etal., 2005).After

it has been collected, the manure is transported to a storage facility on or off site. The manure on
the belts is dried by the existing air currents in the barn or it is dried through the implementation

of additional fans. MB systems are typicall}% more expensive than HR ones, however they

are less labor intensive when it comes to manure renpgirakt al, 2011).

Another benefit of MB faclilities is that they generally have better indoor air quality than HR
barns. This is particularly apparent NHs and dus{Greenet al, 2007).Liang et. al (2005)

found NH emissions to be roughly 10 times higher from HR barns than MB barns. This was
primarily becaus®&lHz emissiondrom a HR barn include those from manure storage, whereas
those from a MB baronly account for the Niemitted from the manure before it is transported
out of the barn. The separate manure storage and handling for MB barns does still gtmit NH
the atmosphere; however, MEMissions on a per hen basis are still lower for MB bidnaus in

HR barns even with including pelsarn manure storadei H. , 2006) A schematic of a MB

barn is shown below iRigure2 (Lianget al, 2005).

Manure bel E | H-E 0 Ea Eu E_Hu H 2 cages

Figure 2: Cross section of a manure belt battencage layer barn schemati¢Adapted from Liang et al., 2005)

Whether a HR or MB design, conventional battery cage barns have many advantages. These
types of barns keep hens separate from their manure, which improves hygiene and reduces risk
of infection from bacteria or viruses that are spread through dropfirgean, 2001)Keeping

hens separate from their manure has also shown to lessen the frequency of footpad dermatitis, a

condition that can lead to lameness and infedfiay et al., 2011).

These types of cages also reduce thewarmof contact that occurs between birds by keeping
them in small groups. This is beneficial for the health of the hens as it decreases the likelihood of



spreading disease or pests, such as mites, between th@_bkdsos & Alexieva, 2013;

Duncan, 2001)Keeping hens in small groups has also shown to decrease the amount of stress
that birds face. This prevents aggression amongst the birds, which limits the risk of feather
pecking and cannibalistansen, 1976)

Housing hens in battery cages provides economic advantages as well. On top of reduced costs
associated to health related issues, hens housed in battery cages have also shown to have high
feedconversiorratios and egg productiagates(Usturoi et al., 2010)A high feed consumption

ratio allows for more eggs to be produced with fewer feed inputs, thus reducing the costs to
produce eggs. Battery cage baaishave less energy requirements than other barn styles
(Dekkeret al, 2011).This is primarily because conventional battery cages have lower ventilation
requirements than other barn styles. The simplicity and cleanliness of battery cage systems also

require low amounts of labour, whi@lrtherreduces costs.

Despite their rany advantages, many studies have shown that battery cages can be negative for
hen welfargLay et al., 2011; Duncan, 2001; Lukanov & Alexieva, 20T3)e negative impacts

on hen welfare from these types of cages are primarily due to the confinemertkapitsizace

which leads to restrictions in movemeimindprevents hens from performing natural activities,

such as dust bathing and wing flapp{iMan Horne & Achterbosch, 2008)

2.1.2. Enriched Cage facilities

Enriched cage faciliéis are designed to combine the advantages found in battery cage barns

while also addressing issues concerning hen welfare. These types of cages contain the necessary
space and furnishings, such as a perch, a nest,surdtah padto allow hens to perfar natural
behaviours that promote their wkking(Van Horne & Achterbosch, 2008)hese cages are

often categorized into small, medium, or large cages that hel@ 10530, or 3060 birds/cage,
respectively(Farm Animal Welfare Council, 2007)

2.1.3. Cagefree facilities
A common type of cag&ee layer facility that is being implemented in Canada is arfriee

aviary style barn. These barns house hens in large pens that haveenadtrows with opn

aisle floors between the rows. The rows in these barns, as shé&wguia3 (Xin et al, 2012)



house various welfare oriented features that inche$ting boxes and perching areas.
Automated feed and water delivery systems are also located throughout these rows and are

controlled to optimize production of the birds.
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Figure 3: Cross section of an aviary style freeun barn schematic(Xin et al., 2012)

Manure collection in these types of barns is similar to that done in many conventional cage
facilities. It is often performed through the use of marelés that are found in the muttered

rows. The manure belts are located under wire grates or slatted floors that allow manure to pass
through them so it can be deposited on the belt itself. The operating schedule of manure belts
varies from facility 6 facility, however it is common for belts tontwo times a weekLi H. ,

2006)

Ventilation systems used in freen aviary style barns are also similar to those utilized in a
conventional cage barn. These facilities oftame mechanically controlled ventilation systems

that are typically in a crodtow set up, with fans on either side of the barns, or a tunnel

ventilation set up, with fans located at one end of the barn. Both ventilation systems draw fresh
air into the ben through baffles located throughout the barn. Ventilation rates in-auindgarn

are often lower than those found in conventional cage facilities. This is due to the fact that free
run barns have lower stocking densities than conventional cage baisiseduces the amount

of body heat that is released into the barn from the birds, thus reducing the amount of ventilation

required to keep barn temperatures cool enough for the(Bitotecan, 2001)

Hens in freerun aviary bans have access to move freely throughout the tiers and aisles in the

barn. This allows them to perform natural behaviors such as wing flapping, dust bathing, and
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socializing(Duncan, 2001)However, it also allows the hensdeposit manure throughout the

barn. This is most notable in the open aisle floors of the barn, which often accumulate manure
for the duration of the production cycle. In the beginning of the production cycle, the litter found
on the floor of the barn is ®n composed of bedding material, such as wood chipsopped

straw Throughout the production cycle, manure gets deposited on these floors and dries out to
become a grainy, sand like substance that mixes with the bedding to forifZhteret al.,

2015; Groot Koerkamp, 1994y lanagement of this litter is important for maintaining desirable

air quality in the barigGreenet al, 2007).

2.2.Aerial pollutants from poultry houses

Poultry production facilities, whether for meat or eggs, are emitters of aerial polijvitous,
Cowherd, & Van Heyst, 2015The two most notable pollutants emitted from poultry operations
are ammonia and particulate mattemissions of these pollutants vary greatly between barn
style, location, management practices, and metrological cond{iMorgan, Wood, & Van

Heyst, 2014)To understand why and how these factors influence ammonia andlpsgticu

matter emissions, the contaminants themselves and how they are produced in a poultry setting

must be understood.

2.2.1. Ammonia

Ammonia (NH) is a colourless alkaline gas with a pungent odour that is detectable by humans at
concentrations as low as 2.6 pp&meets et al., 2007Ammonia is found naturally in air, soil,

and water but it is also produced through biological and chemical processes. Environment and
Climate Change CanadaCCC,2019) found that the agricultural sector, specifically in

livestock faming, crop production, and fertilizer application, accounted for 94% of national

ammonia emissions in 2017.

In poultry facilities, ammonia is produced through microbial degradation processes that occur to
the nitrogen containing compounds found in theuamna of the heng/andenberg & Miedema,

2017) Specifically, it is uric acid and undigested proteins imtla@ureof the birds that undergo

the chemical reactions yoduceammonia. Uric acid (€44N4Oz3), which contains

approximately 80% of the nitrogen found poultry manure is converted into urea (GN2O)
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through a hydrolysis process that is facilitated by the bacterial enzyme, uricase, as shown below
(Rothrocket al, 2010; Davickt al, 2015)..

o0 Ovu v Oov EU Ju ¢cou Ov oOuv v

The urea produced in this reaction undergoes further chemical transformation through bacterial
enzymes, including urease. This process produces ammonia and carbon dioxide, as shown below
(Rothrocket al, 2010).

000 0 O0 wu O 00

The ammonia produced from this second reaction can volatilize into the air through convective
mass transfer, creating gaseous ammonia. This can increase the ammonia concentration in the
barn, thus increasing the ammonmigsions. Both of these reactions contain water as a reactant,
therefore reducing the amount of moisture found in the manure can limit these reactions from

occurring and reduce ammonia productibavid et al, 2015).

Ammonia in poultry barns can also peduced from the presence of ammoriNniNH4™-N) in
the poultry manure or litter. This is done through a pH and temperature dependent equilibrium

reaction between ammonia and ammonirthat is shown below.
00 O0OP 0O O

This reaction favors the pduction of ammonia as pH, temperature, and ammaoium
concentration increag®leisinger & Jokela, 2000 he rate of ammonia volatilization from this
equilibrium reaction and from microbial degradation processes is a funttibe difference in
ammonia concentration in the manure versus the concentration in (baweer, Bouldin, &
Klausner, 1976)The total surface area of the manure and litter in a poultry barn is also an
important factor inhe amount of ammonia volatilization that occurs. This is because a greater
surface area of manure and litter provides more opportunities for convective mass transfer to

occur between the litter and the @iauer, Bouldin, & Klausne 1976)
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Once it has volatilized into the air, gaseous ammonia can have negative impacts on human
health. Gaseous ammonia, designated@shadule IToxic Substance by Environment and

Climate Change Canada (2019), is a highly soluble compoundahatasily condense in the

eyes, skin, nose, mouth, and airways of those who come into contact with it. Short term exposure
at high concentrations can lead to irritation and chemical burns to these areas while chronic
exposure caimcrease the risk of resptory irritation, cough, wheezing, tightness in the chest,

and impaired lung functiofUS EPA, 2013)The Canadian Centre for Occupational Health and
Safety (CCOHS) (2017) set the threshold limit value timegghted averageof ammonia at 25

ppm. This implies that one can be exposed to an ammonia concentration of 25 ppm for up to 10
hours straight, or 40 hours in a week, without any adverse health effects. The short term
exposure limit for ammonia, which refers to the con@giun that workers can be exposed to for

15 minutes or less without harmful effects, is 35 g@anadian Centre for Occupational Health

and Safety, 2017)

Ammonia has also been shown to have negative impacts on hen healtbcudiyty. Birds

that face prolonged exposure to ammonia at a concentration of 20 ppm have shown increased
risk of disease susceptibility and respiratory tract dam{®&je, Fairchild, & Lacy, 2004)

Chickens exposed to hidevels of ammonia have also shown to have reduced feed intake and
weight losgDeatonet al, 1974).These impacts on hen health can lead to reductions in egg
production and qualityRitz, Fairchild, & Lacy, 2004)

The impats of ammonia extend past those suffered by humans and chickens, as ammonia has
significant environmental impacts as well. Asman et al. (1998) estimated that annual ammonia
emissions from poultry production, for both meat and eggs, was 1.9 million t@mas emitted

to the atmosphere, ammonia can react with existing acidic compounds, such as nitric and
sulphuric acid, to create aerosolized ammonium particles. These particles, known as secondary
inorganicaerosolgSIAs), can settle out of the atmosphere and impacipsgistream acidity,

and forest productivityGalloway & Cowling, 2002)Ammonium particles can also contribute to
the formation of smog and acid rglkrupa, 2003; Renard, Calidonna, & Henley, 2004; Matson ,
Lohse, & Hall, 2002)The deposition of ammonium particles and condensation of gaseous

ammonia into water bodies can also cause increasedgptamih by increasing the amount o
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available nitrogen. This can lead to eutrophication and algal blooms, which can both be

detrimental to aquatic life and vegetatidmatson , Lohse, & Hall, 2002)

2.2.2. Particulate Matter

Particulate matter (PM) are small airbopwagticles that can have different physical and chemical
properties and come from a variety of different sources. PM can be primary, meaning that it
comes directly from a source, or seconddny was created through chemical reactions in the
atmospherg¢US EPA, 2004)

PM is also categorizeul its size, specifically bystaerodynamic diameter. Since PM can range
in shape, aerodynamic diameters are used to group PM into different size fractions. The
aerodynamic diameter afparticle represents the diameter of a sphere with a densityan? g
which settles in still air at the same velocity as the particle in quédSGoodfellow & Tahti,

2001) Environment and Climate Change Canada (2013yosizes PM into three size fractions.
They are total PM (TPM), PN, and PMs. The three size fractions have aerodynamic diameters
less than 100 um, 10 um, and 29, respectively. The latter two size fractions are of greatest

concern in poultry operatisfrom a human and bird health perspective

PM in poultry operations is made up of a variety of different materials that includes feathers,
dandermanurelitter, and feedDonham, Cumro, & Reynolds, 2002)his PM can alsbe
biologically active as it often contains microorganigviggas et al., 2013 oncentrations of

PM in poultry barns fluctuate significantbn diurnal and seasonaine scalesDiurnal

fluctuations are attributed to bird movement and barn activityy asgleghts turning on and off

PM concentrations are typically higher during hours of illumination and lower during periods of
darknesgLi et al, 2013; Morgan, Wood, & Van Heyst, 2014; Andersoal, 2018).0n a

seasonal basis, higher PM concentratiare often observed during théenter months when
ventilation rates and relative humidity in barns are (binet al., 2013; Mostafa & Buescher,

2011).

Barn style has also shown to have a significant impact on PM emissionsir&@agtyle barns
where has have access to open litter floors often have higher PM concentrations and emissions
than in caged barr{haoet al, 2015; Andersoet al, 2018)Thi s i s attri buted

t
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ability to move freely about the barn and disturb litter which can break up into small particles

that become entrained into the barn air.

Once PM has been entrained into the barn air, it poses a significant health risk to those who
come into contact witkt. This includes those who are in the barn and those who may come into
contact with the PM emissions from the barn. The primary pathway for which PM can negatively
effect human health is through inhalati@nvironment and Climat€hange Canada, 2013)

PMy and PM s are small enough that they can be easily transported into the airways of humans.
This can lead to issues such as severe cough, dyspnea, and bronchial ifd&tiPA, 1996)
Studiedby Iversen et al. (1999) and Hartung and Schulz (2008) performed on poultry sector
workers have shown that chronic exposure to PM in poultry barns has lead to increased
incidences of asthma, chronic obstructive pulmonary dig€3ED) and organic dust xicity

syndrome.

Health risks from PM exposure are especially apparent forsiMalation. This is because PM

of this size fraction is so minute that it can be transported deep into the lungs and interfere with
oxygen exchange of lung alve{\ialavanadis, Fiotakis, & Vlachogianni, 2008his can lead to
cardiovascular issues and increases in premature mo(eatwyronment and Climate Change
Canada, 2013)

The health impacts of PM aretronited to humans as it can also negativaffgct the health of

hens in a barn. As with humans, hens are most severely impacted by PM through inhalation. PM
can deposit deep in the lungs of hens causing respiratory diseases and increased incidences of
mortality (Maghirang, Manbeck, Roush, & Muir, 1991; Kocaman, Esenbuga, Yildiz, Lacin, &
Macit, 2006)anddecreasgin growth and production of heifslaghiranget al, 1991;Tan &

Zhang, 2004).

PM emissions also have the capability to damage ecological systems. PM can have a significant
impact on many types of vegetation. These impacts vary based on plant type and chemical
composition of the PM, however decreased radiation absorption, redudedypttioesis, and
increases in leaf temperature are common occurrences to plants that face PM déoaitian
Garner, & Johnson, 2003; Environment and Climate Change Canada, PB&nissions are

also a concern taquatic systems as they caifectwater clarity and aciditgEnvironment and

Climate Change Canada, 2013)
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2.3.Emission Factors from poultry facilities

Emissions of pollutants from poultry facilities can vary significantly fimme facility to another
based on a variety of factors that include, but are not limited to, housing style, manure
management practices, stocking density, ventilation style, and geographic |¢Ga&enet al,
2007; Morgaret al, 2014; Woockt al, 2015). Due to this variability, it is difficult to draw
conclusions from comparing emissions between facilities based on absolute emission rates.
Thereforenormalizedemission factors (EFs) are used for comparisons between facilities as

opposed to emissiortes.

EFs relate a quantity of pollutant released to the atmosphere to an activity level associated with
the release of that pollutaS EPA, 2014)For livestock operations, an activity level of one
animal unit (AU, 500 kgf live animal mass) is typically used for EF calculatiReumeliotis,

Dixon, & Van Heyst, 2010}rom using this activity level, emissions can be compared between

layer facilities despite being different in style and gz&ulkrer & Shaw, 2008)

The EFs for ammonia from poultry operatioB${+s; g day* AU™?) are calculated slightly
di fferent than those for PM as they must acco
to a mass concentration (g3n This adjustment is included in the equation for ammonia EFs
and the resulting equation shown beliood, Cowherd, & Van Heyst, 2015)
0 \?Y 6 60 umEo
0 oY

Ca

00

Qs the total exhaust ventilatioate of the facility (mday?)
P is the barometric pressure (Pa)

My is the molecular weight of N&{g mol?)

T is the indoor temperatur&)

l

1

1

1 Ris the universal gas constant (Pamolt K1)

1

1 Mis the total mass of livingirds in the house (kg)
1

Ci is the indoor concentration of ammonia (ppm)
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1 Cois the ambient concentration of ammonia (ppm)

The calculation to determine EFs of PEFewv; g day' AU™) is outlined below (Wood,
Cowherd, & Van Heyst, 2015)
06 6 vmTaAQ

00 o —
U oY

Where:

Qs the total exhaust ventilation rate of the facility? gay?)
M is the total mass of livingirds in the house (kg)

Ci is the indoor concentration 8M (g n°)

= =4 4 =4

Co is the ambient concentration of Riyin)

The resultgrom this study were used to develop EFs for three pollutants; Ri¥b 5, and PMo.

2.4.Summary of previous NH and PM studies for layer barns

Tablel andTable 2 outline various studies performed on layer barns to quantify PM and
ammoniaEFs, respectively. Key aspects of each samypresentemcluding their location,
manure management practices, ventilation style, ventilation measurement technique,
contaminant measurement technique, the duration of the study, and the overall EE. &k EF
provided on an AU basis to allow for relative comparisons between the facilities.

Studies in each table are grouped into conventional cage(bedigey or cagéree facilities as

well. This was done to clearly illustrate differences in EFs betweztwo different housing

styles. More studies were found to be performed on conventional cage facilities thdreeage
ones. This is reflective of the large portion of conventional cage facilities that are present in the

egg industry

From looking at te conventional cage facility EFsTrablel, it is clear that the facilities with

high-rise manure storage have greateriPéMissions than those thdtlize manure belts. Most
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PM2sEFs for the highrise facilities were greater than those with manure belts, except those

found by Li et al., (2013) which were the lowest P\NEFs of all studies in this review.

The PMo EFs found for the cagieee facilites were greater than all of those found for the
conventional cage barns. This was likely caused by the additionalgeleration that occurred

from disturbances of the open litter floor found in the efage facilities. The PMs EF from Lin

et al., (2@7) was the highest found for all studies, whereas that by Hayes et al., (2013) was more

typical to the results found from the conventional cage facilities.

The differences between the studies performed in similar housing styles imply that PM EFs from
layer barns vary based on more factors than housing style alone.

The ammonia EFs ifable 2 also show variations between manure management practices for
conventional cage facilities. The ammonia EFs from the conventional cage facilities with high

rise manure storage were greater than those that utilized manure belts. This trend was expected
as he highrise facilities allow for significantly more opportunity for ammonia generation to

occur as the manure is stored directly beneath the cages of the hens for prolonged periods of time
(up to 1 full yeay. This would allow for further microbial degration of the uric acid found in

manure to occur, thus producing more ammonia and increasing emi{&det al, 2015).

The cagdree facilities were found to have ammonia EFs between the converdayes with
manure belts and those with highe manure storage. The ammonia EFs were likely greater in
the cagdree facilities than the conventional cages with manure belts due to the additional
ammonia generation and volatilization that occurred omples litter floor of the cagiree
facilities. This additional ammonia production was likely less than that which occurred in the

conventional cage barns with higise manure storage thus resulting in lower EFs.
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Table 1: Review d PM monitoring studies in different laying houses. Findings presented for emissions from conventional cage and cége facilities.

Manure o o PM .
. Ventilation Ventilation measurement Duration PM EF
Study Location management/removal . measurement AT -Na
Style technique . of study (g d*AUD
frequency technique
Conventional cage facilities PM2s PMio
Lim et al. (2003) USA (IN) High-rise/ 1 year MV ¢ Fan status TEOM¢ 6 days 1.10 16.00
Fabbri et al. Lo Fan status & RPM .
(2007) Italy High-rise/ 1 year MV sensor GF & optical 1 year 4.73 16.00
Fabbri et al. Fan status & RPM :
(2007} Italy Manure belt/ 24 d MV sensor GF & optical 1 year 1.45 4.44
Lin et al. (2012) USA (CA) High-rise/ 6 months MV FANS TEOgﬂag‘eBeta 2 years 2.1+45 10.5+9.1
. L Current switches & TEOM & Beta 0.14 +
Li et al. (2013) USA (NC) High-rise/ 1 year MV RPM sensor gage 2 years 0.25 6.67+ 2.81
+
Mozggg 4e)t al. Canada (ON) Manure belt/ twice a wee MV FANS & Balometer Optical 1 year 11122‘ 2.55+2.10
Cagefree facilities
Hayes et al. (2013  USA (1A) Manure belt/ twice a wee MV FANS TEOM 19 months 2.1+1.7 295+11
Lin et al. (2017) USA (CA) Manure belt/ twice a wee MV FANS TEOg/IagLeBeta 1 year 55+38 47.2+17.9
& uncertainty of one standard deviation provided if available.
b: adapted from Li et al. (2009).
< MV refers to fimechanically ventilatedo.
¢ TEOM refers to fitapered el ement oscillating microbal anceo.
& GF refers to figravimetric filtero.
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Table 2: Review of ammonia monitoring studies in different laying houses. Findings presented for emissions from conventional andesige facilities
(adapted from Wood et al. (2015)).

Stud Location Manure management/removal  Ventilation Ventilation NH3z measurement Duration of NHs EF
y frequency Style measurement technique technique study (g d?AUY)?
Conventional cage facilities
FANS, static pressure Chemiluminescent
Heber et al(2005) USA (IN) High-rise/1 year MV sensors & impeller analvzer 15 months 278 £ 34
anemometers y
Electrochemical 2 days/weelevery
Liang et al (2005) USA (IA) Manure belt/ daily MV CO; balance sensor 1-2 weeks for a 17615
year
Liang et al (2005)  USA (PA) Manure belt/ twice a week MV CO, balance Electrochemical - 2 days/i3weeksfor 5 g, 5 g
sensor a year
. S Static pressure sensor, fa .
Lin et al (2012) USA (CA) High-rise/6 months MV RPM sensors, & FANS Photoacoustic 2 years 287 £ 20
. USA (NC) N Static pressure sensor, fa . +
WangLi et al. (2013) (house 3) High-rise/ 1 year MV RPM sensor, & FANS Photoacoustic 26 months 197 + 66
. USA (NC) . . Static pressure sensor, fa . +
WanglLi et al. (2013) (house 4) High-rise/ 1 year MV RPM sensor, & FANS Photoacoustic 26 months 197 £ 82
Morgan et al(2014) Canada Manure belt/ twice a week MV FANS & Balometer Chemiluminescent 1 year 19.5+ 20
(ON) analyzer
Cagefree facilities
Hayes et al(2013) USA (1A) Manure belt/ twice a week MV FANS Photoacoustic 18 months 41 + 23
Lin et al (2017p USA (CA) Manurebelt/ twice a week MV FANS Photoacoustic 1 year 83.3+67

& uncertainty of one standard deviation is provided.

b: added to tabladapted from Wood et gR015)
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2.5.Monitoring Instrumentation

As shown byTablel andTable 2, a variety of differenmeasurement techniques can be used for
guantifying PM and ammonia emissions in layer barns. This section augtines of these
techniques and also discasslifferent methods for monitoring environmental conditions and

ventilation ratesn layer barns.

2.5.1. Ammonia

The reliable quantification of ammonia concentrations on a prolonged continuous basis in
concentrated animal feeding operations (CAFOSs), such as layer barns, is a difficult task. The
primary challenges with performing this task are the harshienafuair found in these facilities,
the high cost of precise measuring equipment, and variability in climatic condiXionst al.,
2002).

One technology that has been developed to address these issues is the electrochemical (EC)
sensor. These devichave been shown to provide reasonable measurements of ammonia when
calibrated and operated propefWilhelm, 1999) EC monitors are also much more affordable
and portable than many other ammonia monitoring technol@gieSulloch & Shendrikar,

2000; Harris et al., 2001).

Most EF sensors operate by a gas diffusion cell approach where the gas in question diffuses
through a permeable membrgdeet al., 2007)Once through the membrane, ammonia can be
detected by amperometrigytentiometric, or colorimetric methodologi€&mmer, Olthuis, &

van den Berg, 2005)

The studies performed by Liang et al., (2005) outlinetdle 2 used EC sensors-@0ppm, *
3ppm, PAC Il H, Draeger Safety Inc., Pittsburgh, Pa.) to measure ammonia concentrations in
layer barns. These studies illustrated one of the drawbacks of EC sendwasthey can

quickly becone saturated with ammonia in high concentration environn{@atteset al, 2005).

To combat this from occurring, regular purging of the sensors with outside air was required to

strip accumulated ammonia from the sengbiang et al., 2005)The result othis regular
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purging was a 30 min measurement cycle of 24 min of purging with 6 min of measurements.
This ensured that the sensors were measuring ammonia accurately, however it reduced the
amount of data collection that could occur. This regular purgif@Co$ensors in poultry barn
research applications adds significant maintenance and care requirements for the effective

operation of these devic€Sates et al., 2005).

Another technology that has been and continues to be used throughout poultry studies that
measure ammonia concentrations is the photoacoustic an@lyaed, Cowherd, & Van Heyst,
2015) These devices are verified by the US BB#vironmental Technology Verification (ETV)
Program for suitable use in measuring ammonia in CARISSEPA, 2007)

Photoacoustic analyzers operate through spectrophotometry. These devices irradiate gas samples
which then causs the release of light of varying wavelengths based on the chemical species
present in the gas sample. These wavelengths are converted into acoustic signals that are
detected by a microphone and digitized into concentration rea@Wwsdet al, 2015).These

devices can measure multiple gas species concentrations simultaneously, which makes them very
practical for studies which look to quantify concentrations of multiple compdbhds Heber,

2008)

The third measurement tatique for ammonia used in the studies reviewelabie 2 is the
chemiluminescence analyzer. This technology, similar to the photoacoustic analyzer, is verified

by the US EPA ETV Program for monitoring ammonia in CAFQS EPA 2007) The Thermo
ElectronCorp1®CL Chemi |l umi nescence Analyzer (A17C0) i
chemiluminescence analyzer that has been tested by the US EPA ETV Program and determined

to be reliable to quantify ammonia concentrations in CAFOsitbreaéd properly.

The 17C measusammonia indirectly through a series of chemical reactions and mathematical
relationships. A flow schematic of this device is showRigure4. As visible, the 17C has three
flow paths from the converter module to the analyzer module. The three pathways from top to
bottom are the NO, NONO + NO), and the N(NO + NGO+ NH3) channels. The NO channel
draws sample air ithrough a capillary and ammonia scrubber then into a reaction chamber. The

ammonia scrubber removes all ammonia present in the gas stream of that channel.
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The NG pathway is similar to the NO pathway except that it brings sample air through a
molybdenunconverter prior to entering the reaction chamber. This converter is maintained at a
temperature of 325;tocongeniito NQ. The sammetas is tivan brough O

to the reaction chamber.

The N pathway has a stainless steel convert¢rine converter, kept at
ammonia and N&@into NO. The outflow of the stainless steel converter then passes through an

ammonia scrubber to remove any ammonia that was not converted to NO prior to entering the

reaction chamber.
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Figure 4: Flow schematic for 17C Chemiluminescence Analyzd€ihermo Electron Corporation, 2004)

Once in the reaction chamber, the sample from each pathway undergoes the same reaction,

which is shown below:
OO0 0O © 00 0 W

NO that enters the reaction chamber reacts with ozog)dh{al is produced by the ozone
generator found in the analyzer module. This reaction producesHiglan(d the intensity of the
light produced igroportional to the amoutf NO present. The luminescence produced by the

reaction is theuwligitized bya photomultiplier tube (PMT) to produce concentration readings for

75
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the respective pathways. The relationships between these signals and how the ammonia

concentration is determéd are shown below.

00 00 0O

b 00 00

The 17C has many advantages that include its high level of accuracy and extended range of
coverage for ammonia concentration readings, whichli@dppm (Thermo Electron

Corporation, 2004)This device is also not affected by £& water vapor interferencasis the

case fophotoacoustic analyzersincethe detection mechanisms in the 17C for ammonia are not
influenced by the presence of €é&nhd water vapou(Ni & Heber, 2008) The 17C also does not
become saturated with ammonia like EC sensors, which makes it a desirable choice for extended

continuous sampling.

One disadvantage of this device is its price, which is higher than athmonia measurement
techniques presenté@/ood, Cowherd, & Van Heyst, 2015)he 17C also lacks portability and
requires regular calibrations that utilize a series of compresdibtdationgases that need to be

connected tohe analyzer under proper conditions.
2.5.2. Particulate matter

As with ammonia measurements in layer barns, the reliable quantification of PM concentrations
in these settings is a formidable undertaking. This task is made even more difficult by the aim to
guantify PM emissions by size fraction. OutlinedTiablel are eight studies that were

performed on layer barns to estimate2nd PMo EFs.

The most ommon measurement technique used in these studies was the tapered element
oscillating microbalance (TEOM). A schematic of one of these devices is shéugune5.

This technology collects dust on a filter which is affixed to an oscillating element that has a
known oscillation frequency. As particulates accumulate on the filer, the oscillation frequency of
the element changes due to increases in maggedilter. The change in frequency is used to
determine the mass of particulates accumulated while the volumetric flow through the instrument

is monitored at the same tinilBhermo Scientific, 2008)These parameters are thesed to
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calcul ate the concentration of particul ates b
incoming sample air to 50 to reduce condens
(Thermo Scientific, 2008)TEOMs arealso equipped with preeparator inlets that are suitable

for measuring total suspended particles (TSP); £&hd PMo (Heber et al., 2005).

Flow —3= -f— Flow
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o Heated air inlet
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Filter cartridge :l
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feedback system
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Figure 5: Schematic of a TEOM utilized for determining particulate matter concentration.

Another technology that was used by the studies outlin8ddtion2.3for PM measurement
was a beta gage. These devices utilize the radiometric principle of beta attenuation to record
continuous measurements of aerosols in near realTiheemo Scientific, 2010)

The beta ray sources in these devices are typit@yn or'‘C. The beta rays that are released

by the beta source travel through a filter tape that is housed inside the instfTineento

Scientiic, 2010) The sample air that is drawn through the beta gage passes directly through the
filter tape. The amount of beta attenuation that occurs from the collected particles on the filter
tape is correlated to a mass concentration regdiakahashi, Minoura, & Sakamoto, 2008)

These devices can utilize size selective inlets to measure a particular size fraction of PM or they

can estimate the concentration of multiple size fractions of a sample using algorithms
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implemented ¥ their processing computefBhermo Scientific, 2010; Takahashi, Minoura, &
Sakamoto, 2008)

Gravimetric filtration (GF), which was used in both studies by Fabbri et al., (2007), is one of the
early methods used to quidy PM emissions from livestock buildings. The principle of this

method is that sample air is pumped across -aveighed filter at a known flow rate. The

resultant change in mass of the filter from particle accumulation over a given period of time is
used in conjunction with the flow rate to determine an average mass concentration reading. This
technology does not allow for continuous measurements which is one of the reasons why it is not
used as frequently anyma(la et al, 2009).These devices are also likely to lose particulate

mass from filter handling prior to determine the mass change of the filter which could
underestimate PM concentratigi@ambralopezet al, 2010).

The final PM measurement technique to be discussed aptloal method. The are various

types of optical PM monitoring instruments, howeweany of them operate under the same
general principles. These devices measure mass concentrations of particles in sample air as a
function of light scattering that ocufrom particles in the sample é&ambralLopezet al,

2010).A light source in these devices passes through the sample air stream and the amount of
light scattering that occurs is detected by a photodetector which corresponds that reading to a

concentation readind TSI Incorporated, 2007)

The relationship between the amount of light scattering measured and PM concentrations read by
the instrument is dependent on the nature of the PM being measured. For this reaseati@corr
factor or PM specific calibration is often required to account for differences between the PM in
guestion and the dust used to calibrate the instru@vorganet al, 2014).

These instruments can often detect multiple size fractions at the saeneottinuously which
makes them desirable for studies that wish to quantify emissions of different PM size fractions
simultaneously. These devices are also often more portable than the other technologies described

which makes them ideal for use in a lagarn.
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A drawback to these devices when used in poultry settings for continuous monitoring is that they
require regular cleaning and calibration. To complete these procedures, the devices must be

temporarily taken out of use which can lead to periodis gapata collection.
2.5.3. Ventilation

In addition to measuring contaminant concentrations, measuring the ventilation rate of a layer
facility is crucial to develop EFs. Thmameplateflow rate of fans utilized in CAFOs is often

very different from that whiclctually occurs due to belt wearing, dust build up, changes in
static pressure, and age of f§d# et al., 2002; Casey et al., 2008he recording of irsitu
ventilation is a difficult task and as shawTablel andTable 2 it can beperformedn a variety

of different ways.

One common approach performthis is through a Cg&balance. This test indirectly measures
the ventilation rate at a facility by developing relationships between the concentrationiof CO
air entering the barn and that in the air which is exhausted from th@baret al, 2009).For

this method, metabolic rate data relative to the hens in the barn is required to estimate the
contribution of CQ that they will provide fromrespiration(Xin et al, 2009) This is required
because the Calance method is governed by animalbametry(Brouwer, 1965)The

amount of CQgenerated from the decomposition of litter must also be taken into account for
this method (Xiret al, 2009).

Many studies utilize thBan AssessmertlumerationSystem (FANS) to @snate facility

ventilation rates, as demonstratedTiablel andTable 2. This method directly measures the

flow rate of one fan at a time. The FANS is a large aluminium enclosure that fits around a fan

and it utilizes a horizontal arm equipped with anemometers. The arm transverses an operating
fan andthe anemometers rotate as air is passed over them. The speed of their rotation is recorded
by the FANS and used to determine an average flow rate for the fan beind @zsted et al.,

2008).A photo of a FANS in use by Xin et al., (2009) at a broileflity is shown inFigure®6.

The ventilation rate of an entire facility can be determined by summing the flow rates of all
operating fans at a given tinj@ateset al, 2005).Throughout a monitoring study, fan status or
RPM must be recorded and applied to a fan curve determined by FANS testing. Ths$alkw

continuousestimation of theventilation rate¢Gateset al, 2005; Xinet al, 2009).
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Figure 6: FANS unit utilized by Xin et al., (2009) for testing anexhaust fan in a broiler house
3. Layer Facility

The layer facility used for this study was located in central Saskatchewan, Canadavadeere
total of three different barn styles at the facility. Barn 1 was a conventional battedyazage
with deep pit manure storage, Barn 2 was affoeeaviary style barn with manure belts, and
Barn 3 was an enriched cage barn with manure Beiare7 shows an aerial view of the
facility prior to the construction of Barn 3. Barn 2, outlined in red, was utilized in this study.
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Figure 7: Aerial view of layer facility. Barn 2 located at northern portion of facility and outlined in red.
(Google Earth, 2019)

3.1.Facility desgn

Barn 2 was a freeun aviary style barn that was converted from a conventional battery cage
barn. Extensive modifications and equipment gesnwere required to switch from conventional
cages to a freeun system. The batis 61 meters long, running from east to west, and
approximately 8.8 meters wide, running from north to south. The barn was divided into two
individual pens that were 30.5 tees long each. The pens were separated by wire grate fences

and doorways.

Each pen was made up of 2 double tiered rows and 3 aisles. The rows were mirror images of
each other in terms of both dimensions and features. Each tier of the rows was made up of
alternating perching areas and next boxes with a total of 96 nest boxes in the entire barn. The
nest boxes provided privacy and shelter for the hens to encourage them to lay eggs. The ne
boxes, along with the perching areas, were gradually sloped voedigs to gently roll down

them to rest on egg conveyor belts. These belts periodically transported eggs to an egg elevator
and conveyor system at the east end of the barn. From there, the eggs were brought to a sorting

room for counting, stacking, and stge.
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Underneath each tier was a manure belt that ran the entire length of the barn. There were a total
of four manure belts in the barn and they typically ran on Tuesdays and Fridays, depending on
barn staff availability. The perching and nesting aréalseobarn had slatted and wire grate

floors that allowed manure fall freely onto the belts. The belts transported manure to the west
end of the barn where it was deposited onto a series of manure conveyor belts that transported
the manure to a manureage shed. The shed was cleaned out periodically throughout the

production cycle.

The tiered rows also held feed and water systems. The feeding systems were composed of augers
that transported feed from storage bins to open troughs found alongsiéedhiag and nesting
areas. The feeding schedule is showmhable3. Periods of 10 second feedings were done to
encourage the hens to remain up on the perching areas and nest boxes more often. This was done

to reduce the amount of eggs laid on the floor.

Table 3: Feeding schedule for hens in Bari.

Time of day Length of feeding
time (mm:ss)

04:00 12:30
05:00 00:10
09:00 12:00
10:00 00:10
11:00 12:00
11:30 00:10
12:30 00:10
14:00 12:00
14:30 00:10
16:00 12:00
17:00 00:10

The water delivery system for the barn consisted of rowssippers that ran the length of each
tier. A dripping system was used to provide the hens with water because these types of system
reduce water wastage. This saves money and prevents excess water from mixing in with the

litter.

Between and on the outsidketbe rows were open aisles that were 1.2 to 1.4 meters wide. There
were also open floors underneath of the rows themselves. At the start of the production cycle,
these floors and aisles were bare concrete. Once the birds were introduced to the barn, they
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began defecating on the floor. Thanurequickly dried out and became a grainy, séike

substance referred to as litter. The litter on the barn floor accumulated throughout the production
cycle with occasional sweeping and removal by barn staff. Tldaae to ensure that the litter

did not get to the point of Aclumpingo, which

and it begins to ball together.

The lighting regime for the barn allowed for 15 hours of illumination betWée80 and 180

every day. The hens were reared to come up off of the floor and sleep on the perching areas and
in the nest boxes during periods of darkness. Once the lights in the facility came back on, the
hens began moving freely about the barn. The first 30 ngraftthe illumination period had a

gradual increase in light intensity, while the final 30 minutes had a gradual decrease in light

intensity.
3.2.Ventilation style

Barn 2 utilized a 7 stage mechanically powered ventilation system that was operatiiditay a
controller. The barn manager entered a desired set point temperature into the controller. The set
points varied by season and are showhahle4. Set point temperatures were adjusted

seasonally in an attempt to keep the ventilation system running as efficiently as possible.

Table 4: Controller temperature set points by season

Season Set point
temper at

Summer 18

Fall 19
Winter 1 17
Winter 2 18
Springl 17
Spring2 17

The ventilation rate of the facility was dictated by the difference in the barn temperature and the
set point temperature. Four temperature sensors were set up inside the barn and they were
connected directly to the controller. If the average barn temyeragdading was at or below the

set point temperature, the controller would signal the ventilation system to run at the minimum
ventilation rate. As temperatures in the barn increased above the set point, the ventilation rate

would increase.



31

Ventilation in the barn was done by 7 fans places in the west end of the barn, siigunas.

Each stage of the ventilation system correspondediiffeaent fan being turned on. Stage3 3

wer e aOHRFA&@ ONans, meaning that they were trigge
power or not at all. Stagéd and 2 were variable speed fans that ramped up in power from 45%

power to 100% power. This cadsthe ventilation rate to gradually increase with the power of

the fan. The details of the variable fan speed stagingtége 1 are shown ihable5.

Table 5: Stage 1 fan power details relative to set point temperature

Temperature relative Percentage of
to set point power delivered to
fan (%)
O 9gp 45
SP + 0.1 51.5
SP + 0.2 56
SP + 0.3 61.5
SP + 0.4 67
SP + 0. E 72.5
SP + 0. € 78
SP + 0.7 83.5
SP + 0. 8 89
SP + 0. ¢ 94.5
SP + 1. C¢C 100
(ISP refers to set point

The two variable speed fans wé&.€é1-meterdiameteraxial driven fans. The fans f&ages 36
were axial 0.9dmeterdiameterfans and thé&tage 7 fan was &.27-meterdiameterbelt driven

fan. Table6 represents the fan staging for iemmerseason.
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0.61a

0.91a 0.91b 1.27 0.91c 0.91d
0.61b

Figure 8: Setup of ventilation fans located on the westerand wall of the barn, which was approximately 8.8
meters long and 2.5 meters tallFans are labelled bydiameter size (meters) and alphabetically for multiple
fans of same size.

Table 6: Summerfan staging breakdown

Fan stage Temper at ur Fanrunning in addition to
prior stage
1 O 18 0.61a
2 19.1 0.61b
3 20 0.91a
4 21 0.91b
5 22.5 0.91c
6 23 0.91d
7 O 24 1.27

The ventilation system in this baemhausted air from inside the barn to outside. This created a
slight vacuum in the barn that drew in fresh air from outside. Air entered the barn through a
series of baffles. Thereasa total of 24 sidewall baffles that were evenly spaced along the north
and south walls of the barn. These baffles measured 0.23 meters by 0.61 meters and were

situated approximately 1.8 meters off of the barn floor.

The east wall of the barn, opposite of the ventilation fans, had a total of 20 baffles that were
stacked vertally in five different columns. Each baffle was 0.37 meters by 1.45 meters. All of
the baffles in the barn could be gradually opened or closed in response to seasonal temperature
changes. In colder months, the baffles would get restricted. During wammnénsnthe baffles

would be opened more.
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This ventilation design of drawing fresh air in from one end and the aisles of the barn before

exhausting it out of the opposite end of the barn is referraditda unnel ventil ati
that fresh air wadistributed evenly throughout the aviary structure of the barn, 6 circulation fans
were running in the barn at all times. These fans were even spaced throughout the aisles of the

barn.

The barn was also equipped with heaters that ran along the nortbudindvslls. These heaters
were only turned on as needed in response to cold outdoor temperatures. All cooling performed

in the barn was done through convective cooling of the ventilation system.
4. Methodology

This study consisted of 6 sampling campaigns performed between August 08, 2018 and May 31,
2019. They will be referred to as tBemmer Fall, Winter 1, Winter 2, Spring1, andSpring2

sampling campaigns, respectively. Campaigns were performed oveeifé@asons to capture

the effects of seasonal variation on the observations. Certain data was collected continuously
from August 2018 to May 2019, while some data was only collected during the campaigns. The

dates associated for each campaign are showalile?7.

Table 7: Sampling campaign dates by season.

Campaign Dates # of Days
Sampled
Summer Aug. 08, 2018 35
Sept. 12, 2018
Eall Oct. 15, 2018 8
Oct. 23, 2018
. Jan. 27, 2019 14
Winter1 Feb. 10, 2019
. Mar. 04, 2019 16
Winter?2 Mar. 20, 2019
. Apr. 09, 2019 13
Springl Apr. 22, 2019
. May 21, 2019 10
Spring2 May 31, 2019

This section provides a detailed description of the various methods used to collect the required
data for this study. This includes a description on the methods that the ammonia, PM, ventilation,
manure, litter, and environmental observations that wehegad. The details pertaining to the

data processing of this study are included as well.

0o n
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4.1.Air monitoring

During each sampling campaign, air inside the barn was continuously garsjig a variety of
different methods. The details of these methods are outlined below.

4.1.1. Ammonia

Ammonia concentration measurements were continuously taken inside the barn for 5 out of 6
sampling campaigns. TAWinter 1 campaign did not include any amneomeasurements due to
equipment failure. To measure ammonia, a chemiluminescence ammonia analyzer (Model 17C,
Thermo Electron Corporation, Franklin, MA) was used. This instrument will be referred to as the

Afammonia anal yzer o or fdAanalyzero.

The analyzer s not able to be kept in the barn due to space restrictions and cleanliness issues
inside the barn. Instead, the analyzer was housed in an enclosed and climate controlled research
trailer that was set up adjacent to the barn as showigime9. The inside of the trailer

measured 1.82 meters wide, 3.66 meters long, and 2.0 meters high.

I

Figure 9: Research trailer housed outsid®f free-run layer barn.
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Air from inside the barn was draw into the trailer through a heated sample line (Mod€l@¥,23

Clean Air Engineering Inc.). The line was kept at 12@ 5 5) to prevent condensation from

occurring in the line. The heated sampielentered the barn through its southeast corner,

nearby to where the trailer was located. The line was attached to the ceiling of the barn and the
sampling port at the end of the |l ine was posi
samplingport was affixed with a 0.1 pm filter (FALP04700, EMD, Millipore Corporation, MA)

to prevent dust and debris from entering the line. The filter was chargéich2s a week based

on the dust levels in the barn. More frequent filter changes were requniad theWinter

campaigns than any other times of year.

The sampling port hung down from the ceiling so it was approximately 1.5 meters off of the
ground. This was approximately 2/3 the height of the ceiling in the barn. The center aisle at the
west endbf the barn was chosen for the ammonia sampling location because of the ventilation
design of the facility. The minimum ventilation fan of the barn was located at the west end of the
barn and in line with the center aisle. The sampling port was placee with this fan, hence

the center aisle, to ensure that ammonia emissions were captured even during times of
minimum/low ventilation. To ensure that samples could still be drawn through the line and not
drawn from it by the ventilation system, the samglport was placed 11 meters east of the
minimum ventilation fan. This location was also chosen to minimize interference with the duties

of facility staff.

Air was drawn through the heated sample line by a heated sample line pump (Model 9769T1,
Clean AirEngineering, Palatine, IL) housed inside the trailer. This pump was equipped with a
teflon lined diaphragm to reduce the likelihood of ammonia deposition from occurring in the
pump. A filter housing, identical to the one at the sampling port, was plateedrethe heated
sample line and the pump to ensure that no dust entered the pump. This filter was changed
weekly during sampling periods. The outlet of the pump was connected teveagnsplit flow

path. One pathway was connected to an atmospheric diitgtive other was connected to a

filter housing prior to the analyzer. The filter prior to the analyzer was also changed weekly.

An atmospheric dump was used so that the analyzer could draw in sample air at atmospheric

pressure. The flowrate of the hehganple line pump, which was-50 L mirt!, would have
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applied to much pressure on the analyzer if it was not connected to the atmospheric dump. The

atmospheric dump exhausted sample air to outside of the trailer.

The analyzer was set to record observetiosing a 10 second time constant anehartute
logging interval. A computer housed inside of the trailer was connected to the analyzer using an
RS-232 connection. Thermo Electron Corp. software, iPort, was used to retrieve data from the

analyzer.

To ersure that the analyzer was functioning properly, a weekly calibration was performed. This
required the use of a series of support gases that were also housed in the trailer. The
concentrations of these gases are showrabie8. The nitrogen gas was utilized to zero the
analyzer prior to calibration. The calibration procedure followed for the analyzer was provided
by Thermo Electron Corp., (2004).

Table 8: Support gas species and concentration.

Support gas Concentration
Nitrogen (N\) 99.999% pure
Nitrogen dioxide
(NO,) 2.06 ppm
Nitric oxide (NO) 2.58 ppm
Ammonia (NH) 25.1 ppm

Along with the weekly calibrations, regularly changfghe Drieritd™ from the analyzer

desiccant was a very important step in ensuring that the analyzer was running properly. The
frequency of the Drierit¢! changes depended on the air conditions iniddrailer. When the
relative humidity was higher, such as during $aenmerandSpringseasons, the Drierité

required more frequent changes (2 times a week). During drier times, it could go without being

changed for an entire week.

4.1.2. Particulate Matter

PM sampling was done by 2 aerosol monitors (Model Dust®rikAerosol Monitor, TSI Inc.,
Shoreview, MN) placed inside the barn. These instruments, which will be referred to as

ADustolr aksse | i ght scattering to deQGpeationalne PM

details on the DustTraks are providedsettion2.5.2

C
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The DustTraksvere housed inside plastic enclosures that were suspended from the ceiling of the

barn, as shown ifigurel10. Both DustTraks were placed in the west ®f the center aisle of

the barn for the same reasons as the ammonia sampling port. The DustTraks were approximately

10 and 12 meters from the minimum ventilation fan, which put them on either side of the
ammonia sampling port. One end of a-h&ter sarpling tube was connected to the inlet of the
DustTrak while the other end hung outside of the enclosure at a height of approximately 1.5
meters high. Keeping the DustTraks in an enclosure and using a sampling tube reduced the
amount of dust accumulationathoccurred on the instruments. The sampling tube was cleaned 2

3 times a week to ensure that clogging did not occur.

The two DustTraks were used for redundancy and to reduce the likelihood of data loss. The
instruments were prone to filter clogs and dagtumulation on the internal components of the
optics chamber. Both of these issues could lead to losses in sampling and data collection.
Running the 2 instruments simultaneously and in close proximity to each other prevented data

loss if one of the insiments encountered an issue.

To reduce the likelihood of the DustTraks from malfunctioning, regular cleaning and
maintenance was required. This included cleaning of the inlet, the optics chamber, and the filter
housing of the devices. Whenever this clagnwas done, the internal filters of the unit were
changed as well. Cleaning and filter changes were required more often during colder seasons,

typically every 12 days, and less often during warmer seasons, typically evedags. After

maintenancewgser f or med, the instruments under went a
Calibration Filtero. This filter that was pl a
procedure provided by TSI I nc. was pmlativeor med.

mass concentration readings and ensured that it was functioning properly.
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ondanl v,

Figure 10: DustTrak sampling location. Instrument located inside of plastic enclosure with sampling tube
visible.

The DustTraks also underwentaatory calibration prior to the study. This procedure was
performedusing particles of Al Ultrafine Dust that had a bulk density of 500 RgTihese
particles may not have the same bulk density as the dust found in the barn. To ensure that PM

concentrathn readings were accurate, a bulk density correction factor for the barn dust was
required. To tetthe bulk density of the barn dust, a Scott Volumeter, showigimrell, was

usedMali (2013) tested the accuracy of the Scott Volumeter used for this procedure and found it

to be accurate with in 2% when testing with A1 Ultrafine Dust.
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Figure 11: Schematic of Scott Volumeteused for testing bulk density of dust found in layer barn (etrieved
from https://gardco.com/pages/density/scot.cfm#uke

4.2 Ventilation

The ventilation rate of the facility was determingdusing a Fan Assessment Numeration
System (FANS) (Model G%403, University of Kentucky, Lexington, KY, USA).-Bitu
measurements of the barnds ventilation rate w

in barns are often much different fronetepecified fan flowrate capacit¢asey et al., 2008).

The FANS unit measured the volumetric flowraté m') of one fan at a time and the details of

the individual tests are shownTiable9. Tests were not performed on fan 0.61a and 0.91d due

to obstructions from equipment in the barn. The flowrate of 0.61a was assumed to be the same as
that of 0.61b and the flowrate for 0.91d was assumed to be equal to the average flowrate found
from fans 091ac. These assumptions were made because ther@&t and 0.9ineter fans are

the same model and configuration as the other fans of the same size.


https://gardco.com/pages/density/scot.cfm#use
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To run a test, the FANS unit was connected to a laptop using-@3R&onnection and a FANS

interface pogram was utilized. This program allowed the user to move the transverse arm of the

FANS unit up or down and to run tests as needed. The software saved data from the tests in the

form of Excel CSV files. The output files from the tests displayed the geaiglow and the

anemometer velocity in revolutions per minute (RPM) for each anemometer.

Table 9: Details on which fans were tested and how many tests were performed on each fan.

The number of tests performed on the fans varied, as sholable9. This was because

Fan Number of tests
0.91a 4
0.91b 4
1.27 6
0.61a 0
0.61b 12
0.91c 4
0.91d 0

standard operating procedures for using the FANS for ventilation measurements in poultry

houses dictate that multiple tests must be performed until the difference betwaenithe O 5
(Hanni & Bogan, 2007)This took four tests for the 0.9teterdiameterfans and 6 tests for the

1.27meterdiameterfans. These fans were also @NFF fans so they only needed to be tested at

100% power.

Themosttests were performed dfan 0.61b because this fan was variable speed. As shown in

Section3.2andTable5, the 0.61 metediameterfans ramped up or down in power based on the

temperature difference between the barn temperature and set point temperature. The details of

the tests performed dfan 0.61b are shown ifable10. The results from these tests were used

to develop a fan curve equation. This equation was used to estimate the flowrate of-the 0.61

meterdiameterfans for all of their operating range, which went from 45% power to 100%

power .

tests.

Three tests

at

each power

Table 10: Details of FANS tests performed orfan 0.61b.

Power percentage
sent to fan 0.61b

Number of tests

55%

3

70%

3

set

point

%

we
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85%
100% 3

w

Controlling the power sent to the fans vp@sformedthrough the barn computer controller. Each

fan could be turned on or off as required for each test. The FANS unit was able to test-the 0.9
meterdiameterand 1.27meterdiameterfans using its full operational range. Each test on these
fans consisted adne full pass of the transverse arm of the FANS unit. A full pass implies that

the arm covers the entire surface area of the FANS unit as it moves up and down. The start of a

test on thel.27-meterdiameterfan is shown irFigure12.

When theD.61-meterdiameterfan was tested, a modification to the FANS unit was required.

This was necessary because the surface areaBAtMS unit was large enough that it

overlapped the 1.2iheterdiameterand 0.9imeterdiameteirfans adjacent to the 0.6heter
diameterfan being tested. This caused interference with the anemometer readings as they were
influenced by the other fans. Tojast for this, a Styrofoam enclosure was constructed around

the 0.6tmeterdiameterfan. The Styrofoam was sealed against the wall and it extended outward
to the transverse arm of the FANS unit. A similar setup was used by Anderson (2018) and is

shown inFigurel13.

For this setup, three of the six anemometers were used. This required an adjustment to the output
file of the FANS program as the average ftate provided by the program takes into account the
FANS unit surface area and the average speed of all six anemometers. Young (2011) provided
the following equation for determining air velocity in m/s based on the RPM reading of the

anemometers used byetliFANS unit:

bAWQIE ARO W HE QaéE aMORE d Qw8 TT L
The resultant air velocity from this equation was then multiplied by the-sext®nal area of
the Styrofoam enclosure to determine the volumetric flovoh#gr passing through the 061

meterdiameterfan. This calculation was repeated for each test of therQdigrdiameterfan. A

sample of this calculation is shownAppendix A
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Figure 12 Start of a test on the 1.27 metediameter fan using the FANS unit. Transverse arm and
anemometers are shown in the top positio’Accumulated dust is also visible on the louvres of the fan.
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Figure 13: FANS unit setup for 0.46meter diameter fan testing performedby Anderson (2018). A similar
setup for the 0.61meter diameter fan testing in this study was used.

4.3.Manure and litter analysis

Throughout each sampling campaign, litter and manure samples were collected. The litter
samples were taken from the floortbé barn while the manure samples were taken directly
from the manure belts. The litter and manuezecollected using a composite sampling
approach. Each sample consisted-4f08smaller samples taken from throughout the barn. This

wasperformedoaccomt f or spatial variability in t

he
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collected from the barn floor, the depth of litter at the sampling locations was also recorded. This
was then used to provide an estimate of the average litter depth in the é@bigh sampling

time.

Samples were taken twice a week and after they were collected, they weddrpkezaded

containers and frozen before being shipped to a testing laboratory. The samples were frozen to
prevent any further microbial activity from agcing which could have altered the chemical

nature of the samples. Sealed containers were used to prevent any loss of moisture or ammonia
from the samples. The samples were shipped in insulated containers with freezer packs to ensure

that they stayed fren.

A total of four tests were performed on each litter and manure sample by the testing laboratory.
The tests were done to determine the ammoniumy{(Nddntent, the moisture content (MC),
total nitrogen content, and pH of the litter and manure. Thesengters are necessary to explain

some of the trends in the airborne contaminants in the barn.

4.4.Facility computer recordings

The barn in this study utilized a programmable computer (Maximus SystemsBS&aintde-
Montarville, Quebec) to control many dfet daily operations of the barn. These included the
lighting regime, feeding system, water system, ventilation, egg collection, and temperature. The
computer was also set to record observations required for this study. These included the fan
staging of theventilation system, which was recorded onmifute logging interval, and the
average bird weight, which was recorded as a daily average.

4.5. Temperature and humidity

The computer system in the barn was connected to four temperature and relative H{Rididity
sensors. Two additional temperature and RH sensors (Tinytag Plus 2, ModdbUGFRGemini

Data Loggers UK Ltd., Chicester, England) were placed inside the barn to corroborate the values
recorded by the comput er 6s eacatthesetst emdjoftbechars or s .
and the other was placed at the west end. Both sensors were hung from the ceiling at a height of

approximately 1.8 meters, which was the approximate height of the existing sensors. A third
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Tinytag sensor was placed outsiddhd research trailer to capture outdoor temperatures and RH

readings.

4.6.Emissionfactors

Emission factors (EFs) were developed for ammonia and PM in this study. They were calculated
on a seasonal and overall basis, with overall EFs representative véthgeof all seasonal
EFs. A detailed outline on how EFs are calculated is provid8dation2.3.

4.7.Quality control

The operation of istrumentation in layer barnsdifficult due to the harsh nature of these
environmentgXin et al., 2002; Li H. , 2006; Casey et al., 200B).ensure that this did not

affect the ammonia analyzer used in this study, the instrument was housed in a climate controlled
trailer. The analger was susceptible to errors in operation if it is utilized in an environment that
fluctuated in temperature and had high amounts of(db&rmo Electron Corporation, 2004)

The analyzer was also calibrated and maintaingdeas i nstructed by the i n:

manufacturer, Thermo Electron Corporation.

The DustTraks, which were housed inside the barn, were kept in plastic enclosure to reduce their
exposure to the harsh barn environment. They were also cleaned, maintairedibaaid as
per manufacturer specifications. The instruments also underwent factory recalibrations and

repairs prior to the commencement of the first sampling campaign.

4.8.Data processing

The raw data collected from all instruments utilized in this stualy processed in Microsoft
Excel. Results that were utilized in figures are presented as hourly averages. This was done to
reduce the noise associated with presenting results in their raw form, whion afge-minute

logging interval.



46

5. Results and Dscussion

This chapter presents the results found from this research project. It slchrdgparameter
observations, such as bird and flock mass, the seasonal ventilation, temperature, and RH, and the

litter and manure analyses.

This chapter thepresens the pollutant emissions results for both ammonia and PM. This

includes concentration and emissions data by seaswiiy pollutant. These findingare

discusedand analyzed in this section. The resultant figures from the data collection and
processingarepresented on the same axes where applicable for comparisons to easily be made.

An emissions summaiyg also provided.

5.1.Barn parameters

There were several parameters pertaining to the flocks and the layer barn that were required for
the developmerof pollutant emission factors. They were recorded using a variety of different
instruments and systems. The results for these parameters are outlined in this section.

5.1.1. Bird mass and flock size

This study spanned two flocks of hens. The first flock coedief 8750 Hyline Brown hens.

This yielded a starting packing density of G1& hen'. This flock was in the barn from

November 2017 to November 2018, for a total of 50 weeks. The second flock came into the barn
in late November 2018 after the firstdlowas depopulated and the barn was cleaned out. The

fl ocks wil | Hoeklr edRatkdie,d rteos paesc thi vel y.

Flock 2consisted of @00 White Leghorn hens, which yielded a starting packing density of 598
cn? hent. The average mortality ¢flock 1andFlock 2were 6 and 5 hens a week, respectively.
Average bird weights for each flock were taken daily and they were 1.85 kg and 1.58 kg for
Flock landFlock 2 respectivelyFigurel4illustrates the averadard and total bird mass for

each flock.

The average bird mass felock 1was higher and more consistent tlwdock 2 There was a

significant increase in average diveight over the first two months Bfock 2 as shown in

Figurel4, indicatingthat the birds were still growing and maturing when they entered the bar
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The average mass measurements for the initial period of the hdtlsdbrlwere not able to be

recorded because they occurred before the sampling campaign began.

The total bird mass was calculated by multiplying the average bird mass by the nufivirey of
birds in the barnk-lock 1had 2.8% fewer hens th&tock 2 however it had a 17% higher
average bird mass. The higher bird masSlotk 1explains the higher total bird mass fock

1 overFlock 2 A sampleof this calculation is shown iAppendixA.
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Figure 14: Average bird mass (upper panel) and average total bird mass (lower panel) féock 1 (in blue)
and Flock 2 (in red)
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5.1.2. Relative humidity and temperature

The average relative humidity (RH) and temperateaseilts are presented by season for inside
the barn and outside of the barriliable11. The relative humidity (RH) inside of the barn
fluctuated signifiantly between seasons, as showmable1l1l TheSpring2 campaign had the
lowest average indoor RH, which reflects the low average outdoor RH of this timealThed
Springl RH were lower than expected based on the outdoor RH of these tim&¥inteel
season had the highest average indoor RH and séggimest average outdoor RH of the entire
study.These fluctuations in RH between seasons are significant as ammonia and PM
concentrations have been shown to be influenced by RH values in poultry opdiatiatsal.,
2012; WaneLi et al., 2013; David edl., 2015).

Table 11: Average indoor and outdoortemperature () and relative humidity (RH ; %) by seasorwith the
barn set point temperature ().

Season Average Average indoor Temperature Average Average outdoor
indoor temperature ( ) setpoint( ) outdoor temperature ()
RH (%) RH (%)
Summer 58.79+10.95 19.62 + 3.04 18 69.03 £ 17.39 15.03 + 5.88
Fall 46.38 + 4.16 18.02 + 0.75 19 63.98 + 14.80 4.27 +£5.29
Winter 1 68.26 + 9.87 1553+ 1.79 17 72.37 £ 6.65 -26.48 + 7.07
Winter 2 59.08 £ 5.24 17.28 + 1.55 18 74.17 £ 8.85 -7.97 £ 7.17
Springl 48.14 +7.84 1791+ 1.18 17 64.06 £ 21.05 541 +5.84
Spring2 41.04+11.74 20.11 +2.83 17 46.81 + 20.00 15.47 + 6.83
Overall 53.62 18.08 N/A 65.07 0.96
average

RH values inside the barn also fluctuated significantly throughout each season as shown in
Figurel5andFigurel6. Each season shows diurnal fluctuations in RH, buStimemer (a) and
Spring 2 (f) seasons demonstrate the greatest fluctuations. These seasons also have the largest

standard deviations in average indoor RH, as showalihe11.
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Figure 15: Indoor RH readings for the barn during the Summer (a), Fall (b), and Winter 1 (¢c) campaigns.

Figure 16: Indoor RH readings for the barn during the Winter 2 (d), Spring 1 (e), andSpring 2 (f) campaigns.

The average indoor temperatures of the barn fluctuated significantly less than the average

outdoor temperature between seasamevidenced by the results presentebable11. The

span of average indoor temperatures was 4.58
temperature. Of all the measurement campaigns, the lowest average indoor temperature occurred
during theWinter 1 campaign, as shownTiable11. This occurred because of the low outdoor
temperatures that occurred during this measurement campdigh, were the lowest of the

entire study. The supplemental heating in the barn was likely not able to keep the indoor
temperatures at the desirget pointo f 1 7







































































































































































































































