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ABSTRACT 

 

EFFECTS OF CORN DRIED DISTILLERS’ GRAINS WITH SOLUBLES ON 

METHANE, AMMONIA AND PARTICULATE MATTER EMISSIONS FROM A DAIRY 

CATTLE FACILITY 

 

Andre Jerome Trudell                                                                         Advisor: 
University of Guelph, 2015                                                                 Dr. Bill Van Heyst 

 

Emissions, such as methane, ammonia, and PM, from dairy cattle operations have 

become a growing concern as a result of intensified practices. The following thesis 

addresses the effects of corn dried distillers’ grains with solubles (CDDGS) on methane 

emissions from dairy cattle while also monitoring ammonia, and particulate matter. 

Methane, ammonia, and particulate matter were assessed by a flame ionization 

detector, a chemiluminescence analyzer, and a light-scattering laser photometer, 

respectively. Both a control and a treatment campaign were conducted at a dairy 

research farm located in Deschambault, Quebec, Canada. The control campaign 

resulted in methane, ammonia, PM10, and PM2.5 emission factors of 19.0 (±5.33), 0.426 

(±0.144), 7.75 x 10-3 (±9.51 x 10-3), 5.11 x 10-3 (±4.18 x 10-3) g hr-1 AU-1 (where AU is 

representative of an animal unit of 500 kg of biomass), respectively. The results of the 

treatment campaign were 18.3 (±5.78), 1.52 (±0.591), 7.52 x 10-3 (±9.11 x 10-3), 5.04 x 

10-3 (±4.15 x 10-3) g hr-1 AU-1 for the same order of constituents. A total drop in methane 

output of 3.75% (p=0.065) took place as a result of the CDDGS application. Additionally, 

ammonia increased by 257% (p=<0.0001), PM10 decreased by 3.05% (p=0.59) and 

PM2.5 decreased by 1.38% (p=0.65). 
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1. INTRODUCTION 

The dairy sector in Canada has the potential to be a significant contributor of 

atmospheric emissions such as greenhouse gases (e.g. methane (CH4) and carbon 

dioxide (CO2)), ammonia (NH3), and particulate matter (PM). Since 1964, the global 

estimated demand for milk has increased by 21% (World Health Organization, 2014). 

As the demand for dairy products increases, so does the output of the associated 

contaminants. As a result, mitigation strategies to reduce the emissions of these 

gaseous contaminants are becoming a necessity. 

The atmospheric pollutants coming from dairy cattle operations contribute to climate 

change, mainly in the form of CH4 as a greenhouse gas with regional and global effects 

ranging from higher temperatures to heat stress, drought, storm intensification, and 

shifting precipitation patterns (Smith et al., 2008). Rumen CH4 production also takes 

away from feed energy that could be used by the animal (Benchaar et al., 2013). CO2 

emissions from cattle are also a greenhouse gas.  

While the effects of CH4 and CO2 are reasonably understood in the atmosphere, NH3 

has more complex effects that range from deposition of NH3 and NH3 compounds in the 

gaseous, aqueous, and particulate forms to complex chemical reactions that create 

Secondary Inorganic Aerosols (SIAs) by reacting with atmospheric acidic gases. 

Deposition of NH3 and NH3 products can lead to eutrophication of surface water, 

imbalance of the N cycle, smog, and decreased visibility (Pearson & Stewart, 1993). 

Particulates, both organic and inorganic, coming from livestock facilities are also of 

concern as they have similar environmental threats to those listed for NH3 compounds. 

In light of these impeding environmental factors as well as human and animal health 

and welfare factors, it is important that contaminant emissions are inventoried, as well 

as the feasibility of various mitigation strategies studied.  

Numerous mitigation practices are currently being evaluated. In the field of dairy cattle, 

increasing fats has been identified as a method of increasing the feed’s energy content, 

while reducing the biochemical formation of CH4 within the rumen (Boadi et al., 2004b). 
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It is important for the emissions associated with these changes in diet to be inventoried 

to understand the net effect on greenhouse gas emissions. The issue in applying this 

practice at a commercial scale is the expense of standard sources of fats (e.g. coconut 

oil, canola oil, etc.) (Boadi et al., 2004b). A fat source that is a by-product of corn-based 

ethanol production (i.e. Corn Dried Distillers’ Grain with Solubles (CDDGS)) has 

recently sparked interest in research as a result of its ability to potentially reduce enteric 

CH4 output when applied to cattle feed (Benchaar et al, 2013). Although it is currently 

being applied in dairy cattle diets, the level of application is not generally of great 

enough magnitude to present a significant decline in methane emissions. This 

greenhouse gas reduction potential is the basis of study for this thesis as well as its 

main objective. Additionally, previous studies have been evaluated in controlled 

environments but not at the farm-scale and not while evaluating NH3 and PM emissions 

simultaneously. 

1.1 Study Objectives 

The primary objective of this research is to evaluate the effect of CDDGS on CH4 output 

from lactating Holstein dairy cattle. Although CH4 is the main constituent of concern, 

NH3 and particulates with an aerodynamic diameter of ≤10 µm and ≤2.5 µm (PM10 and 

PM2.5, respectively) were also monitored for a more complete emission inventory and to 

see if the CDDGS application resulted in any indirect effect(s), such as the potential to 

form or constrain SIA generation. Additionally, CO2 was monitored solely during the 

second campaign for purposes relating to a ventilation assessment. 

The objectives of the research can be summarized as: 

 Assess the potential reduction in CH4 associated with the inclusion of CDDGS in 

the dairy diet as compared to a normal diet, 

 Inventory emissions of NH3 and track the flow of nitrogen (N) in the system to 

conduct a N balance to assess any indirect effects of the CDDGS diet in 

comparison to the normal diet, 

 Inventory emissions of PM10 and PM2.5 in general, and 

 Determine the effects of the CDDGS diet on milk production (quantity and 

quality) in comparison to the normal diet. 
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1.2 Thesis Outline 

A literature review, given in Chapter 2, provides the necessary background information 

associated with the study. The equipment used throughout the experimental procedure 

and a full description of the facility studied and its means of operation are specified in 

Chapter 3 and Chapter 4, respectively. Chapter 5 describes the techniques used for the 

experimental analysis. 

The results and an in-depth discussion about trends and outcomes are expressed in 

Chapter 6. The associated conclusions and recommendations coming from the entire 

study are summarized in Chapter 7 and Chapter 8, respectively. 
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2. LITERATURE REVIEW 

A literature review (Chapter 2) is included to provide the necessary background 

knowledge associated with all components of the project. With regards to the pollutants 

of concern (i.e. CH4, NH3, CO2, PM10, PM2.5), the facets covered include their 

generation mechanism, health and environmental concerns, analyzing equipment and 

sampling techniques, as well as previously recorded emission values. Mitigation 

strategies are also assessed, comprising of diet formulations and manure management 

strategies for CH4 and NH3 as well as air pollution control techniques for PM10 and 

PM2.5. An analysis of methods for measuring ventilation and dairy cattle parameters (i.e. 

feed, milk, feces, and urine) is also described. Dairy parameters are characterized with 

regards to industry standards and N balance modelling. Additionally, the N cycle of a 

dairy cow and its synthesis of milk fat and protein are described in detail. The dairy 

cattle’s digestive tract is described with a main focus on the four-compartment stomach 

and the gastrointestinal tract. Cattle diets, along with their nutritional facets and their 

associated parameters, is also assessed in detail. As a final component, an in-depth 

look into CDDGS is conducted. This includes the manufacturing process as well as 

previous results of studies that applied the constituent and evaluated its CH4 mitigation 

potential and effect on the associated N balance. 

2.1 Methane 

2.1.1 Generation Mechanisms 

A cattle’s stomach consists of four pouches; the rumen, reticulum, omasum, and the 

abomasum (Johnson & Johnson, 1995). Food is often regurgitated from the stomach, 

re-chewed, and then re-swallowed. With regards to cattle digestion, CH4 is generated 

through degradation, about 87% in the rumen and 13% in the large intestines (Boadi et 

al., 2004b). The rumen contains billions of microbes which consist of bacteria, protozoa, 

and fungi (Van Nevel & Demeyer, 1996). Their associated microbiological activity can 

be divided into three stages. Initially, they release enzymes to hydrolyse proteins, 

starch, and fiber into amino acids and sugars (i.e. hydrolyze the organic matter from 
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polymers to monomers)  (Food and Agriculture Organization of the United Nations, 

1997). These monomers are then converted to hydrogen (H2), CO2 and volatile fatty 

acids (i.e. acetate (C2H4O2), propionate (C3H6O2), and butyrate (C4H8O2)). The second 

stage consists of having the higher volatile fatty acids (propionate and butyrate) 

converted into H2, CO2, and acetate. The third stage consists of having methanogens 

convert acetate, H2, and CO2 into CH4 and CO2 as given by the following two reactions 

in Equation (1). 

 𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂 (1) 

 𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2  

The three processes in each stage (Food and Agriculture Organization of the United 

Nations, 1997) can be summarized as: 

 hydrolysis and acidogenesis (Stage 1),  

 acetogenesis and dehydrogenation (Stage 2), and  

 methanogenesis (Stage 3).  

Their associated microorganisms are, respectively, acidogens (fermentation microbes), 

acetogens which produce hydrogen and acetate, and CH4-producing methanogens. 

Although acetate, H2 and CO2 are the main substrates available for CH4 formation, 

formate, methanol, methylamines, and CO2 are also converted into methane through 

various combinations. Once CH4 is generated it is released mainly through eructation 

(i.e. belching), but also through flatulence or regurgitation of biogas and organic matter 

in the rumen. The generation mechanism with regards to carbohydrates, proteins, and 

lipids is displayed in Figure 1. 
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Figure 1: Stoichiometry of methanogenesis (Food and Agriculture Organization of the United Nations, 1997) 

CH4 production (on a molar basis) can be estimated by the stoichiometric molar VFA 

formation based on Equation (2) (Boadi et al., 2004b). 

 𝐶𝐻4 = (0.45 × 𝐴𝑐𝑒𝑡𝑎𝑡𝑒) − (0.275 × 𝑃𝑟𝑜𝑝𝑖𝑜𝑛𝑎𝑡𝑒) + (0.40 × 𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒) (2) 

This demonstrates that heightened levels of propionate assimilate lower CH4 emissions, 

whereas heightened levels of acetate and butyrate are associated with a greater 

magnitude of CH4 production. This feature is due to the fact that propionate production 

utilizes more H2, and inherently doesn’t produce any that can be used to generate CH4. 

The formation of the three VFAs (acetate, propionate, and butyrate) is represented in 

Equation (3), respectively (Boadi et al., 2004b). 

 𝐶6𝐻12𝑂6 + 2𝐻2𝑂 → 2𝐶2𝐻4𝑂2 + 2𝐶𝑂2 + 8𝐻 (3) 

𝐶6𝐻12𝑂6 + 4𝐻 → 2𝐶3𝐻6𝑂2 + 2𝐻2𝑂 

𝐶6𝐻12𝑂6 → 𝐶4𝐻8𝑂2 + 2𝐶𝑂2 + 4𝐻 

Increased levels of propionate are generally associated with decreased levels of acetate 

and/or butyrate. Another factor relating to heightened levels of enteric CH4 production is 

an increased number of protozoa (Dohme et al., 1999). The metabolic activity of the 

protozoa count assimilates CH4 production. It has been previously documented that a 

reduction in protozoa increases N efficiency (through N recycling and decreasing rumen 
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protein degradation), and increases microbial N uptake and protein synthesis (Benchaar 

et al., 2013). Therefore, a larger protozoa count is generally associated with increased 

levels of enteric CH4 formation. 

Additionally, CH4 can be generated in piles of manure that form on the barn floor. When 

anaerobic conditions are present, anaerobic decomposition takes place as a result of 

the associated bacteria and methanogens exiting along with the manure from the 

animal (Tauseef et al., 2013). Previous research (Sommer et al., 2006) indicates that 

these emissions are greatly affected by temperature variation within the barn, whereas 

the CH4 emissions coming directly from the cattle are not explicitly impacted by 

temperature, unless the cattle’s eating habits are effected (Mills et al., 2001). This is 

simply because the internal temperature of cattle is self-regulated and relatively 

independent of surrounding temperature.  

In the context of an adequate manure management strategy, enteric fermentation 

generally accounts for 95% of the CH4 emissions coming from a cattle livestock facility 

(Boadi et al., 2004a). CH4 emissions from enteric fermentation are directly linked to the 

feed consumed by the cattle, and in particularly to the animal’s Dry Matter Intake (DMI). 

Mills et al. (2001) were able to use linear regression in order to correlate the two 

parameters as described by Figure 2. 

 

Figure 2: DMI and CH4 production correlation. The solid line represents Methane production (MJ/d) and the dashed 
line represents CH4 production as a % of gross energy (GE) of the feed (Mills et al., 2001) 
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2.1.2 Health & Environmental Effects 

CH4 is a colourless, odourless, non-toxic but combustible gas and thereby hard to 

detect, even at increased levels (OMAF, 2013a). When accumulating in an enclosed 

facility, it can decrease oxygen levels, thereby causing anyone within the closed space 

to feel dizzy, nauseous, or experience difficulty breathing. It can also impact the well-

being of the associated livestock if oxygen intake levels are significantly decreased. CH4 

levels in confined livestock housing units are generally well below any health-

concerning limits so long as they are properly ventilated. 

In order to minimize the risks of asphyxiation, poisoning and explosions, the National 

Institute for Occupational Safety and Health (NIOSH) and the American Conference of 

Governmental Industrial Hygienists (ACGIH) has deemed CH4’s threshold limit value 

(TLV), relative to an 8-hour workday and a 40-hour workweek for humans, as being 

1000 ppm (NIOSH, 2010; OMAF, 2013b). CH4’s explosive and asphyxiation values are 

50,000 ppm and 500,000 ppm respectively (Alberta Agriculture and Rural Development, 

2004). 

Although Environment Canada does not classify CH4 as toxic, it was added to the 

CEPA 1999 Schedule 1 – List of Toxic Substances and is classified as a greenhouse 

gas (Environment Canada, 2013b).  Its greenhouse gas quality is causing atmospheric 

temperatures to rise at an increasing rate. Heat stress, drought, and shifting 

precipitation patterns are all concerns with greenhouse gas emissions (not just those of 

CH4) and climate change. CH4 has an atmospheric lifespan of approximately 10 years, 

which is relatively low compared to other atmospheric gases, but its global warming 

potential is estimated as being 21 times greater than that of CO2 (Jenish, 1997). 

2.1.3 Sampling Techniques 

The two methods used for CH4 gas sampling by the United States Environmental 

Protection Agency (US EPA) are a flame ionization detector (FID) and a non-dispersive 

infrared analyzer (NDIR). The former is used in Method 25A which is used to determine 

total gaseous organic concentrations, including CH4 (US EPA, 2002a). FID of CH4 

consists of passing air through a heated sample line and a glass fiber filter into a FID. 
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The NDIR technique is included in the US EPA’s Method 25B which also draws air 

through a heated sample line and a glass fiber filter upon entering a NDIR (US EPA, 

2002b).   

According to Method 25A, necessary components for continuous sampling consist of a 

sample probe, heated sample line, calibration and gas distribution network, particle 

filter, data-logging system, and the appropriate analyzer (i.e. a FID). Method 25B states 

that the necessary system for continuous sampling of CH4 gas must consist of those 

described in Method 25A with the exception of the analyzer being a NDIR. So long as 

the performance criteria and specifications are met, the equipment used for the 

aforementioned necessary components is up to those who are performing the sampling. 

2.1.3.1 Flame Ionization Detector 

A thermionic FID consists of an integrated system where gas chromatography is used to 

separate a multi-constituent gas stream into single components. Following this 

separation, each of the constituents can be analyzed separately by the flame itself 

(Thermo Electron Corporation, 2003b). The technology is primarily used for the 

detection of volatile hydrocarbons. The apparatus begins with sample gas being brought 

through a capillary column by a non-reactive carrier gas (e.g. nitrogen (N2), helium (He), 

or argon(Ar)) and the constituents in the carrier gas will react differently with the high 

boiling polymer that coats the capillary tube (Christie, 1989). Factors that influence the 

separation of components include their boiling point, polarity, the gas flow rate, and the 

column temperature and length. Generally, this small diameter capillary tube is placed 

directly under the detector’s flame jet. The gaseous exit stream of the gas 

chromatograph is mixed with the separate incoming stream of H2 and oxygen which act 

as fuel and oxidant input, respectively, for the flame activity (Jorgensen et al., 1990). 

Following the flame, in the path of the air stream, are the detector’s electrodes. The 

charged particles created from the flame’s combustion process are detected as a result 

of the current they generate between the detector’s electrodes. The anode (i.e. positive 

electrode) is the metallic piece from which the flame is generated and the cathode (i.e. 

negative electrode) is generally a second metal piece directly above the flame. The 

electrode detector’s software can determine which hydrocarbon constituent is being 



 

10 
 

analyzed as a result of the “peaks” in concentration coming from the gas chromatograph 

as well as a unit carbon response measure (Scanlon & Willis, 1985). The attribute of 

unit carbon response allows for one to measure multiple constituents in a single air 

stream. The associated peak areas in the air stream for a constituent relate to their 

concentration and thus the generated current can be converted into a concentration 

reading for a specific hydrocarbon. Since the total volumetric flow provided by the sum 

of H2, oxygen and the sample stream is not an adequate amount of flow to properly 

analyze all of the constituents, a high-grade N2 source is generally added as a “makeup 

gas.” In the case of CH4 and Non-Methane Hydrocarbons (NMHC) being the 

constituents of concern, the FID response can be represented by Figure 3. 

 

Figure 3: Gas chromatograph and FID response sequence (Thermo Electron Corporation, 2003b) 

2.1.3.2 Non-Dispersive Infrared Analyzer 

A non-dispersive infrared analyzer is also an integrated system with gas 

chromatography. The air sample stream will be altered relative to its chromatographic 

application, as described in the FID section, and an order of constituent appearance will 

take place (Christie, 1989). The infrared portion will follow this application and consist of 

two parallel optical cells: a sample cell which contains the sample flow, and a reference 
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cell (Rosemount Analytical Inc., 1999). Two equal-energy infrared beams are directed 

through the three stages of cells and it is interrupted by a 5 Hz chopper. A portion of the 

infrared beam is absorbed in the sample cell by the constituent of interest. The detector 

is specific to the component being analyzed by being filled with said component 

(Rosemount Analytical Inc., 1999). As a result, the detector cell absorbs the same 

wavelength in the sample cell as in the reference cell. A change in capacitance is 

evaluated as the difference in energy between the reference and sample cell. This 

change is proportional to a component concentration. A schematic of the 

aforementioned process is represented below in Figure 4. 

 

Figure 4: Non-dispersive infrared analyzer (Rosemount Analytical Inc., 1999) 

2.2 Ammonia 

2.2.1 Generation Mechanisms  

In the context of dairy cattle, NH3 is generated mainly due to the mixing of feces and 

urine on the barn floor. NH3 emissions volatilizing off of manure are formed primarily 

through the hydrolysis of urea (CO(NH2)2), which is in the cattle’s urine, by the urease 

enzyme, which is present in the feces. This process is relatively fast (Hafner et al., 
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2013) and results in the formation of ammonium carbonate ((NH4)2CO3) and ammonium 

(NH4
+) as illustrated in Equation (4) (Bussink & Oenema, 1998). 

 𝐶𝑂(𝑁𝐻2)2 + 2𝐻2𝑂 → (𝑁𝐻4)2𝐶𝑂3  (4) 

(𝑁𝐻4)2𝐶𝑂3 ↔ 𝑁𝐻4
+ + 𝐶𝑂3

2− 

Within manure, total NH3 exists in a pH-dependent equilibrium which shifts between 

aqueous NH3, which succumbs to volatility, and ammonium (NH4
+) based on the 

following reaction: 

 𝑁𝐻3(𝑎𝑞) + 𝐻+ ↔ 𝑁𝐻4
+ (5) 

Equation 5 indicates that a more acidic environment favours NH4
+ whereas a higher pH 

environment favours NH3 production. NH3 is then volatized through convective mass 

transfer into the air above the barn floor. From the consumed N, it is anticipated that 1% 

- 3% of the N content is lost due to volatilization (Harper et al., 2009). There is a lag 

time of approximately a few hours where the rate of hydrolysis limits NH3 emissions 

after excretion (Bussink & Oenema, 1998). However, this is dependent on 

environmental factors (e.g. temperature, relative humidity (RH) and pH) as well as the 

air flowrate over the waste (Chaoui et al., 2009; Montes et al., 2009).   

NH3 is also generated within the rumen during anaerobic digestion of proteins, as 

depicted in Figure 1. Once generated, NH3 is absorbed through the rumen walls and 

into systemic circulation (Saleem et al., 2012). The bloodstream is normally detoxified of 

NH3 by the liver. Over-concentrated levels of NH3 can lead to liver damage and toxicity 

in the bloodstream. 

Secondary inorganic NH4
+ aerosols can then be developed in the surrounding 

atmosphere as a result of the volatilized NH3 neutralizing with acidic species found in 

ambient aerosols (Baek et al., 2004). These aerosols are classified as particulate matter 

having a diameter of less than 2.5 microns (i.e. PM2.5) and their formation reactions are 

represented in Equation (6).  

 2𝑁𝐻3(𝑔) + 𝐻2𝑆𝑂4(𝑙) →  (𝑁𝐻4)2𝑆𝑂4(𝑙) (6) 

𝑁𝐻3(𝑔) + 𝐻2𝑆𝑂4(𝑙) → 𝑁𝐻4𝐻𝑆𝑂4(𝑙) 

𝑁𝐻3(𝑔) + 𝑁𝐻4𝐻𝑆𝑂4(𝑙) → (𝑁𝐻4)2𝑆𝑂4(𝑙) 
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𝑁𝐻3(𝑔) + 𝐻𝑁𝑂3(𝑔) → 𝑁𝐻4𝑁𝑂3(𝑠) 𝑜𝑟 (𝑙) 

𝑁𝐻3(𝑔) + 𝐻𝐶𝑙(𝑔) → 𝑁𝐻4𝐶𝑙(𝑠) 𝑜𝑟 (𝑙) 

The deposition of these particulates can lead to eutrophication and acidification of 

biosystems. 

2.2.2 Health & Environmental Effects 

NH3 gas is colourless and has a pungent odour (OMAF, 2013b). It is mainly classified 

as an irritant and begins irritating the eyes of both human and livestock at levels of 20 

ppm. Long-term exposure can cause harm to the respiratory system, causing irritation 

of the nose and throat. Although it is generally not of great concern for cattle operations, 

if eye irritation is present within a facility, ventilation should be increased. The TLV, as 

established by the NIOSH and the ACGIH is 25 ppm (NIOSH, 2010; OMAF, 2013b). 

Also, Environment Canada has declared gaseous NH3 as a toxic substances and has 

incorporated it on the CEPA 1999 Schedule 1 – List of Toxic Substances (Environment 

Canada, 2013a). 

2.2.3 Sampling Techniques 

As a result of NH3 being such a predominant contaminant from agricultural operations, 

the US EPA and the United States Department of Agriculture (USDA) developed a 

verification report on methods for continuous monitoring of gaseous NH3 levels (US 

EPA, 2007a). The technological methods deemed suitable for monitoring consist of an 

infrared laser spectrometer, a Fourier transform infrared spectrometer, an ion mobility 

spectrometer, a trace gas analyzer, a resonant photoacoustic spectrometer, a single-

point membrane diffusion sampler, and a chemiluminescence analyzer. With regards to 

continuous sampling of NH3, the US EPA utilizes test Method 320 entitled 

“Measurement of Vapor Phase Organic and Inorganic Emissions by Extractive Fourier 

Transform Infrared (FTIR) Spectroscopy” (US EPA, 2007b). The usefulness behind this 

method is its ability to measure compound-specific concentrations in a gas containing 

multi-components. Double beam infrared absorption spectroscopy gathers spectra of 

samples. Spectra are then converted into concentration readings through a computer 

algorithm. 
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Albeit many technological methods are suitable for continuous assessment of NH3 gas 

while meeting the required criteria and specifications, the three most widely used 

techniques are infrared laser spectroscopy, photoacoustic infrared, and 

chemiluminescence. 

2.2.3.1 Infrared Laser Spectroscopy 

Molecules can be assessed in the infrared wavelength region (100 – 10,000 cm-1) using 

infrared laser diodes (Bernath, 2002). Vibrational spectra exists in the infrared region 

and these vibrational transitions carry chemical group information and characteristic 

frequencies not held by rotational and electronic transitions. All molecules have at least 

one potential vibrational transition except for homonuclear diatomics. As a result, 

vibrational transition can act as a universal monitor of chemical composition and is the 

basis of infrared laser spectroscopy. 

Although various types of infrared spectroscopy technologies exist, laser-based sensors 

used in emission monitoring generally assimilate the single-mode distributed feedback 

(DFB) diode lasers that operate in the near infrared region (Webber, 2001). With 

regards to NH3 monitoring, one of the most predominant types is the quantum cascade 

laser absorption spectroscopy (Ellis et al., 2010), as illustrated in Figure 5 (Franco et al., 

2014). This technology monitors the absorption of radiation at 967 cm-1. A laser output 

is directed towards an astigmatic Herriott type multiple pass absorption cell, where the 

sample is passed through, which has a 76 m effective path length. The cell walls are 

coated with hydrophobic fluorinated silane in order to avoid any interactions from NH3. 

The optical system also contains a reference path which measures the laser tuning rate 

by inserting a germanium etalon in the laser path (Ellis et al., 2010). A HgCdTe infrared 

detector is used to assess the strength of both the signal and the reference paths. The 

amount of infrared radiation that passes through to the detector will be inversely 

proportional to the concentration of the constituent of concern in the sample cell. 
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Figure 5: Quantum cascade diode laser process flow (Franco et al., 2014) 

2.2.3.2 Photoacoustic Infrared Analyzer 

Photoacoustic spectroscopy measures direct infrared absorption of the sample by 

sensing the thermodynamic change (i.e. heating) of the sample through pressure 

(McClelland et al., 2002). This heat-induced thermal expansion of the gas sample 

results in acoustic waves and is known as the photoacoustic spectroscopy (PAS) signal. 

It should be noted that the analysis is dictated by a controllable sampling depth below 

the sample’s surface. The magnitude of the PAS signal will linearly correlate with the 

concentration of the gaseous substance being analyzed, or its absorptivity (McClelland 

et al., 2002). The generation of the PAS signal is initiated through the infrared beam 

being emitted into a sample cell. As a result, the sample temperature, and thereby 

pressure, will vary. This change in temperature and pressure causes acoustic-waves 

which will decay as they traverse through the sample. It is from these waves that the 

constituent’s concentration is determined by a highly-sensitive microphone in a 

photoacoustic detector. 

2.2.3.3 Chemiluminescence 

With regards to gaseous N analysis, nitric oxide (NO), nitrogen dioxide (NO2), and NH3 

are generally the constituent of concern. In the process of chemiluminescence, a “fuel” 

is chemically oxidized to produce a product that is in an excited state (Jernigan, 2001). 

With regards to the analysis of NO, ozone (O3) is generally provided in excess as the 

oxidizing agent. The reactions which take place within the analyzer are given in 

Equation 7 (Eco Physics, 2014). 

 𝑁𝑂 + 𝑂3 → 𝑁𝑂2
∗ + 𝑂2 (7) 
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𝑁𝑂2
∗ → 𝑁𝑂2 + ℎ𝑣 

hv=Light 

 

The light emitted by the excited NO2 component is detected photo-electrically by a 

photomultiplier tube (Thermo Electron Corporation, 2004). The largest portion of the 

excited NO2 returns to ground state as a result of colliding with other molecules. When 

measurements of NO2 and NH3 are also of concern, it is required that they are 

converted into NO prior to the reaction with O3 (Thermo Electron Corporation, 2004). 

The stream of measurement for NO2 will pass through an NH3 scrubber followed by a 

molybdenum oven at 325ºC to convert all NO2 into NO. Similarly, the NH3 stream will 

pass through a stainless steel oven at 750ºC followed by an NH3 scrubber to ensure 

that all NH3 is converted to NO or removed from the stream. The three streams of NO, 

NO2, and NH3 react with O3 and emit a certain intensity of light that is detected by the 

photomultiplier tube. A process flow diagram for a chemiluminescence analyzer is 

depicted by Figure 6. 

 

Figure 6: Chemiluminescence process flow diagram (Thermo Electron Corporation, 2004) 
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2.3 Carbon Dioxide 

2.3.1 Generation Mechanisms 

CO2 is generated within cattle as a by-product of respiration (OMAF, 2013a). CO2 is 

also generated when CH4 is derived from acetate (refer to Section 2.1.1) (Food and 

Agriculture Organization of the United Nations, 1997). It is suspected that the actual 

amount of CO2 generated from methanogenesis is quite small, given that the majority is 

likely reduced to CH4 by reacting with H2. Evidence dictates that over 90% of gases 

from the rumen are inhaled into the lungs (via the trachea) prior to exhalation along with 

respiratory gases (Boadi et al., 2001). Aside from the animal’s biological activity, CO2 is 

also generated during both anaerobic and aerobic bacterial degradation of any waste 

organic matter in the barn (Moller et al., 2004). Albeit several generation mechanisms 

exist within the barn environment, it is the respiratory function of the cattle that 

generates the greatest magnitude. 

2.3.2 Health & Environmental Effects 

The main danger associated with CO2 is that it is denser than air and can thereby result 

in oxygen deficiency, causing asphyxiation or suffocation (OMAF, 2013a). So long as 

adequate ventilation is provided within a facility, dangerous levels of CO2 are generally 

not present. However, sealed silos as well as grain and manure storage bunkers can 

develop oxygen deficient environments which are lethal. The TLV is 5,000 ppm as given 

by the NIOSH and the ACGIH (NIOSH, 2010; OMAF, 2013b). Elevated values of CO2 

are believed to be beneficial for crop growth up to a certain extent (Prasad et al., 2005) 

with extreme levels causing to lower plant transpiration and thereby inhibit growth. Also, 

CO2 is the most abundant, however not very potent, gas associated with the 

greenhouse gas affect and is extremely robust, having an atmospheric lifespan of 200 

years (Jenish, 1997). 

2.3.3 Sampling Techniques 

The US EPA Method 3A – “Determination of Oxygen and Carbon Dioxide 

Concentrations in Emissions from Stationary Sources” is the reference method for 

continuous monitoring of CO2 (US EPA, 1989). Albeit no method is specified, the 



 

18 
 

aforementioned document states that the protocol utilized should follow that of the US 

EPA’s Method 7E – “Determination of Nitrogen Oxides Emissions from Stationary 

Sources (Instrumental Analyzer Procedure)” (US EPA, 2009). In Method 7E, it is 

described that continuous monitoring of an air contaminant must assimilate several 

components, including: a sample probe, particulate filter, sample line, conditioning 

equipment (dependent upon dry or wet basis sampling), sample pump, calibration and 

sample gas distribution systems, a data-recording feature, and an adequate analyzer. 

So long as the performance criteria and specifications are met, analyzers operating 

under various principles can be used to continuously monitor CO2 levels. 

The US EPA Method 3A also states that the equipment used for sampling CO2 can be 

that of which is used in Method 6C – “Determination of Sulfur Dioxide Emissions from 

Stationary Sources (Instrumental Analyzer Procedure)” (US EPA, 2008). Suitable 

analyzers for continuous monitoring, as described by Method 6C, constitute ultraviolet, 

non-dispersive infrared, or fluorescent spectroscopy. The basis of these detection 

techniques is the fact that CO2 absorbs each of these forms of radiation in a specific 

fashion, allowing that absorbance magnitude to be converted into a signal that reflects a 

concentration (i.e. spectroscopy). The mechanics of each of the wave types is very 

similar, and their general application can be adequately described by the infrared 

spectroscopy process. 

Infrared laser spectroscopy utilizes an infrared beam that passes through a sample 

stream. The amount of the infrared beam that is not absorbed is interpreted as being 

inversely proportional to the concentration within the sample stream. Figure 7 depicts 

the Model 41C Trace Level Gas Filter Correlation CO2 Analyzer (Thermo Electron 

Corporation, 2003a) which utilizes infrared spectroscopy. This procedure is describe in 

full detail, with regards to NH3, in Section 2.2.3.1. In addition, infrared photoacoustics, 

as described in Section 2.2.3.2, may be used for assessing CO2 levels (Zhu et al., 

2011). 
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Figure 7: Infrared laser spectroscopy (Thermo Electron Corporation, 2003a) 

2.4 Particulate Matter 

2.4.1 Generation Mechanisms 

Particulates found within livestock operations are composed of various inorganic and 

organic components and can range in size fractions from very fine (i.e. < PM1.0) to 

coarse (i.e. PM10). Within animal housing, it is estimated that 70% to 90% of dust is 

organic (OMAF, 2013a). These organic components, from a dairy cattle perspective, 

consists of feed residue, hair and skin cells, fecal matter, insect fragments, pollen, fungi, 

molds, bacteria, and viruses. The inorganic constituents are typically mineral in nature 

or can be generated by NH3 reacting with acid gases to form SIA (Baek et al., 2004). 

Generally, increased levels of dust are the result of poor feed storage, handling and 

conservation as well as barn cleanliness, ventilation, and animal activity (OMAF, 

2013a). 

2.4.2 Health & Environmental Effects 

The microscopic solids or liquid droplets that compose airborne fine particulates can get 

deep into one’s lungs and cause serious health issues (US EPA, 2014). These 

problems include, but are not limited to, difficulty breathing, coughing, aggravated 

asthma, decrease lung function, irregular heartbeat, nonfatal heart attacks, and 

premature death in people with heart or lung disease. PM2.5 is also the primary 
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constituent in visibility restriction because of its minimal settling velocity (US EPA, 

2014). Particulate pollution also has the capacity to stain and damage stone and other 

materials (i.e. statues, monuments, and buildings). Currently, the recommended 

exposure limit for Total Suspended Particulates (TSP), as listed by the NIOSH is 0.1 

mg/m3 (NIOSH, 2014). 

From an environmental standpoint, airborne particles can be carried over long distances 

by wind (US EPA, 2014). Upon settling, the effects include altering nutrient balance in 

soil and water, damaging vegetative species (e.g. forests and crops), as well as 

affecting ecosystem diversity. 

2.4.3 Sampling Techniques 

The method of analysis for particulates specified by the US EPA is the Method 5 – 

Determination of Particulate Matter Emissions from Stationary Sources (US EPA, 1999). 

This method is known as a cumulative analysis, however, more state-of-the art 

technologies, such as gravimetric and optical technics, have been developed for 

particulate analysis. 

2.4.3.1 Cumulative Analysis 

The Method 5 described by US EPA (1999) consists of drawing particulate matter 

isokinetically onto a glass fiber filter for a specific amount of time. The PM mass 

collected on the filter consists of any material that condensed above or at the filtration 

temperature. Knowing the flow rate of air through the apparatus, the concentration of 

PM can be determined. Method 5 does not specify the necessary equipment, but it does 

provide standards that must be met by the equipment (US EPA, 1999).  

2.4.3.2 Gravimetric Analysis 

The gravimetric method is a direct mass measurement technique based on Newton’s 

Second Law of force being the product of mass and acceleration (Patashnick et al., 

2002). The technology consists of a tube which is split amongst a filtered end and a 

hollowed end. The tube, being clamped-free, will oscillate at its resonant frequency as 

air is drawn in. As more particles accumulate on the filter, its mass will increase, thereby 
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decreasing the resonant frequency. The accumulated mass of particles is determined 

by the frequency, providing a concentration for a specific size of particulate, which is 

based on the filter size (Patashnick et al., 2002). This practice, which is the theory 

behind the tapered element oscillating microbalances (TEOM®) equipment, has been 

developed as the leading technology in gravimetric analysis of particulates. 

2.4.3.3 Optical Analysis 

Optical analysis is an indirect microweighing technique which approximates the mass of 

the particulate based on the light scattering ability related to the diameter of the particle 

(Thermo Scientific Instruments Inc., 2012) and the technology is often referred to as an 

optical particle counter. This state-of-the-art technology passes a sample air stream 

through a sheet of light from a laser diode. Light refractivity from the scattered particles 

is captured on an optical mirror which focuses the light on a photo detector (Thermo 

Scientific Instruments Inc., 2012). The voltage across this detector is linearly 

proportional to a mass concentration for a specified size of particulate. This theoretical 

operation is depicted by Figure 8. This practice is the theory used by the TSI 

DustTrak™ which is a light-scattering laser photometer that can provide real-time 

aerosol indirect mass readings for short timeframes (Thermo Scientific Instruments Inc., 

2013). Other attractive features of these types of analyzers is their portability and ease 

of operation. 
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Figure 8: Light-scattering laser photometer (Thermo Scientific Instruments Inc., 2012) 

2.5 Ventilation 

Ventilation practices used in barns are either natural or mechanical. The former is 

representative of the facility being open to the outside in order to permit natural airflow 

to be drawn through the facility. Mechanical ventilation, on the other hand, uses exhaust 

fans to remove air from an enclosed facility. 

2.5.1 Sampling Techniques 

2.5.1.1 Natural Ventilation 

The most widely used method for measuring airflow through a naturally ventilated 

facility is the tracer gas method which uses an inlet/outlet balance in concentrations of 

either CO2, tetrahydrothiophene, perfluorocarbon, sulfur hexafluoride, or krypton-85 

(Mali, 2013). Knowing the concentration at the inlet and the outlet stream allows the rate 

of air being transported through the infrastructure to be calculated based on theoretical 

equations. 
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2.5.1.2 Mechanical Ventilation 

With regards to mechanically ventilated barns, the emerging predominant method for 

measuring airflow from exhaust fans is the FANS unit (Gates et al., 2004). This 

equipment is sealed around the exhaust fan and its rack of anemometers record 

continuous rpm values which are then converted into an averaged flow rate. The major 

beneficial factor is that it is large enough to measure fans up to 1.37 m in diameter. 

Another method used, for smaller exhaust fan sizes, ranging up to approximately 2.36 

m3 s-1, is a bolometer (Roumeliotis & Van Heyst, 2007). This piece of equipment is 

sealed around the exhaust fan and measures flow going through it based on pressure 

differentials (i.e. pitot tubes). One indirect method consists of monitoring the voltage 

applied to the exhaust fan and then estimating an emission rate based on the efficiency 

specifications of the motor. However, this method is prone to inaccuracy as belts and 

motors wear and louvres accumulate dust. 

Within mechanically ventilated barns it is common to develop a slight negative static 

pressure when air is being exhausted from the facility. Fan sizing for a facility should be 

dictated based on a static pressure differential reading ranging from 12.5 – 37.4 Pa 

(Zulovich et al., 2008). Free air inlets should be designed to allow air to enter the facility 

while monitoring the static pressure differential. If pressure differential exceeds this 

range, it indicates inadequate inlet area and may diminish fan performance. Pressure is 

typically estimated through a manometer reading, with one end open to the outdoor 

atmosphere and the other being open inside the barn. If flow is altered through a 

changing static pressure inside the barn, there are fan affinity laws which can potentially 

be applied in order to determine the change in flow of a fan (Chunxi et al., 2011). 

2.6 Previous Emission Factors 

While studying the emissions of CH4, NH3, CO2, and PM it is important to understand 

previous studies to evaluate baseline (i.e. control) values. 
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Table 1: Documented methane emission factors 

Emission 
Factor 

(g hr-1 AU-1) 
Mean (±SD)  

Location 
Measurement 

Technique 
Manure 
Practice 

Ventilation 
Practice 

Season / 
Barn 
Temp 
(ºC) 

Source 

24.67 (±4.00) USA 
Infrared 

Photoacoustic 
- - - / 27.5 (Aguerre et al., 2011) 

14.18 (±0.15) Denmark 
Infrared 

Photoacoustic 
Scrapper Natural 

Spring / 
11.7 

(Bjerg et al., 2012) 

15.71 (-) Switzerland 
Non-

Dispersive 
Infrared 

- - 
Spring / 

16.6 
(Hindrichsen et al., 

2006) 

16.34 (±1.71) Canada 
Non-

Dispersive 
Infrared 

Gutter Mechanical - (Kinsman et al., 1995) 

15.63 (±2.50) New 
Zealand 

Flame 
Ionization 
Detector 

- - 
Winter / - (Laubach & Kelliher, 

2004) 15.54 (±2.04) Spring / - 

28.97 
(±17.37) 

Canada 
Flame 

Ionization 
Detector 

- Mechanical 

Winter / 
12.2 

(Mali, 2013) 
21.20 

(±15.96) 
Spring / 

18.7 

13.90 (±5.30) 

Canada 
Infrared 

Photoacoustic 
Scrapper Natural 

Spring / 
7.4 

(Ngwabie et al., 2014) 

12.2 (±5.50) 
Fall / 
10.3 

11.60 (±4.00) 

Sweden 
Infrared 

Photoacoustic 
Gutter Natural 

Winter / 
10 

(Ngwabie et al., 2009) 

9.00 (±3.00) 
Spring / 

18 

16.86 (-) 

- 
Infrared 

Photoacoustic 
Scrapper Natural 

Winter / 
6.2 

(Zhang et al., 2005) 

13.42 (±0.53) 
Summer 

/ 17.4 

8.50 (±4.88) 

China 
Infrared 

Photoacoustic 
Gutter Natural 

Winter / 
0.3 

(Zhu et al., 2011) 

12.92 (±8.58) 
Spring / 

21.6 

19.63 (±9.46) 
Summer 

/ 29.1 

9.83 (±4.00) 
Autumn / 

4.8 
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Table 2: Documented ammonia emission factors 

Emission 
Factor 

(g hr-1 AU-1) 
Mean (±SD) 

Location 
Measurement 

Technique 
Manure 
Practice 

Ventilation 
Practice 

Season 
/ Barn 
Temp 
(ºC) 

Source 

0.59 (±0.16) USA 
Infrared 

Photoacoustic 
- - - /27.5 

(Aguerre et al., 
2011) 

0.84 (±0.05) Denmark 
Infrared 

Photoacoustic 
Scrapper Natural 

Spring / 
11.7 

(Bjerg et al., 
2012) 

0.45 (±0.38) 

Canada Chemiluminescence - Mechanical 

Winter / 
12.2 

(Mali, 2013) 

1.78 (±0.86) 
Spring / 

18.7 

0.64 (±0.32) 

Canada 
Infrared 

Photoacoustic 
Scrapper Natural 

Spring / 
7.4 (Ngwabie et al., 

2014) 
0.43 (±0.22) 

Fall / 
10.3 

1.03 (±0.30) 

Sweden 
Infrared 

Photoacoustic 
Gutter Natural 

Winter / 
10 (Ngwabie et al., 

2009) 
0.89 (±0.30) 

Spring / 
18 

0.82 (-) 

- 
Infrared 

Photoacoustic 
Scrapper Natural 

Winter / 
6.2 (Zhang et al., 

2005) 
1.34 (±0.47) 

Summer 
/ 17.4 

2.53 (±2.07) 

China 
Infrared 

Photoacoustic 
Gutter Natural 

Winter / 
0.3 

(Zhu et al., 2011) 

3.56 (±2.50) 
Spring / 

21.6 

4.42 (±4.10) 
Summer 

/ 29.1 

2.07 (±1.80) 
Autumn / 

4.8 

 

Table 3: Documented carbon dioxide emission factors 

Emission 
Factor 

(g hr-1 AU-1) 
Mean (±SD) 

Location 
Measurement 

Technique 
Manure 
Practice 

Ventilation 
Practice 

Season 
/ Barn 
Temp 
(ºC) 

Source 

763.54 
(±93.40) 

USA 
Photoacoustic 

Infrared 
- - - / 27.5 

(Aguerre et al., 
2011) 

471.01 
(±38.76) 

Canada 
Infrared 

Spectroscopy 
Gutter Mechanical - 

(Kinsman et al., 
1995) 

416.67 
(±66.67) 

China 
Photoacoustic 

Infrared 
Gutter Natural 

Winter / 
0.3 

(Zhu et al., 2011) 

366.67 
(±50.00) 

Spring / 
21.6 

354.17 
(±45.83) 

Summer 
/ 29.1 

350.00 
(±54.17) 

Autumn / 
4.8 
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Table 4: Documented particulate matter (10 µm) emissions 

Emission 
Factor 

(mg hr-1 AU-1) 
Mean (±SD) 

Location 
Measurement 

Technique 
Manure 
Practice 

Ventilation 
Practice 

Season / 
Barn Temp 

(ºC) 
Source 

5.78 (±4.57) 
Canada 

Optical 
Particle 
Counter 

- Mechanical 
Winter / 12.2 

(Mali, 2013) 
12.87 (±10.03) Spring / 18.7 

81.0 (-) 

USA 
Filter 

Collection 
- Natural 

Winter / 7.7 
(Purdy et al., 

2009) 80.9 (-) 
Summer / 

20.9 

11.00 (±7.00) USA 
Filter 

Collection 
Skid Steer 
Scrapper 

Natural Winter / - 
(Schmidt et 
al., 2002) 

 

Table 5: Documented particulate matter (2.5 µm) emissions 

Emission 
Factor 

(mg hr-1 AU-1) 
Mean (±SD) 

Location 
Measurement 

Technique 
Manure 
Practice 

Ventilation 
Practice 

Season / 
Barn Temp 

(ºC) 
Source 

2.10 (±2.05) 
Canada 

Optical 
Particle 
Counter 

- Mechanical 
Winter / 12.2 

(Mali, 2013) 
7.81 (±6.19) Spring / 18.7 

21.90 (-) 

USA 
Filter 

Collection 
- Natural 

Winter / 7.7 
(Purdy et al., 

2009) 12.60 (-) 
Summer / 

20.9 

2.7 Mitigation Practices 

2.7.1 Methane 

2.7.1.1 Diet Alteration 

When applying diet change-based mitigation strategies for rumen CH4 output, the 

methods used are generally associated with reducing the factors in rumen fermentation 

that generate higher magnitudes of CH4 production. These facets include increasing 

feed utilization efficiency, decreasing the VFA ratio of acetate and butyrate to 

propionate, as well as decreasing the ruminal protozoa count (see Section 2.1.1 

Generation Mechanisms). Many strategies exist where these features can be targeted, 

and are summarized in Table 6. 
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Table 6: Methane mitigation diet related practices 

Strategy Description 

Fat Additions 
Lipids (e.g. vegetable oil, oilseeds, DDGS) decreases CH4 levels through the 
hydrogenation of unsaturated fats (e.g. increased propionate formation), which 
utilize available H2, as well as decreasing protozoa numbers (Patra, 2012). 

Ionophores 
Antibiotics which reduce enteric CH4 output in cattle by improving the efficiency of 
feed utilization (Boadi et al., 2004b). 

Defaunation 
The process by which protozoa is removed from the rumen without inhibiting 
bacterial activity (Patra, 2012). 

Chemical Additives 
Chemicals to reduce CH4 output can be applied in non-toxic doses. However, 
farm-scale applications do not seem feasible due to health concerns (Patra, 2012). 

Supplementation 
Supplementation of concentrates rich in protein and energy increase rumen 
fermentation efficiency and thereby generate less CH4 (Patra, 2012) 

Feed Processing 
Grinding and pelleting feed prior to digestion has shown great success in 
decreasing CH4 emission rates (Boadi et al., 2004b). 

Forage Species 
Diets containing condensed tannins have demonstrated the ability to reduce CH4 
levels due to their low fiber content and fast passage through the rumen (Patra, 
2012). 

Plant Secondary 
Compounds 

Bioactive Plant metabolites (e.g. saponins, tannins, essential oils) inhibit 
methanogens, eliminate protozoa, and reduce organic matter intake to reduce CH4 
(Patra, 2012). 

Animal Interventions 
Selective breeding and controlling feed intake provide beneficiary ways to manage 
CH4 output (Boadi et al., 2004b). 

Immunization Against 
Methanogens 

Vaccines used to directly inhibit the activity of methanogens (Boadi et al., 2004b). 

Use of Bacteriocins 
Bacterial proteins or peptides which compete with microbial species in the rumen 
for methane forming resources (Patra, 2012).  

Bacteriophage Therapy The use of viruses to infect CH4 forming bacteria and methanogens (Patra, 2012). 

Alternate Hydrogen Sinks 
The addition of compounds which can act as H2 sinks (i.e. electron acceptors) to 
reduce CH4 formation (e.g. potassium nitrate, nitrite, etc.) (Patra, 2012). 

Stimulation of Acetogens 
Control the pathways of H2 formation to be guided towards acetogens rather than 
methanogens (Patra, 2012). 

Inclusion of Probiotics 
Probiotics improve animal performance and thereby rumen fermentation (Boadi et 
al., 2004b). 

Rumen Methane Oxidation 
Ruminant CH4 can be oxidized within the rumen to form CO2 and H2 through the 
use of methanotrophs (Boadi et al., 2004b). 

2.71.2 Manure Management Techniques 

As previously stated in Section 2.1.1, only an estimated 5% of CH4 emissions are 

related to manure management and not enteric fermentation (Boadi et al., 2004a). As 

long as manure is removed from the facility on a continuous basis, there should be little 

potential for the manure piles to go anaerobic which would result in CH4 production. 

Most dairy facilities remove the excreted waste to a location outside of the facility (i.e. a 

lagoon) on a daily or twice daily schedule. A previous study assessing the potential for 

mixing dried grass into a passively-aerated dairy manure holding tank reported a 74.3% 

reduction (Maeda et al., 2013). 
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2.7.2 Ammonia 

2.7.2.1 Diet Alteration 

Albeit many feed altering strategies are available for NH3 reduction, they all relate back 

to decreasing protein content in the diet. From a generalized point of view, Hristov et al. 

(2010) took note that when CP dietary levels were decreased from 15.4% to 13.4% of 

the DM diet, NH3 emissions decreased by 38%. As a result of protein being the primary 

N supply within a cattle’s diet, the reduction of degraded protein has demonstrated the 

capacity to reduce NH3 production by as much as 80% (Monteny et al., 2002). In order 

to reduce the protein level, one dietary strategy was to change from corn-based feed to 

grass-based, which has relatively low degradable protein levels. So long as the cattle’s 

performance is not altered and its required protein level is met, this practice is 

acceptable. 

2.7.2.2 Manure Management Technique 

A facility’s manure management design is a strongly dependent factor for NH3 

volatilization. Previous research has shown that a flat floor in a cattle barn, scrapped 96 

times per day will result in a 5% reduction in NH3, whereas a slopped floor experienced 

a 26% reduction (Aneja et al., 2008). Grooved floor systems have been studied with a 

scrapper arm, resulting in a 46% decline in NH3 emissions (Swierstra et al., 2001). This 

is a separation technique where the urine goes through the grooves while the manure is 

removed by the scrapper. 

The addition of components to the slurry of the urease enzyme in the feces and urea 

(from the urine) has also been investigated. One study analyzed the effect of the urease 

inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) when added to cattle slurry and 

reported a maximum NH3 reduction of 47% (Singh et al., 2013). Additionally, increasing 

the amount of straw bedding by 33% and applying that addition to the soiled areas 

demonstrated a 50% reduction in NH3 emissions from dairy cattle (Gilhespy et al., 

2009). In the same manner, the addition of 6.25% zeolite or 2.5% alum to dairy slurry 

demonstrated a decline in NH3 emission by 50% and 60%, respectively, in a study 
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conducted by Lefcourt and Mesinger (2001). Also, mixing nitric acid into the slurry to 

lower pH levels to 4.49, reduced NH3 volatilization by 49% (Aneja et al., 2008). 

Although there are multiple techniques for decreasing NH3 production, the majority of 

waste is removed from the facility in a timely manner for standard operations. As a 

result, strategies for both inside the facility, as well as outside in the manure slurry 

storage, are both necessary mitigation features on a “whole-farm” basis. 

2.7.3 Particulate Matter 

The most prevalent practices for dust control in barns consists of sprinklers, 

electrostatic precipitators, and various forms of filters (i.e. scrubbers). Sprinkler systems 

are generally incorporated into livestock facilities as a heat-stress reduction practice but 

they also have demonstrated benefits related to airborne particulate control. One study 

evaluated the effect of applying overhead sprinklers for two hour cycles over a daily 

eight hour period in a heifer barn and observed a 25% decrease in PM, relative to the 

barn being without sprinklers (Marcillac-Embertson et al., 2009). It is hypothesized that 

the water droplets scrub airborne particles as they fall to the ground, removing them 

from the air stream. 

A more state-of-the-art solution for dust control is the use of an electrostatic precipitator 

(ESP), which is a set of negatively charging electrodes (wires) followed by positively 

charged collecting electrodes (plates) placed parallel to airflow exiting a facility (Chai et 

al., 2009). Particulates are generally positively charged and will be drawn towards the 

walls, get stuck, and eventually be removed by an integrated cascade impact system. 

Chai et al. (2009) reported that a -30 kV ESP in a poultry facility obtained a removal rate 

for total particulates of 79%. 

Several types of air scrubbers exist for on-farm particulate removal, including multistage 

scrubbers, acid scrubbers, bio-scrubbers, and wet and dry-scrubbers (Joseph & 

Beachler, 1998). Scrubbers generally consist of an inlet/outlet design that has some sort 

of packed “bedding” in between. 
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2.8 Sampling of Dairy Cattle Parameters 

2.8.1 Feed 

Nutrient levels in feed are determined through methods assimilating near-infrared 

radiation or wet chemistry (OMAF, 2013c). At the very least, a basic feed analysis 

should include Dry Matter (DM), Crude Protein (CP), crude fat, phosphorous (P), 

calcium (Ca), and sodium (Na). However, it is good practice to also estimate Acid 

Detergent Fiber (ADF), Neutral Detergent Fiber (NDF), and Non-Fiber Carbohydrates 

(NFC). DM is estimated by drying the contents for an extended period at 105ºC 

(Zaklouta et al., 2011). The TKN method is used to assess CP levels by determining the 

amount of N (i.e. CP = %N x 6.25 for forages). Fat is analyzed by dissolving it in petrol 

ether and then evaporating the ether in a Soxhlet arrangement (Zaklouta et al., 2011). 

Minerals (e.g. P, Ca, Na) are dried, ashed, dissolved in acid, and then diluted in water. 

An air-acetylene system (AAS) is used along with a spectrophotometer or a flame 

photometer (Zaklouta et al., 2011). ADF, NDF, and NFC are all determined by boiling 

the feed in either an acid detergent or neutral detergent solution and weighing the 

insoluble or soluble remains (Saha et al., 2013). 

2.8.2 Milk 

As with feed, milk nutrients are estimated either through near-infrared analysis or wet 

chemistry (OMAF, 2013c). Constituents to be determined are fat, protein, lactose and 

urea content. Wet chemistry based methodologies used to assess fat content include 

the Gerber method, Rose-Gottlieb method, and the acid digestion method (Food and 

Agriculture Organization of the United Nations, 1999). As for protein, the TKN method is 

the industry standard, basing the True Protein (TP) level of milk on the approximate 

total N (i.e. TP = %N x 6.38 for milk). However, the N level to assess protein content is 

more accurately determined by combustion (and measuring the vaporized NO2), 

although previous studies have shown that the two are statistically equivalent in their 

results (Pereira et al., 2006). Lactose and urea are generally determined through 

colourimetry (Food and Agriculture Organization of the United Nations, 1999). 
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2.8.3 Feces & Urine 

As with milk, the total N estimation in the manure (feces and urine) can be estimated 

either through TKN or combustion. The individual N levels associated with NH4
+ and 

nitrate are generally assessed through potassium chloride (KCl) 2 M extraction 

(Misselbrook et al., 2005). The neutral detergent fiber (NDF) is estimated based on the 

neutral detergent solution method, similar to the feed. Several other parameters, such 

as dry and organic matter, are determined through oven drying (Zaklouta et al., 2011). 

Elements such as potassium (K), magnesium (Mg), P, Ca, and Na can be determined 

through humid oxidation. TKN, combustion, potassium chloride (KCl) extraction, and 

colourimetry are all used to determine N based nutrients in urine (Misselbrook et al., 

2005). 

2.9 Characterization of Dairy Parameters 

2.9.1 Industry Standards 

A characterization study by Nennich et al. (2005) tabulated data to represent standards 

associated with dairy cattle. Table 7 and Table 8 are representative of values for mid to 

late lactating dairy cattle. This information is relevant to this study because the cattle 

being analyzed follow a relatively “standard” diet and as a result, their numbers should 

be comparable to those in this section. 

Table 7: Standard magnitude of parameters for lactating Holstein dairy cows (Nennich et al., 2005) 

Parameter Mean SD n 

Body Weight (kg) 630 66.1 554 

Days in Milking (d) 172 91.9 552 

Milk Yield (kg/cow) 31.4 11.0 553 

Dry Matter Intake (kg/d) 21.7 3.9 553 

Milk Fat (% of milk) 3.62 0.67 554 

Milk Protein (% of milk) 2.99 0.34 529 

Dietary CP (% of DM) 17.5 1.85 529 

Dietary NDF (% of DM) 36.4 5.07 554 
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Table 8: Standard magnitude of waste parameters for lactating Holstein dairy cows (Nennich et al., 2005) 

Parameter Mean (kg/d) SD (kg/d) n 

Manure 66.3 14.4 554 

Total Dry Matter 8.52 1.80 538 

Fecal Dry Matter 7.25 1.63 538 

Urine 23.1 7.19 554 

Nitrogen 0.4387 0.0943 529 

Fecal Nitrogen 0.2223 0.591 530 

Urinary Nitrogen 0.2165 0.0643 529 

2.9.2 Nitrogen Output Modelling 

As a result of N levels generally being assessed by a discrete sample, difficulties arise 

in assessing N output in a balance analysis. Therefore, Table 9 was tabulated based on 

previous modeling studies. In order to assess a N balance of the cattle, and thereby 

assess their feeding regime, these N modelling equations were required for the study. 

Although laboratory analysis were done, it is difficult to monitor the total magnitude of 

waste output and as a result, a modeling approach to a N balance was deemed 

necessary. 
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Table 9: Equations to model nitrogen output 

Parameter Equation 
R2 /Residual 

SE 
Source 

Faecal 
Nitrogen 

Output (g/d) 

=76.7 + 0.16×Nintake 0.3/- 
(Kebreab et al., 2001) 

=78 + 0.15×Nintake 0.53/- 

=0.125×Nintake + 4.877×DMI + 33.21 0.66/- 
(Tomlinson et al., 

1996) 

=1.3×CP – 0.151×NDF – 0.00299×(NDF)2 + 

0.154×BW – 0.175×DIM + 0.000379×(DIM)2 

– 1.6×(MY)2 +0.0373×MY×NDF – 

0.0113×BW×CP + 1.81×DMI + 
0.549×DMI×CP 

0.844/18 
(Wilkerson et al., 

1997) 

Urine Nitrogen 
Output (g/d) 

=0.003×(Nintake)1.8 0.67/- 
(Kebreab et al., 2001) 

=0.0052×(Nintake)1.7 0.95/- 

=0.0628×RDP + 55.6 -/42.8 (Nennich et al., 2006) 

=0.624×Nintake – 11.32×DMI + 80.07 0.78/- 
(Tomlinson et al., 

1996) 
=0.638×Nintake – 12.4×DMI + 0.135×BW + 
8.0 

0.80/- 

Milk Nitrogen 
Outputa (g/d) 

= 0.19×Nintake + 38.2 0.36/- 
(Kebreab et al., 2001) 

=0.17×Nintake + 34.8 0.90 

=(507 + 149×CPf – 193×RDP/CPf)/6.38 -/- (Huhtanen & Hristov, 
2009) =(596 + 0.0756×RDP + 0.138×RUP)/6.38 -/- 

*BW: body weight (kg) 
*DIM: days in milk 
*MY: milk yield (kg/d) 
*CP: crude protein (% in dry matter) 
*NDF: neutral detergent fiber (% of dry matter) 
*DMI: dry matter intake (kg/d) 
*CPf: amount of CP ingested with forage (kg/d) 
*CS: corn silage (% of forage DM) 
*MF: milk fat % 
*MTP: milk true protein % 
*Nintake: nitrogen intake (g/day) 
*RDP: rumen degradable protein (g/d) 
*RUP: rumen undegradable protein (g/d) 

2.10 Dairy Nitrogen Cycles 

2.10.1 Inner N Balance 

The cycle of N compounds within dairy cattle is subjective to the generation of ruminal 

NH3 which primarily arises from the deamination of dietary proteins within the rumen 

(Husveth, 2011). Sources of rumen NH3 production are RDP, NPN, and recycled N (via 

saliva) sources (Tillman & Sidhu, 1969). Forms of NPN include plant amides, nitrites, 

nitrates, and urea derivatives, whereas RDP is part of the CP level found within the 

TMR (Husveth, 2011). Nearly all of the RDP, NPN and recycled N is converted into NH3 

(as depicted by Figure 9). A specific portion of this NH3 is converted into bacterial 

protein (e.g. Bacteriodes succinogenes, Ruminococcus flavefaciens, Ruminococcus 
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albus, Bacteriodes amylophilus, Methanobacterium ruminantium and Eubacterium 

ruminantium) by rumen bacteria (Husveth, 2011). Any overflow is sent to the liver and 

either recycled via saliva or excreted through urine in the nitrogenous form of urea. 

Some proteins in the dietary source (i.e. CP) are undegradable and not subjected to the 

microbial breakdown process. They are known as RUP and are hydrolysed by 

gastrointestinal enzymes (Satter & Roffler, 1975). Both the bacterial proteins and RUP 

are absorbed into either the bloodstream or the feces through the gastrointestinal tract 

(refer to Section 2.11.2). The sole difference between RDP and RUP is simply relative 

to how much protein the cow requires and whether or not it has the rumen capacity to 

ferment the entire protein intake. Upon being absorbed into the bloodstream, the protein 

will be utilized for milk production, maintenance, and growth (Husveth, 2011). 

 

Figure 9: Nitrogen cycle in the rumen (Kersbergen, 2014) 

2.10.2 Outer N Balance 

In order to assess the nitrogenous dairy cycle, certain parameters of the feed, feces, 

urine and milk must be evaluated on a laboratory basis. Within feed, the parameter to 

be analyzed is CP (Hollmann et al., 2008). CP can be converted into a N percentage 

based on the Equation 8. 

 𝐶𝑃(%) = 𝑁(%) × 6.25 (8) 

If within a feces analysis, the N total parameter is determined, it is typically assumed 

that it represents all N content (Gozho et al., 2008). N content within urine is taken as 
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the sum of N-NH4
+ (i.e. the N fraction within the amount of NH4

+ present) and the 

combination of N-nitrate (N-NO3) and N-nitrogen dioxide (N-NO2). Molecular mass ratios 

between the elements of each of these molecules can be utilized in order to determine 

the sole nitrogenous content of each compound. As for milk, both protein and urea 

(CO(NH2)2) content must be assessed and their N content summed (Gozho et al., 

2008). Within milk readings, the protein is generally evaluated as TP, and not CP 

because studies have shown that the proportion of N in milk proteins is different than 

the proportion of N in feed proteins. Therefore, milk’s N magnitude from its protein is 

evaluated by Equation 9. 

 𝑇𝑃(%) = 𝑁(%) × 6.38 (9) 

The N content of urea can simply be determined through the molecular mass ratio of the 

compound. These constituents, in a laboratory setting, are determined on a per mass or 

volume basis and thereby monitoring of feed intake and feces, urine, and milk output 

must be assessed, either empirically or theoretically. Variations in nutrient content 

between isonitrogenous diets can still have a significant effect on N values within these 

components. Most notably, as RUP content increases, it is anticipated that the N 

content of feces, urine, and milk should increase (Wright et al., 1998). The gain or loss 

of total N throughout the dairy cow can be evaluated by Equation 10 (Gozho et al., 

2008). 

 𝑁𝐵𝑎𝑙𝑎𝑛𝑐𝑒 = 𝑁𝐹𝑒𝑒𝑑 − 𝑁𝐹𝑒𝑐𝑒𝑠 − 𝑁𝑈𝑟𝑖𝑛𝑒 − 𝑁𝑀𝑖𝑙𝑘 (10) 

If the N balance results in a negative or relatively low value of retention, then that is 

generally associated with a cow that is in its early to mid-lactation phase (Wright et al., 

1998). The lactation regime consists of a greater magnitude of production initially (for 

about 60 days), followed by a steady decline in output magnitude afterwards (refer to 

Figure 12). This feature is explained in greater detail in Section 2.11.4. 
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2.11 Digestion System of a Dairy Cow 

2.11.1 Stomach 

Ruminant animals are defined as animals with a stomach containing four compartments 

(Hall & Silver, 2009). The four compartments that make up the cow’s stomach are the 

rumen, reticulum, omasum, and abomasum. 

The first and largest compartment in a cow’s stomach, the rumen, contains billions of 

bacteria, protozoa, yeasts, and molds (Hall & Silver, 2009). These constituents are able 

to adapt their numbers to a large variety of ingested feeds (e.g. grass, hay, corn, 

brewer’s grains, corn stalks, silage, and even urea). Bacteria and protozoa take care of 

most of the digestion associated with the cow and are present in numbers ranging from 

25 to 50 billion and 200 to 500 thousand, respectively, for every milliliter of rumen fluid 

(Hall & Silver, 2009). VFA (acetate, propionate, and butyrate) are produced from the 

microorganisms digesting fibrous material. The VFA are absorbed through the rumen 

wall, into the bloodstream, and account for approximately 60% to 80% of the required 

energy (Hall & Silver, 2009). Acetate and butyrate generate milk fat through the 

mammary glands whereas propionate is associated with the formation of glucose. The 

microbes additionally produce protein (i.e. microbial protein), as well as vitamins B and 

C. 

The reticulum, the “second compartment” in the stomach’s digestive tract, has a 

honeycomb-like lining that acts as a trap for ingested foreign objects (e.g. rocks, nails, 

wiring, miscellaneous metal, etc.) (Holstein Foundation Inc., 2003). The reticulum and 

the rumen are often referred to as being in the same compartment but its use comes 

into effect after that of the rumen. In order for the microbes to digest fiber efficiently, the 

cows ruminate (i.e. cycle/regurgitate food over from the reticulum to the mouth for 

digestive purposes), also known as “chew their cud,” which breaks down feed into small 

pieces, creating a larger surface area for more effective digestion (Hall & Silver, 2009). 

After the reticulum, the omasum consists of many folds that filter large particles back to 

the reticulum, while allowing fine particles and fluid to pass through to the abomasum 

(Holstein Foundation Inc., 2003). 
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The final compartment prior to the gastrointestinal tract, the abomasum, functions much 

like a human stomach. It produces enzymes and acid which initiate protein digestion 

(Holstein Foundation Inc., 2003). By-pass protein, fat, and carbohydrates may also 

make it to the abomasum for digestion. 

2.11.2 Intestines 

Following the abomasum is the gastrointestinal tract which commences with the small 

intestine where the remainder of digestion is performed, as depicted by Figure 10 (Hall 

& Silver, 2009). Digested feed that enters the lower digestive tract consists of 

undigested fiber, microbes, and amino acids (i.e. protein) produced by microbes in the 

rumen. By-pass protein, fat, and carbohydrates which avoid digestion inside the rumen 

may also make it to the small intestine for digestion (Hall & Silver, 2009). The pancreas 

and the gall bladder supply enzymes to digest proteins, sugars, and starch, and bile to 

help digest fats. The small intestine’s major function is the absorption of digested 

nutrients. Most of the cow’s essential nutrients are absorbed in the small intestine 

(minus the VFA, which are mainly absorbed through the rumen walls) which includes 

protein, starch, vitamins, minerals, and fats (Holstein Foundation Inc., 2003). 

The large intestine proceeds the small intestine and is the primary component for water 

absorption. Metabolic wastes, feed that is undigested, and some excess water are the 

constituents that leave the large intestine as fecal matter (Holstein Foundation Inc., 

2003). The consistency of fecal matter is dependent on the feed’s moisture, protein, and 

fiber content. Producers should be able to indicate the type of manure based on the 

cattle’s diet and if its colour and consistency are not associated with the animal’s feed, 

that is a sign of a health related issue. 
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Figure 10: Cattle digestive tract (Hall & Silver, 2009) 

2.11.3 Milk Fat & Protein Synthesis 

Milk fat, with regards to rumen activity, is generated as a result of the mammary glands 

synthesizing acetate and butyrate (Satter & Roffler, 1975). Protein synthesis for milk is 

relatively complex. Milk proteins are made up of 20 amino acids which consists of both 

essential and non-essential amino acids. Amino acids are typically absorbed into the 

blood from the small intestine (Satter & Roffler, 1975) where they then make their way 

to the mammary glands. The glands have the ability to uptake the associated amino 

acids where the biological process for protein synthesis is instilled and create the casein 

and whey proteins found in milk. 

Milk fat and protein levels do not remain at a constant value over the course of a cow’s 

lifespan, as depicted by Figure 11. It varies over the course of a cow’s days in milk 

(DIM), and essentially “restarts” with the commencement of each lactation period 

(Cunha et al., 2010). This feature is important to take note of when assessing milk 

quality over a period of time and is thereby relevant to this study. Additionally, an 

alteration in RUP content can have an effect on their levels (Wright et al., 1998). As 

RUP content increases, protein levels increase while milk fat levels typically decrease.  
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Figure 11: Milk protein and fat curve (Cunha, et al., 2010) 

Several studies have modeled the variation in protein and fat content as the number of 

days in milking progresses for a cow. Several of these equations are in Table 10. The 

equations of Table 10 are listed in a study by Quinn et al. (2006) which developed the 

associated values of the equations relative to a large data set of what was considered 

standard dairy cows’ lactations. Potential reasoning for the relatively low R2 values is 

most likely the result of the extensive amount of data points used within the Quinn et al. 

(2006) study, which was a total of 14,956 lactations after removing outliers. 

Table 10: Equations to estimate concentrations of protein and fat in milk 

Parameter Equation R2 Sourcea 

Milk Protein 
Concentration 

(%) 

=e(1.22-0.05xln(n)+0.01xn)                                              b 0.41 

(Wood, 1976) =e(1.23-0.06xln(n)+0.01xn)                                              c 0.41 

=3.55×n-0.05×e0.01xn                                             d 0.40 

=2.78+0.61×e-0.10xn+0.025×n 0.39 (Wilmink, 1987) 

=3.25+0.41×n0.50-0.57×log(n) 0.41 (Guo & Swalve, 1995) 

Milk Fat 
Concentration 

(%) 

=e(1.51-0.13xln(n)+0.01xn)                                              b 0.28 

(Wood, 1976) =e(1.52-0.12xln(n)+0.01xn)                                              c 0.30 

=4.72×n-0.13×e0.01xn                                             d 0.29 

=2.76+1.66×e-0.10xn+0.040×n 0.29 (Wilmink, 1987) 

=4.40+0.69×n0.50-1.22×log(n) 0.29 (Guo & Swalve, 1995) 
*n: weeks in lactation (weeks) 
a As cited in Quinn et al. (2006) 
b Linear equation 
c Weighted linear equation 
d Nonlinear equation 
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2.11.4 Milk Production 

Dairy milk production takes place at a varying rate. Onyiro et al. (2008) observed a 

relatively typical milk production curve for dairy cattle, which is represented by Figure 

12. In the early stages (i.e. DIM<60 days), the cow can’t reach the DMI level necessary 

to reach the energy level required for the excessive milk production. As a result, the cow 

will gain the additional energy from the mobilization of biomass (i.e. it loses fat and 

muscle), thereby outputting more N then what it ingests (Satter & Roffler, 1975). In other 

words, it will use its own fat and muscle as a source of energy and decrease in 

biomass. After the 60 day threshold, milk production levels decrease and the cow’s DMI 

level will exceed the energy requirement for milk production (Holstein Foundation Inc., 

2003). This will increase the animal’s live weight as nutrients are then being used to 

generate biomass. However, outside factors, such as feed content, may have an effect 

on milk output quantity. For instance, the Wright et al. (1998) study noted a linear 

increase in the rate of milk output as RUP intake increased. 

 

Figure 12: Standard milk production curve, where the “never lame” curve portrays behaviour by a dairy cow which 
never succumbs to lameness and the before and after 60 refers to a threshold in which the cow succumbs to 

lameness before and after 60 days in milk, respectively (Onyiro et al., 2008) 

In a “perfect world” context, after a cow is milking for approximately 305 days, farmers 

will typically stop collecting milk from the cow and put it through a dry cycle for 

approximately 60 days (Holstein Foundation Inc., 2003). This procedure takes place in 

order for the cow to build-up strength for the birth of subsequent calves. With the animal 

not providing milk and being under stress from the coming calving procedure, it is eating 

much less. One study took note of cows that were two weeks prior to calving attaining a 
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DMI level of 14.9 kg/day (Huzzey et al., 2007). Although it would be specific to the 

animal’s genetics and the ration used, dry cow’s DMI level typically will fall to 

somewhere between 12 – 15 kg/day prior to calving. Once the calf is born, milk will be 

produced by the cow again. However, approximately one to two weeks after the calf is 

delivered, the cow will still have relatively low DMI levels as a result of the stressful 

delivering process (Huzzey et al., 2007). 

A reputable equation used in order to predict milk yield is that of Grzesiak et al. (2006) 

which is denoted by Equation 11 (R2=0.74). 𝑀𝑌 is the daily average milk yield (kg d-1) 

after 𝑛 days of lactation. 

 𝑀𝑌 = 16 × 𝑛0.221 × 𝑒−0.005×𝑛 (11) 

2.12 Dairy Cattle Diet and its Nutritional Components 

A dairy cattle diet can vary significantly between farmers and depending on which stage 

of growth the animal is in (i.e. early to late-lactation) (Holstein Foundation Inc., 2003). 

So long as the diet meets the energy, protein, and mineral demand of the specific 

animal, there isn’t necessarily an “industry standard” for a cattle diet. A typical diet for a 

lactating dairy cow is anticipated to contain, with regards to DMI, 15% - 20% CP 

(Hollmann et al., 2008), 30% - 70% fiber, and no more than 5% fat (Hall & Silver, 2009). 

Although, when comparing various diets, they should be isonitrogenous (i.e. similar 

protein level) and isocaloric (i.e. similar energy level) throughout. The primary nutrient 

parameters used to describe dairy feed components are listed in Table 11. 
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Table 11: Dairy nutrient parameters (OMAF, 2008) 

Name Acronym Lab Analysis/Definition 

Acid Detergent Fiber ADF 

The amount of residue that remains after boiling the sample in an 
acidic detergent solution (primarily lignin, cellulose, and silica). Its 
value is correlated with energy content of forages, relating to TDN or 
NE.  

Acid Detergent Fiber-
Nitrogen 

ADF-N 
Represents the amount of heat damaged protein in which this form of 
nitrogen is unavailable for absorption by the animal. 

Amino Acids - 
Building blocks from which protein is synthesized in the body and 
associated with muscle growth. 

Ash - 
Inorganic constituents determined by weighing the residue after 
burning off organic matter.  

Available Protein - 
The CP portion available for digestion/absorption after subtracting the 
ADF-N fraction. 

Buffer - 
Maintain adequate pH levels in digestive tract (e.g. sodium, 
bicarbonate, bentonite). 

Cellulose - Primary part of plant cell walls and is a fibrous carbohydrate. 

Concentrate - Feed that is high in energy or protein and low in fiber. 

Crude Fat - The “pure” mixture of fat soluble materials. 

Crude Fiber - Is the “pure” fiber and represented by ADF and NDF fractions. 

Crude Protein CP 
An estimate of “pure” protein in the feed that comprises TP, NH3, 
amino acids, and nitrates. An estimation is based on multiplying the N 
content of feed by 6.25. 

Ether Extract - Total fat content of a feed determined through a laboratory analysis. 

Feed Efficiency - Amount of feed consumed per unit of production (e.g. milk, meat). 

Lignin - 
Indigestible to animals, it strengthens plant cell walls and is a polymer 
bound to cellulose. 

Lipids - 
Constituents that are insoluble in water. Examples includes 
glycolipids, phosphoglycerides, fats, oils, steroids, and waxes. 

Neutral Detergent Fiber NDF 
The amount of cell wall components (i.e. insoluble fraction) remaining 
after boiling feed in a neutral detergent solution. It has low digestibility 
and can be used to determine ruminant feed intake. 

Non-Fibrous Carbohydrate NFC 
Also known as non-structural carbohydrate, it is the soluble fraction 
which remains after boiling feed in a neutral detergent solution. 

Organic Matter - The total amount of feed without minerals. 

Roughage - Feed that is greater than 18% crude fat. 

Rumen-Degradable Protein RDP 
The portion of ingested protein that is used in the synthesis of 
bacterial protein (i.e. susceptible to rumen fermentation). 

Rumen-Undegradable 
Protein 

RUP 
The portion of ingested protein that bypasses rumen fermentation and 
is digested in either another compartment of the stomach or the small 
intestine. 

Silage - 
Feed conserved in an anaerobic environment and subjected to 
fermentation (e.g. corn silage, haylage, etc.). 

Starch  
A polymer of glucose and is a carbohydrate. Representative of a store 
of plant energy.  

Total Digestible Nutrients TDN The energy value of feed, accurately comparable to digestible energy. 

2.13 Corn Dried Distillers’ Grains with Solubles (CDDGS) 

2.13.1 Various Types of Distillers’ Grains 

Distillers’ grains can come from various sources and come in many forms. They can 

either avoid, or go through the drying process in order to be classified under wet or 

dried distillers’ grains, respectively. Also, mixing the constituents with solubles is 
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optional, which now provides four classifications of distillers’ grains; dried distillers 

grains (DDG), dried distillers’ grains with solubles (DDGS), wet distillers’ grains (WDG), 

and wet distillers’ grains with solubles (WDGS) (Klopfenstein et al., 2008). The other 

facet for classification which can still distinguish the type of supplement is which source 

it comes from. Ethanol-based production from corn for blended gasoline purposes is the 

standard, which encompasses dry milling (the most standard practice) to generate 

distillers’ grains (Moiser & Ileleji, 2006). Grain-based by-products from alcohol beverage 

production (e.g. whiskey) can also be used since it is essentially the same practice and 

same type of alcohol (i.e. ethanol) being generated (Powers et al., 1995). Although it is 

possible to use other starch containing grains (e.g. wheat and barley) for ethanol 

production, corn is the most widely used (Birkelo et al., 2004). Manufacturing processes 

may vary greatly from one plant to another and, as a result, it is of great importance to 

analyze the content of grains being utilized (Kleinshmit et al., 2006). It is anticipated that 

various forms of CDDGS will demonstrate some variability in CH4 emissions 

suppression and milk yield and composition. 

2.13.2 Manufacturing Process 

Ethanol, or ethyl alcohol, is generated through a fermentation and distillation process. 

The procedure begins with a starchy grain (corn being the most widely used source) 

which goes through a grinding process to create a greater surface area “corn flour” and 

allows for more effective degradation. The flour is mixed with water to form what is 

known as “mash” in the industry. A heat-stable enzyme (α-amylase) is also added to the 

mash (Moiser & Ileleji, 2006). Also, NH3 is added to buffer pH levels upward and acts as 

a nutrient for yeast during fermentation.  

The mash is then placed in a mechanical cooker of heightened temperature (above 

100ºC) where the enzymes break down the starch into small fragments. This process is 

known as “liquefaction” (Moiser & Ileleji, 2006). From this point, the mash is cooled (80 

ºC - 90 ºC) and additional α-amylase is added to allow for further liquefaction. The mash 

is then cooled to 30 ºC and a second enzyme known as glucoamylase is added which 

completes the conversion of starch into glucose (simple sugars) which are released into 

the liquid solution (Moiser & Ileleji, 2006). The addition of the second enzyme puts the 
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solution through a process known as “saccharification.” The mash is then sent to large 

steel vessels, where yeast is added, to ferment for approximately two to three days. 

During fermentation, the sugars are converted into ethanol and carbon dioxide (Moiser 

& Ileleji, 2006). At this point the solution is essentially 8% - 12% ethanol (by weight) and 

is thereby transferred to distillation by copper columns where the ethanol is separated 

from the solution. Water’s boiling point is 100ºC whereas that of ethanol is 78ºC and 

thereby ethanol evaporates and is condensed while water remains in liquid form. 

Distillation results in a solution that is 92% - 95% ethanol and the molecular sieve 

process that follows results in >99% ethanol (Moiser & Ileleji, 2006). The solution is then 

mixed to incorporate a denaturant (e.g. natural gasoline) at a level of about 5%. 

Proceeding distillation, the residue (i.e. that which did not evaporate and was not 

“distilled”), which consists of the grains, yeast, and water, is pumped out and sent to a 

centrifuge. 

The solution is then divided in the centrifuge. Through centripetal force, the solids (i.e. 

wet distillers’ grains (WDG)) and what is known as thin stillage, liquid which contains 

about 5% - 10% solids, are separated (Moiser & Ileleji, 2006). The thin stillage is put 

through evaporation which result in about 25% - 30% dry matter (OMAF, 2008). This 

secondary solution is known as Condensed Distillers Solubles (CDS) and is extremely 

high in protein and fat content. CDDGS, containing 10% - 12% moisture, is then 

generated when the WDG and CDS are mixed together and then dried. This final 

heating component may damage the protein source of the product, making less protein 

available for the animal (Kleinshmit et al., 2006). Lysine is the first amino acid to be 

limited from excessive heat in corn by-products thereby making it the susceptible to 

damage during the drying process.   

The majority of starch within the CDDGS product is lost to ethanol production and as a 

result the remaining nutrients (crude protein, fat, fibre, and minerals) are about three 

times more concentrated relative to the standard grain (Hunerberg et al., 2013). 

2.13.3 Methane Mitigation Strategy 

The incorporation of CDDGS in dairy diets has shown potential in reducing CH4 

emissions (Patra, 2012). As previously mentioned in the Section 2.7.1.1, dietary 
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supplements with high energy or protein levels improve ruminant fermentation efficiency 

and thereby reduce CH4 production. In the case of CDDGS, the starch that would be 

fermented in the rumen has already been broken down, converted into sugar and 

removed as a separate entity. As a result the remaining protein, fat, fibre, and minerals 

are much more readily degradable and less CH4 is formed during the fermentation 

(Boadi et al., 2004b). The CDDGS effect on CH4 is more about decreasing the amount 

of readily fermentable substrate than inhibiting methanogenesis. Albeit is additionally 

acknowledged that CDDGS decreases enteric CH4 levels through the hydrogenation of 

unsaturated fats (e.g. increased propionate formation), which act as H2 sinks, as well as 

decreasing the protozoa count (Patra, 2012). A study by Benchaar et al. (2013) noted 

that during the application of various forms of CDDGS, CH4 was reduced as a result of 

a reduction in acetate formation (refer to Section 2.1.1). Additionally, it was found that 

applying CDDGS at levels of 10% and 20% DM increased the protozoa count by 3.1% 

and 5.9% respectively, whereas a 30% CDDGS application reduced protozoa by 12.5% 

which would enhance the amount of CH4 generated (Benchaar et al., 2013). The results 

from Benchaar et al. (2013) took note of a 1.02%, 3.64%, and 4.02% decrease in CH4 

output when CDDGS was applied at 10%, 20%, and 30% on a DM basis, respectively. It 

should be noted that none of these results were adjusted for any other factors and that if 

diets are to remain isonitrogenous and isocaloric, results shouldn’t differ when adjusting 

for N or energy content. Since Benchaar et al. (2013) did not keep its diet alterations 

isocaloric, when adjusting for gross energy intake (GEI), the drop in CH4 amounted to 

4.76%, 7.88%, and 14.1% when CDDGS was applied at 10%, 20%, and 30% 

respectively. 

2.13.4 Effect on Milk Performance 

2.13.4.1 Limitations on Milk Protein and Fat Synthesis 

Dietary features that result in lesser amounts of fat and protein in milk are variable 

depending on the context of the diet. With regards to high corn rations (which is quite 

standard in the dairy cattle industry and associated with CDDGS), the corn silage and 

corn grains contain the essential amino acid structure for whey and casein (i.e. milk 

protein) synthesis (Dr. Tom Wright, OMAF, personal communication, 25 July 2014). If 
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part of the corn ration is exchanged with another form of nutrient which does not contain 

the same amino acid structure as the corn silage (e.g. CDDGS), then the amount of 

protein (e.g. casein and whey) synthesized in the produced milk will be limited. For high 

corn rations, the missing amino acids which limit milk protein synthesis are methionine 

and lysine (Kleinshmit et al., 2006). In Section 2.13.2, it was mentioned that lysine is the 

first amino acid to be limited by the drying process. In general terms, the amount of 

protein intake may be the same, but if the amino acid balance is off (as is with a 

CDDGS supplementation), then that can limit protein synthesis. 

As for the synthesis of milk fat, there are a couple of factors that inhibit this activity. The 

primary reason is the type of fat present in the CDDGS. The large amount of 

unsaturated fatty acids found in CDDGS actually diminishes the quality of rumen 

fermentation (Dr. Tom Wright, OMAF, personal communication, 28 July 2014). When 

unsaturated fatty acids (e.g. C18:3, C18:2, C18:1) are present in smaller quantities (as 

is standard in a dairy ration), they are all hydrogenated into saturated fatty acids (e.g. 

C18:0), where no double bonds are present. Incomplete hydrogenation of unsaturated 

fatty acids result in trans-fatty acids and conjugated linoleic acid (CLA) (Perfield, et al., 

2007). The formation of CLA in the rumen reduces milk fat production in the mammary 

gland. This process in ruminant nutrition is called the “biohydrogenation theory” (Perfield 

et al., 2007). Additionally, a secondary (and less effective) reason for lower milk fat 

percentage in a CDDGS application is reduced acetate formation during rumen 

fermentation, which is one of the CH4 mitigation facets associated with a CDDGS 

application (Benchaar et al., 2013). 

2.13.4.2 Results from Previous Studies 

Previous studies involving CDDGS diets with dairy cows are summarized in Table 12. It 

is probable that any increase in milk quantity in a CDDGS application (as is present for 

several studies in Table 12) is the result of elevated energy intakes associated with 

CDDGS diets and not because of an increase in rumen microbial protein production 

(Janicek et al., 2008). In light of this, if a diet is to remain isocaloric, which is a standard 

practice for altering diets in the field, there shouldn’t be a significant change in milk 

yield. Most of the studies listed in Table 12 kept their diets isonitrogenous. 
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Effects of CDDGS on milk fat concentrations have been variable and previous studies 

have documented only a decrease in milk fat content once a CDDGS level greater than 

15% (on a DM basis) is applied (Benchaar et al., 2013). The decreasing effect on milk 

protein however should be prevalent so long as amino acid structures from the typical 

silage or grain are altered for some other constituent (e.g. CDDGS). However, it was 

previously acknowledged that forms of CDDGS that were processed in a manner to 

reduce heat damage during the drying process provided less of a drop in milk protein, 

but no difference in milk fat (Kleinshmit et al., 2006; Powers et al., 1995). As a result, 

the drying process might actually positively impact the amino acid balance in the 

CDDGS, which is necessary for milk protein production by the mammary gland. 
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Table 12: Previous studies on the effect of CDDGS on milk quantity and quality 

  CDDGS % (Dry Matter Basis) 

Study Parameter 0 10 20 26 30 

(Anderson et 
al., 2006) 

DMI (kg/d) “per cow” 23.4 22.8 22.5 - - 

CP (% of DM) 17.0 17.0 17.0 - - 

Milk Yield (kg/d) 39.8 40.9 42.5 - - 

Fat (%) 3.23 3.16 3.28 - - 

Protein (%) 3.05 3.01 3.02 - - 

Lactose (%) 4.91 4.92 4.93 - - 

SCC (x 103/ml) 131 140 148 - - 

MUN (mg/dL) 13.30 12.59 12.36 - - 

(Benchaar et 
al., 2013) 

aDMI (kg/d) “per cow” 24.2 24.6 24.4 - 25.3 
aCP (% of DM) 16.2 16.4 16.6 - 16.8 
aMilk Yield (kg/d) 32.6 35.1 35.8 - 36.6 
aFat (%) 3.93 3.91 3.69 - 3.47 
aProtein (%) 3.49 3.41 3.31 - 3.31 
bLactose (%) 4.60 4.63 4.59 - 4.58 
bSCC (x 103/ml) 75 82 133 - 89 
bMUN (mg/dL) 11.1 10.0 9.9 - 10.6 

(Janicek et al., 
2008) 

aDMI (kg/d) “per cow” 21.4 22.4 23.0 - 24.0 

CP (% of DM) 19.4 - - - 18.1 
aMilk Yield (kg/d) 27.4 28.5 29.3 - 30.6 
bFat (%) 3.70 3.64 3.73 - 3.55 
bProtein (%) 3.18 3.19 3.16 - 3.14 

Lactose (%) - - - - - 

SCC (x 103/ml)    -  
aMUN (mg/dL) 15.6 15.2 14.7 - 14.7 

(Kleinshmit et 
al., 2006) 

DMI (kg/d) “per cow” 21.7 - 21.2 - - 

CP (% of DM) 15.1 - 15.6 - - 

Milk Yield (kg/d) 31.2 - 33.0 - - 

Fat (%) 3.69 - 3.60 - - 

Protein (%) 3.28 - 3.13 - - 

Lactose (%) 4.90 - 4.96 - - 

SCC (x 103/ml) 59.6 - 41.7 - - 

MUN (mg/dL) 10.6 - 9.04 - - 

(Powers et al., 
1995) 

DMI (kg/d) “per cow” 23.5 - - 23.8 - 

CP (% of DM) 18 - - 18 - 

Milk Yield (kg/d) 27.0 - - 28.0 - 

Fat (%) 3.47 - - 3.32 - 

Protein (%) 3.25 - - 3.07 - 

Lactose (%) - - - - - 

SCC (x 103/ml) - - - - - 

MUN (mg/dL) - - - - - 
ap<0.05 
bp=>0.05 

2.13.5 Effect on Nitrogen Balance 

Albeit the effect of CDDGS on N levels (and indirectly NH3 emissions) from dairy cattle 

is scarce, Benchaar et al. (2013) noted the effect on the N balance when applying 

CDDGS at various levels to a dairy cattle diet. It was determined that the total N 



 

49 
 

excretion increased and N utilization efficiency (milk N secretion as percentage of N 

intake) decreased as the applied CDDGS level increased. The amount of N in the feces, 

urine, and milk was evaluated as a percentage of the total N intake which indicated that 

the N levels in the feces and the milk decreased significantly, relative to N intake, with 

increasing CDDGS levels, whereas urine N levels did not statistically change. The 

decrease in milk N output percentage is most likely associated with the decrease in milk 

protein (N x 6.25) levels during CDDGS applications. 
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3. INSTRUMENTATION 

The equipment used for the experimental procedure is described in this chapter. All 

pieces of equipment were factory calibrated and met the safety standards of the 

associated manufacturer. 

3.1 Continuous Gas System 

3.1.1 Continuous Gas Analyzers 

The equipment used for sampling CH4, NH3, and CO2 from the air stream consisted of a 

Thermo Electron Corporation Model 55C Direct Methane, Non-Methane Hydrocarbon 

analyzer (55C), a Thermo Electron Corporation Model 17C Chemiluminescence NH3 

analyzer (17C), and a Thermo Electron Corporation Model 41C Trace Level Gas Filter 

Correlation CO2 analyzer (41C), respectively. The 55C employs a FID to detect levels of 

CH4 and non-CH4 hydrocarbons (Thermo Electron Corporation, 2003b). The 17C uses 

chemiluminescence reactions with O3 to measure levels of NO, NO2, and NH3 (Thermo 

Electron Corporation, 2004). The 41C model consists of infrared laser spectroscopy to 

analyze levels of CO2 (Thermo Electron Corporation, 2003a). Specifications associated 

with the analyzers are listed in Table 13. 

Table 13: Continuous gas analyzers specifications 

Model Pollutant(s) 
Lower 

Detection Limit 
(ppb) 

Span Drifta (%) 
Sample Flow 
Rate (L/min) 

Logging 
Interval (min) 

55C 
 CH4 

 NMHC 
20 ±2.0 0.5 10 

17C 

 NO 

 NO2 

 NH3 

1.0 ±1.0 0.6 5 

41C  CO2 5.0 ±2.0 0.5 – 2 5 
a Span drift is based on 24 hour averaging 
 

Before entering the 55C, 17C, and 41C analyzers, redundancy micrometer Millipore 

Fluoropore PTFE Membrane Filters were placed in-line to remove any particulates from 

the air stream that may have entered the sample lines. Chemically inert Teflon® tubing 

of 0.64 cm (0.25 inch) outer diameter and at least 0.32 cm (0.125 inch) inner diameter 

was used to supply the air stream into all three analyzers. The 55C required a 
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compressor pump in order to remove moisture from the air stream entering the analyzer 

which supports the flame of the FID. The compressor was a GAST compressor pump 

(model # 1HAB-11T-M100X) and can be seen in the bottom left corner of Figure 13, 

along with the 55C, 17C, and 41C (from the bottom to the top of the rack). In the same 

manner, the 17C required an exterior scrubber, which consisted of Drierite™ and silica 

beads, for zero air to have its moisture removed and be used by the analyzer for various 

purposes including dilution, calibration, and gas phase titration. 

 

Figure 13: Rack of continuous gas analyzers 

3.1.2 Sample Lines 

Two heated sample lines were used to transport sampled air from the barn to the 

analyzers. Each sample line was a CleanAir Engineering, Inc. Model 0723-100 line 

which is 30 m in length (CleanAir Engineering, Inc., 2008). The inside of the heated 

sample line consisted of 1.27 cm (0.5 inch) Teflon® tubing wrapped in heating coil, a 

power cord, and two type-K thermocouples. The heater maintained a constant 

temperature of 124 ºC (255 ºF), which is important to ensure that no condensation of 

moisture, acid gases, or other constituents occurred and caused any damage to the 

analyzers (CleanAir Engineering, Inc., 2008). 

A solenoid valve connected to a Campbell Scientific, Inc. CR23X Micrologger (Campbell 

Scientific (Canada) Corp., 2006) was used to alternate between the two sample lines 
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(refer to Figure 14). The CR23X Micrologger was synchronized with real-time up to 100 

Hz. 

 

Figure 14: Campbell Scientific CR23X Micrologger 

3.1.3 Sample Pump 

The solenoid valve’s single output line was connected to a CleanAir Engineering, Inc. 

single head diaphragm 26 L/min sampling pump (Figure 15), Model ADI R-Series 9769 

TI (CleanAir Engineering, Inc., 2014). The unit was made of a Teflon® / Ethylene 

Propylene Diene Terpolymer (EPDT) diaphragm, which moves up and down to vary 

pressure and volume and positively displace fluid, as well as 316 stainless steel wetted 

parts. Specification wise, the maximum flow, pressure and ultimate vacuum were 26.0 

L/min, 365 kPa, and 81.2 kPa respectively. 
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Figure 15: Sample pump (Model ADI R-Series 9769 TI) 

3.1.4 Housing Trailer 

A portable dual axle trailer (Trailer CM614CC-HD vehicle type), see Figure 16, was 

used to transport and house the majority of the air sampling equipment and its 

associated components (i.e. continuous gas analyzers, data loggers, sample pump, 

etc.). The trailer contained sliding shelves which protected each of the individual 

analyzers but allowed for easy access upon maintenance (refer to Figure 13). Gas 

tanks used for calibration and operation were secured along the walls next to the 

analyzers and were provided by Linde Canada Industrial Gases, Ltd. Within the trailer 

were the exit points of the two heated sample lines, which entered the trailer through 

two small holes in its side. The solenoid valve connecting the two sample lines had an 

outlet which was attached to the sample pump that would deliver the air stream through 

a gas distribution network (i.e. one line going to each analyzer). This network, which 

disseminated air to the analyzers consisted of chemically inert 0.64 cm (0.25 inch) 

Teflon® tubing. Each of the three continuous air monitors were connected through a 

dolly cable to a desktop computer which was used to download the associated data 

(see Figure 17). 
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Figure 16: Trailer housing unit 

   

 

Figure 17: Sample line exit points and associated hardware 

The trailer was equipped with a standalone heater in order to maintain an optimal 

temperature range of 15 ºC – 22 ºC. In the event of temperatures rising too high, an air 

conditioning unit was also included, albeit was never required to be turned on 

throughout this particular study. 

3.2 Particulate Analyzers 

In order to measure particulate matter concentrations within the dairy cattle facility, two 

handheld DustTrak™ II Aerosol Monitor 8532 analyzers were used (Thermo Scientific 

Instruments Inc., 2013), which are light-scattering laser photometers. The units’ 

Exit Points 
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handheld portability and small size permitted ease of operation during measurements. 

The specifications of the DustTrak™ models are listed in Table 14. These DustTrak™ 

models were factory calibrated to ISO 12103-1, A1 test dust (i.e. Arizona test dust) 

which essentially accounts for particulates with a bulk density of 500 kg m-3 (Thermo 

Scientific Instruments Inc., 2012). Theoretically a correction factor should be used to 

adjust the density of the dust for the dust being studied; a previous study by Mali (2013) 

noted that dust from a dairy cattle barn was 489 kg m-3. This is a 2.2% difference and, 

as a result, it was deemed as unnecessary to adjust the analyzer with a calibration 

coefficient for this study.  

Table 14: DustTrak™ Particulate analyzers specifications 

Model Pollutants 
Detection Limit 

(mg m-3) 
Accuracy 

(%) 
Flow Rate 

(L/min) 
Logging Interval 

(min) 

8532 
Handheld 

 PM1 

 PM2.5 

 PM4 

 PM10 

 TSP 

0.001 – 150 ±0.1 1.4 – 3.0 5 

3.3 Fan Assessment Numeration System  

The FANS unit was utilized to measure discrete flow measurements associated with 

barn ventilation. This device consists of a 1.83 m (72.2 inch) high x 1.61 m (63.2 inch) 

long x 0.61 m (24.0 inch) wide aluminum frame which contains a rack of six 

anemometers going across it (Gates et al., 2004). Ideally, the FANS unit supports 

measurements for fan diameters of up to 1.37 m (54 inch). The FANS unit is sealed 

around the exhaust fan, from the inside, with the exhaust fan running. For one test, the 

anemometer rack traverses either all the way up or all the way down the entire cross-

sectional surface area of the aluminum frame, with each anemometer recording 

revolutions per minute (rpm) values on a continuous basis. The entire traverse takes 

approximately 185 s and results in approximately 1800 unique rpm readings for each 

anemometer when a complete traverse is made (Gates et al., 2004). Each of these rpm 

values are then converted into a velocity according to a linear relationship given in 

Equation 12. 

 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚/𝑠) = 0.005 × 𝑟𝑝𝑚 (12) 
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Based on the cross-sectional surface area of the FANS unit, the average velocity from 

each of the rpm readings is converted into an average flow rate of air passing through 

the aluminum frame (i.e. using Darcy’s law). After calibration, it was established that the 

FANS unit could measure flows ranging up to 50,000 m3 hr-1 with a 1% error (Gates et 

al., 2004). 

3.4 Fan Monitoring System 

In order to track the voltage being applied to each of the six exhaust fans, over the 

course of both sampling campaigns, a real-time voltage monitoring system was 

connected to the ventilation controllers in the facility (refer to Figure 18). A single 

controller was able to regulate two exhaust fans, hence there were three controllers for 

six fans which consisted of Victoria Model # TC4-2V2S, Astro Model # TC2-MS3, and 

Astro Model # TC1-CD. The voltage being applied to each fan (on a real-time basis) 

was monitored through three Mescon Technologies, Inc. Electrical Parameters 

Measurement (EPM) units, model EPV-(0-300)V-2-1-2-0-(4-20)MA. These units were 

connected to a Campbell Scientific, Inc. CR10 Measurement and Control Module 

(Campbell Scientific, Inc., 1996) which collected all of the data from the EPM units. The 

data was extracted from the CR10 through a desktop computer. The associated 

software monitored the voltage variability of each fan in 10 min intervals. 
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Figure 18: Ventilation controls (Victoria Model # TC4-2V2S, Astro Model # TC2-MS3, and Astro Model # TC1-CD 
from top to bottom) 

3.5 In-Barn Parameters 

To continuously measure the temperature and RH within the barn, three Tinytag Plus 2 

Dual Channel Temperature/Relative Humidity Model TGP-4500 loggers were used 

(Gemini Data Loggers, 2011). The associated measurement ranges were -25 ºC to +85 

ºC and 0% to 100% for temperature and RH, respectively. Associated accuracies are 

±0.01ºC and ±3.0% for temperature and RH respectively. The model is robust with an 

IP68 water-proof reading and a coated RH sensor. Its capacity of 32,000 readings and 

lithium battery (SAFT LS14250 or LST14250) make for minimal maintenance (Gemini 

Data Loggers, 2011). 
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Figure 19: Tinytag analyzer (Tinytag Plus 2 Dual Channel Temperature/Relative Humidity, Model TGP-4500) 

For in-barn static pressure differential, a Dwyer® Mark II Model 25 gauge manometer 

was utilized inside the facility to monitor static pressure readings. 

 

Figure 20: In-barn manometer (Dwyer® Mark II, Model 25 gauge) 

3.6 Outdoor Parameters 

A Campbell Scientific CR23X Micrologger (Campbell Scientific (Canada) Corp., 2006) 

was used to continuously tabulate the temperature, RH and atmospheric pressure 

directly outside the trailer. The pressure of the atmosphere was monitored through an 

R.M. Young Company Barometric Pressure Sensor Model 61205V (Campbell Scientific 

(Canada) Corp., 2007). This sensor, shown in Figure 21, has a pressure range from 60 

- 110 kPa and operates in a temperature range of -50 ºC to 60 ºC. 
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Figure 21: Barometric pressure sensor (R.M. Young Company Barometric Pressure Sensor, Model 61205V) 
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4. DAIRY FACILITY DESCRIPTION 

4.1 General Layout and Operations 

The dairy barn assessed was located in Deschambault, Quebec and was maintained by 

the Centre de Recherche en Sciences Animales de Deschambault (CRSAD) which is a 

branch of the Institut de Recherche et de Developpement en Agroenvironnement 

(IRDA). The facility housed 35 lactating dairy cattle which were kept in tie-stalls. A 

general layout of the facility is depicted in Figure 22. 

 

Figure 22: Dairy cattle facility 

The facility followed a scheduled program for the produced milk (sold as a commodity) 

as well as general maintenance (i.e. feeding, cleaning, etc.). Table 15 lists the work 

schedule of the livestock research unit. 
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Table 15: Facility working regime 

Working Feature Time Description 

Lights 05:30 – 21:00 
Lights were on over the course of the day 

and off at night. 

Feed 09:30 – 11:00 

The total mixed ration was formulated in 

the barn during this time and laid out. The 

cattle ate continuously over the course of 

the day. 

Gutters/Paddle Conveyor 07:15 – 07:45, 16:30 – 17:00 

The manure removal system would run for 

two half-hour intervals daily, transporting 

waste from the barn to the manure 

storage tank outside. 

Milking 07:15 – 08:15, 16:45 – 17:45 
A portable milking system was used daily 

and kept in a separate milking room. 

Cleaning Milk Line 08:15 – 09:15, 17:45 – 18:45 The milk line was cleaned daily. 

Bedding 16:30 – 17:30 
The wood-chip bedding was added to the 

tie-stalls. 

4.2 Ventilation 

The facility was mechanically ventilated through six exhaust fans which ranged in size 

from 30.5 – 55.9 cm (12 – 22 inch) in diameter. Each of the six fans were on the same 

wall and facing the same direction, making for a cross ventilated facility. Only fans #1, 

#3, and #5 were running during the control campaign (February 15th to March 1st, 2014), 

whereas all six were running during the treatment campaign (April 23rd to May 7th, 

2014). The design of each fan was similar to that portrayed in Figure 23. Table 16 lists 

each of the six fans and their associated specifications. Figure 22 shows their 

placement relative to the barn. 

Table 16: Fan specifications 

Fan No. Manufacturer Model Size (inch) Type # Settings 

1 Ziehl-ABEGG ZCDQ 562-6-AZ 22 Axial Triple 

2 Ziehl-ABEGG ZCDQ 501-6-AZ 20 Axial Single 

3 Aston Ziehl ECDQ-451-6X 18 Axial Dual 

4 Ziehl-ABEGG ZCDQ 562-6-AZ 22 Axial Triple 

5 Ziehl-ABEGG FC 031-6EQ 12 Axial Single 

6 Aston Ziehl ECDQ-501-6X 20 Axial Single 
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Figure 23: Ventilation fan (Fan #3) 

In order to perform FANS testing, fans #5 and #6 were required to have their metallic 

“louvres” removed (refer to Figure 24) because their associated flow rate had to be 

measured from the outside. In the same manner, during the colder periods, if a fan was 

not running (i.e. fans #2, #4, and #6), then they were sealed from the inside to prevent 

any cool air being drawn inside. 

 

Figure 24: Metallic baffles on fans 

The facility also contained free air inlets for ventilation purposes (as depicted by Figure 

25). They were opened by a balancing arm upon reaching static pressure levels greater 

than approximately 44.9 Pa (as estimated by the experimental analysis). 

Baffles 
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Figure 25: Free air inlets 

4.3 Manure Management 

As a result of the barn containing tie-stalls, a gutter-paddle conveyor system was used 

to remove excreted waste from the facility. There was no waste stored within the facility, 

as all of it was removed to a manure storage tank located directly outside the barn (refer 

to Figure 22). As a result of the gutter-paddle conveyor system being applied twice 

daily, there was very little potential for any waste buildup. Daily facility maintenance 

included an employee washing any waste that missed the gutter into the gutter in order 

for it to be transported out to the digester. 

Free Air 
Inlet 
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Figure 26: Gutter-paddle conveyor system 

4.4 Feed, Water, Bedding, & Milking Regime 

The total mixed ration (TMR) for the livestock was formulated, every day, within the 

facility. Barn staff would formulate and distribute the TMR between 09:30 and 11:00 (as 

designated by Table 15). As depicted by Figure 27, the feed would be equally 

distributed amongst the cows by having it placed on the ground in front of their 

associated tie-stall row. Although most of the feed was consumed, a small portion of 

remnants were captured and weighed at the end of several days within the campaign. 

Water was distributed through a pressurized, gravitational system. In each tie-stall, a 

small “cup” and nozzle were present. When the cow’s nose pressed against the nozzle, 

water entered the “cup” through a pressurized hosing system. Bedding consisted of 

wood chips that were applied at a rate of approximately 5 kg day-1 cow-1 (Table 15).   
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Figure 27: Feed distribution to tie-stalls 

A portable milking system was used within the facility. When not in use, it was stored in 

the milking room, separate from the tie-stalls. The portable unit could be moved along 

the center aisle and thereby brought directly to each tie-stall. The milking system had a 

line connected to a holding tank found in the milking room, where milk would be stored 

prior to being exported. 

4.5 Cattle Listings 

Although there are only 34 tie-stall pens in the facility, there were also two additional 

caged pens designated for near-calving (i.e. dry) cattle. Between the two campaigns 

nine cows were switched, although it was assumed this had minimal impact given the 

uniform characteristics of the animals (e.g. genetics). 

The cattle were divided up into two different feeding groups, for high-lactating and low-

lactating dairy cattle. The control campaign had a total of 34 cows in the barn whereas 

the treatment had 35. During the control campaign, there were 11 cows on the early 

lactation diet, another 20 on the late lactation diet, and three dry cows. Two of the dry 

cows calved in the middle of the campaign (i.e. 19 February and 26 February 2014) and 

one remained dry the entire time. However they would have still been under similar 

stress levels throughout the entire two weeks of the study (Huzzey et al., 2007). This 
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feature is important to the study because it will have an effect on their CH4 output (refer 

to Section 2.11.4). The treatment campaign consisted of 13 cows in early lactation, 18 

in late, and four dry cows. As with the control campaign, several cows calved during the 

campaign (i.e. 23 April, 28 April, and 30 April 2014), with one dry over the course of the 

campaign. The cattle’s weight was only recorded prior to the control campaign and that 

recorded value of biomass was used for each cattle for both campaigns. Refer to 

Appendix B: Dairy Cattle Listings for the lists of cattle during their respective campaigns. 
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5.0 METHODOLOGY 

Working in collaboration with CRSAD and IRDA, two sampling campaigns were held, 

each of which collected two weeks’ worth of data. The first campaign took place from 

February 15th to March 1st, 2014, while the second ran from April 23rd to May 7th, 2014. 

During the first campaign, emissions were measured based on CRSAD’s standard feed. 

For the second campaign, CDDGS were added to the TMR at a DM level of 

approximately 30%. It was anticipated that a statistically significant drop in CH4 

emissions would be observed with the CDDGS feed alteration, even without adjusting 

for any controlling variables. The first and second sampling campaigns are referred to 

as the control and the treatment campaign, respectively. Feed, manure, urine, and milk 

samples were taken during both campaigns in order to perform overall N balances 

relative to the intake and output streams of the cows. 

5.1 Methane, Ammonia, & Carbon Dioxide Sampling 

5.1.1 Monitoring Setup 

Two heated sample lines were placed at opposite ends of the barn, and alternatively 

sampled through the use of a solenoid valve, to gain a representative sample of overall 

contaminant concentrations within the facility. The solenoid valve, which was controlled 

by a CR23X Micrologger, would alternate between the two sample lines every 30 

minutes. Sample air would be drawn from the livestock facility into the trailer, which 

housed the associated analyzers, located directly outside the facility (refer to Figure 22 

for trailer location relative to the barn). 

Sample inlets were placed 2 m from the ground up and at least 3 m away from any 

exhaust fans to ensure representative samples (Mali, 2013), as depicted in Figure 28 

and Figure 29. The sampling inlet was located at the midpoint within the facility and 

open to the natural flow path of air (the bulk concentrations of contaminants within the 

facility). In order to prevent obstructions in the sample lines, micrometer Millipore 

Fluoropore PTFE membrane filters were placed at the inlet points on each of the 
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sample lines. This practice ensured that essentially no particulates were able to enter 

either sample lines. 

 

Figure 28: First sample line location 

 

Figure 29: Second sample line location 

5.1.2 Trailer Housing Unit 

The diaphragm sampling pump drew air into the trailer from either of the two sample 

lines, depending on the 30 minute cycle. Redundant micrometer Millipore Fluoropore 

PTFE membrane filters were placed at the outlet points of each of the sample lines, 

prior to entering the pump. The air was then distributed from the pump to the gas 

2 m above 

barn floor 

3 m from 
fans 

2 m above 
barn floor 

3 m from 
fans 
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distribution network which consisted of Teflon® lines to the CH4, NH3, and CO2 

analyzers as well as an atmospheric by-pass dump (see Figure 30). 

 

Figure 30: Gas distribution network 

Two-way valves, that could be manually operated, were installed on the gas distribution 

network lines in order to allow for sampling of both ambient (i.e. air sampled from 

directly outside the trailer) and barn air (i.e. air from the sample lines). Ambient readings 

were recorded for a few hours on a single day prior to sampling barn air in order to 

capture ambient contaminant values for the area. However, the location of the trailer 

was near the exhaust stream of the facility and thereby probably had some 

contamination from the barn in the ambient readings (see Figure 22). 

Each of the analyzers collected samples on a continuous basis and all three required 

calibration at the start of the study as well as weekly in order to avoid any drift in the 

analyzer. A final redundant filter pack was placed on the inlet of the analyzers, although 

it was not anticipated that any particulates would make it to this point in the sampling air 

stream. In order to ensure the analyzers performance was not impeded throughout the 

experiment, daily maintenance (i.e. changing filters, draining the compressor pump, 

etc.) was performed. 

5.1.3 Calibration & Maintenance 

Calibration was performed at the very start of the study. The micrometer Millipore 

Fluoropore PTFE Membrane Filters at the entry point of the sample lines were changed 

daily to ensure that no flow blockages occurred throughout the study. The difference 

between the calibration gases concentrations and the level at which the constituents 
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were being monitored (i.e. the resulting concentrations of the contaminants) was 

somewhat extensive. Quality assurance and quality control from previous work dictated 

that calibration gasses should be within as close to the anticipated mean of 

measurements as possible (Southwest Clean Air Agency, 2011). If the mean value is 

unknown, then proper protocol dictates that it should be within approximately 50% of the 

permitted range. Albeit the meeting of this criteria is questionable for the study at hand 

(refer to Table 17), it was taken note of as a recommendation for future studies. 

Table 17: List of support gases 

Component Concentration (ppm) Functionality 

High-Grade Nitrogen - 
 Calibration (17C) 

 Carrier Gas (55C) 

Low-Grade Nitrogen -  Measurement Support (41C) 

Nitric Oxide 16  Calibration (17C) 

Nitrogen Dioxide 16  Calibration (17C) 

Ammonia 25  Calibration (17C) 

Carbon Dioxide 2500 
 Measurement Support (41C) 

 Calibration (41C) 

Hydrogen -  Fuel Source(55C) 

Propane/Methane 100/100  Calibration (55C) 

5.1.3.1 55C Direct Methane, Non-Methane Hydrocarbon Analyzer 

Calibration of the FID modifies the electrical current to properly distinguish a specified 

concentration of a gaseous component (Thermo Electron Corporation, 2003b). As a 

result of the many operating facets associated with the analyzer (i.e. air flow, fuel flow, 

temperatures, etc.), a permanent calibration is not possible and therefore the analyzer 

must be calibrated periodically. Although multi-point calibration is considered optimal, 

the 55C uses a two-point calibration system which consists of both a zero and a span 

point of reference (Thermo Electron Corporation, 2003b). The span gas utilized for 

calibration consisted of propane as a source of NMHC as well as CH4 (refer to Table 

17). The FID’s response to the CH4 and NMHC source were both recorded separately 

and were required to be within 2% of the sample gas concentrations before calibration 

was considered complete. The “zero” point of reference (i.e. a baseline) is measured 

when no hydrocarbons are present in the FID, based on the lag time of their 

appearance. From a mechanical standpoint, the CH4 and propane mixture is always 
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connected to the analyzer and manual calibration can be performed with the push of a 

button. 

The 55C model required little attention in terms of maintenance. The compressor pump 

was required to be drained daily to remove compressed moisture built up from the 

incoming humid air stream. 

5.1.3.2 Chemiluminescence NH3 Analyzer 

The 17C Chemiluminescence NH3 analyzer used four discrete single-point calibrations 

with known concentrations for the three constituents it measures (NO, NO2, and NH3) as 

well as a zero gas (high-grade N2). The order in which the calibrations took place were 

high-grade N2, NO, NO2, and NH3. For each of these, the known concentration was 

passed through a rotameter where flow was corrected to approximately 2 L/min (an 

atmospheric by-pass was also present for pressure relief) and then it entered the 

sample inlet of the analyzer (Thermo Electron Corporation, 2004). After some time, the 

readings on the graphic display screen reached a constant value. It is at this point when 

the constituent of concern’s “calibration coefficient” was set accordingly so that the 

reading on the display screen matched the known concentration of the associated 

calibration gas. 

Maintenance associated with the 17C model mainly consisted of changing the scrubber 

that contained both Drierite™ and silica beads when their point of saturation was 

depicted. This was done every few days in order to ensure that a zero air source could 

be adequately used for dilution, calibration, and gas phase titration (Thermo Electron 

Corporation, 2004). 

5.1.3.3 41C Trace Level Gas Filter Correlation CO2 Analyzer 

Proper calibration of the 41C model required both a multi-point as well as a single-point 

calibration on a periodical basis. The multi-point calibration consisted of using flow 

controllers in order to permit three separate specified mixtures of CO2 and high-grade 

N2 to enter a mixing chamber prior to entering the sample inlet of the analyzer (refer to 

Figure 31). Based on the mixture, the associated value of CO2 was set on the digital 

display for “multi-point concentrations” for each of the three mixing values. Following 
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this, the calibration factors on the analyzer were reset to a single unit (Thermo Electron 

Corporation, 2003a). The multi-point calibration was only required when the analyzer’s 

coefficients deviated significantly from the initial value of one and, as a result, an 

intensified calibration procedure became necessary. On a weekly basis, the single-point 

calibration was adequate for avoiding drift. 

 

Figure 31: 41C trace level gas filter correlation CO2 analyzer (Thermo Electron Corporation, 2003a) 

The single-point calibration consisted of two single-point calibration checks where high-

grade N2 was used as a “zero” gas and a known CO2 source was used to set a standard 

reading. Both calibration gases were distributed through a rotameter at 2 L/min (with an 

atmospheric dump attached) prior to entering the analyzer’s sample inlet. Once a 

constant value was attained on the display screen, the zero calibration and CO2 

calibration coefficients were set to zero and the known standard concentration, 

respectively. 

5.2 Particulate Sampling 

As a result of the facility having fans all along one of its walls, both of the DustTrak™ 

units were placed in separate locations across the wall in order to gain a representative 

sample of aerosols in the exhaust air stream. Each of the particulate analyzers’ inlets 

were attached to a sampling tube which would draw air through a distribution network, 

approximately 30 cm wide, containing four sampling heads (refer to Figure 32 and 

Figure 33). Although it is good practice to have the inlets for PM located as closely as 

possible to the gaseous sampling inlets to determine correlations between the two 
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entities (Mali, 2013), this was not possible due to the limited space and given the daily 

working regime of the facility. 

 

Figure 32: First DustTrak™ location 

 

Figure 33: Second DustTrak™ location 

To avoid any drift in results, calibration at the start of the analysis and on a weekly basis 

was required, as was the case with the gaseous analyzers. 

5.2.1 Calibration and Maintenance of the DustTrak™ II Aerosol Monitor 8532 

Calibration of the particulate aerosol analyzers consisted of “zeroing” the instrument. 

Initially, and on a weekly basis, a zero air filter was attached to the sample inlet of the 

instrument. The option to run the zero air filter was then required to be selected on the 

graphic user interface screen and the instrument “zeroed” its readings by drawing in a 
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filtered/clean air stream in order to understand when the “zero” level of particulates is 

present. 

Proper maintenance of the particulate analyzers required that they be placed in a 

cabinet within the facility in order to not accumulate a significant amount of dust on the 

touch screen interface (Mali, 2013). Due to the working nature of the facility and limited 

physical room, this was not feasible and thereby resulted in daily cleaning of the 

handheld units, using KIMTECH Science Kimwipes®. 

5.3 Ventilation Measurement 

The FANS unit was used to measure the flow rates of the six exhaust fans. As 

mentioned in Section 3.3, the unit was fabricated to be sealed around the exhaust fan 

from the inside. As a result of the barn layout, it was not feasible to measure flow from 

each of the exhaust fans from inside the facility. Therefore, fans which could not be 

measured from the inside (fan #5 and #6) had their metal louvres removed and were 

assessed from the outside. These louvres remained off over the entire course of the 

study for consistency purposes. Otherwise, the remaining fans (#1, #2, #3, and #4) 

were measured from the inside. It was not possible to test fan #4 from the outside due 

to obstructions nor the inside because of safety concerns (i.e. there was a sloped floor). 

However, as a result of fan #1 and #4 being the same size, model, and age, fan #1 

readings were taken as being representative for both fan #1 and #4. A scissor lift was 

used to raise the FANS unit to the appropriate height for testing, as depicted by Figure 

34 and Figure 35. 
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Figure 34: Fans testing from outside the barn 

 

Figure 35: Fans testing from inside the barn 

The associated exhaust fans were relatively small in terms of size to be measured by 

the FANS unit. If the entire cross sectional surface area of the FANS unit were to be 

incorporated in the analysis, it would generate errors in the rate of air flow over such a 

large surface area for such a small source (relative to the area of measurement). As a 

result, only a specified amount of anemometers were left on the horizontal rack and the 

cross sectional area was altered using several sheets of polystyrene (Table 18 contains 

the associated information). The anemometer rack traversed either all of the way up or 

down the altered surface area for a single test. The sensor at the bottom of the FANS 
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unit was required to be engaged manually once the anemometers reached the bottom 

of the altered surface area. 

Table 18: FANS unit alteration specifications 

Fan No. 
Anemometers 

(#) 
Area Length 

(m) 
Area Height 

(m) 
Cross-Sectional Area 

(m2) 

1, 2, 3, 6 3 0.762 0.781 0.595 

5 2 0.533 0.603 0.321 

The voltages applied to each fan, ranging from 0 – 240 V, had their associated flow 

rates measured in order to quantify variability in flow based on the applied voltage. 

Once these time series rpm readings from the FANS unit were collected, the data were 

required to be manipulated based on the altered cross-sectional area as given by 

Equation 13. An average flow rate was calculated based on the recorded rpm reading 

and using the altered cross-sectional surface area (SA) (m2). The average of all the 

tabulated flow readings was then taken as the anticipated flow rate exiting the exhaust 

fan. 

 𝐹𝑙𝑜𝑤 (𝑚3/ℎ𝑟)  = 0.05 × 𝑟𝑝𝑚 × 𝑆𝐴 × 3600𝑠/ℎ𝑟 (13) 

As a result of the enclosed facility creating a slight negative static pressure inside the 

barn, associated readings were taken from the manometer for both of the sampling 

campaigns to theoretically assess the impact of increasing flow, and thereby decreasing 

static pressure inside the barn. The calculation is described below in the Section 5.3.1. 

5.3.1 Exhaust Rate Correction 

The control campaign saw a much larger static pressure differential than the treatment 

campaign. As FANS assessments were only conducted once during the study, fans that 

were in operation for both campaigns (Fan #1, #3, and #5) had their flow rates adjusted 

to account for the difference in static pressure based on fan affinity laws given in 

Equation 14 and Equation 15. 

 
𝑄1

𝑄2
=

𝑛1

𝑛2
× (

𝑑1

𝑑2
)3

 (14) 

 
𝑃1

𝑃2
= (

𝑛1

𝑛2
)2

× (
𝑑1

𝑑2
)2

 (15) 
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The 𝑄 is representative of a flow rate, 𝑛 is rpm, 𝑑 is diameter, and 𝑃 is pressure (total or 

static pressure). Also, the subscripts “1” and “2” denote the specific campaign (i.e. “1” is 

control and “2” is treatment). For this approach to work, the six exhaust fans must be 

integrated into a single effective fan for each of the two campaigns to account for total 

flow from the barn. With this in mind, the control campaign’s fan would be relatively 

smaller than that of the treatment campaign and provide much less of a flow rate. Under 

the assumption that the rpm ratios remain constant, Equation 14 and Equation 15 can 

be combined to form Equation 16. 

 
𝑄1

𝑄2
= √

𝑃1

𝑃2
× (

𝑑1

𝑑2
)2

 (16) 

Since these flows are being evaluated based on an effective output, the diameters used 

for the two campaigns were determined using the diameter of a fan which would 

encompass the sum of all of the fans in operation for the respective campaign. The 

control campaign’s diameter was represented by the sum of the cross-sectional areas of 

fan #1, #3, and #5, whereas that of the treatment campaign was based on the sum of all 

six fans areas. This resulted in effective diameters of 0.783 m and 1.13 m for the control 

and treatment campaign, respectively. Knowing the effective diameters and static 

pressure readings from both campaigns, the total ventilation rate of the FANS 

assessment during the treatment campaign could be altered in order to be 

representative of the control campaign’s total output. Since the control campaign’s 

ventilation was relatively stable (i.e. only fan #3 was a dual stage), total flow could easily 

be expressed. The percentage of change in the flow of fan #3 for the control campaign 

(i.e. 200V to 240V) was simply dictated as roughly the same percentage change that 

was observed during the treatment campaign observations for fan #3. 

5.4 Feed Alteration (CDDGS Practice) 

Instead of a complete diet of grass and corn silage, the cows were fed a CDDGS level 

of approximately 30%, on a DM basis in their TMR. This value was chosen as a result of 

it having been applied as a maximum level in a similar study that analyzed rumen CH4 

production for several levels of CDDGS (Benchaar et al., 2013). The CDDGS product 
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was purchased from GreenField Specialty Alcohols Inc., a leader in fuel ethanol 

production located in Varennes, Quebec. Specifications of the product are listed in 

Appendix C. The CDDGS product was relatively standard in nature, having not been 

treated for any heat damage and being a byproduct of the dry milling process.  

The diet was altered in an isonitrogenous (i.e. similar dietary crude protein (CP) content) 

and isocaloric (i.e. similar net energy level) fashion. The livestock were fed a 50/50 split 

between the old and new ration for three days before fully switching over to the altered 

diet. The cattle were required to be on the treatment feed for 21 days before continuous 

air monitoring of contaminants commenced in order to ensure that the full effect of the 

diet alteration could be evaluated. Ingredients associated with the control and treatment 

feed are listed in Table 19, and their associated nutrient content is listed in Table 20. 

The feed was differentiated among the high-lactating (i.e. in the early/intermediate 

phase of lactation) and the low-lactating (i.e. in the late phase of lactation) cows referred 

to as high and low, respectively. The threshold between the two groups is mainly based 

on a milk production rate that drops below 30 kg/day, and generally that falls around 

approximately 130 DIM (i.e. after 130 DIM, the animal was switched from the high to the 

low lactation diet). The refused feed values were observed based on a few trials over 

the course of the associated campaign by the facility’s employees (Table 19). The high 

group refusal is greater than that of the low group. Reasoning for this observation could 

be that management wants to ensure that the animals in the early lactation phase will 

not be limited by their feed intake and are thereby given a greater quantity of feed than 

their dietary requirement. 
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Table 19: Feed Ingredients (high: high-lactation group, low: low-lactation group) 

 Control (kg day-1 cow-1) Treatmenta (kg day-1 cow-1) 

Ingredients High Low High Low 

Soybean meal 0.00 0.00 0.50 0.00 

Salt 0.00 0.00 0.03 0.03 

CDDGS 0.00 0.00 8.30 7.80 

Ground corn 0.00 0.00 3.00 1.00 

Minerals 18-5 0.1 0.15 0.33 0.25 

Buffer 0.20 0.20 0.20 0.20 

Energy and protein top dress 1.20 0.00 0.00 0.00 

Complete feed 8.34 6.00 0.00 0.00 

Grass silage 32.03 33.42 16.55 14.223 

Corn silage 26.69 27.85 22.00 28.446 

Haylage 0.00 0.00 0.00 0.00 

Total 68.56 67.62 50.91 51.95 

Dry Matter % 35.75 32.89 48.00 44.09 

Total (Dry Matter) 24.51 22.24 24.44 22.90 

Refused Feed (kg) 2.851 0.498 2.938 0.882 

Dry Matter Intake 21.66 21.74 21.50 22.02 
             a Includes 30% CDDGS on a DM basis. 

Table 20: Feed Nutrients 

 Control (DM) Treatmenta (DM) 

Nutrient High Low High Low 

Dry Matter (%) 35.75 32.89 48.00 44.09 

Crude Protein (%) 16.98 15.34 16.76 15.51 

CP – RDP (%) 66.28 71.24 61.39 61.15 

CP – RUP (%) 33.72 28.76 38.61 38.85 

NE (lactation) (Mcal kg-1) 1.672 1.617 1.663 1.619 

Crude Fat (%) 4.76 4.19 6.04 5.94 

ADF (%) 19 20.41 20.85 22.75 

NDF (%) 32.24 34.03 34.04 37.53 

NFC (%) 39.01 39.45 36.15 34.02 

Calcium (%) 1.01 0.65 0.72 0.65 

Phosphorus (%) 0.42 0.39 0.51 0.48 

Potassium (%) 1.5 1.56 1.67 1.63 

Magnesium (%) 0.36 0.34 0.33 0.32 

Sodium (%) 0.39 0.38 0.37 0.36 

Sulfur (%) 0.28 0.25 0.28 0.27 

Chlorine (%) 0.54 0.54 0.54 0.52 

Ash (%) 6.47 6.3 5.19 5.22 
            a Includes 30% CDDGS on a DM basis. 

According to OMAF (2008), the value of a feed can be represented by its relative feed 

value (RFV) which is expressed by Equation 17, where 𝐴𝐷𝐹 and 𝑁𝐷𝐹 are the nutrient 

percentages. Forages that obtain values greater and less than 100 are considered to be 

of higher and lower quality, respectively. Using Equation 17, the calculated RFV index is 
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214 and 199 for the high and low group of the control campaign, respectively, and 198 

and 176 for the high and low group of the treatment campaign, respectively. 

 𝑅𝐹𝑉 = ((88.9 − 0.78 × 𝐴𝐷𝐹) × (120/𝑁𝐷𝐹))/1.29 (17) 

The cows that were in a dry stage were on a separate diet of very low quality as a result 

of their minimal DMI. These animals were not accounted for in the performance 

evaluations (6.6 Animal Performance). 

5.5 Dairy Parameter Sampling 

The parameters associated with the input and output streams of the dairy cattle were 

evaluated in a laboratory setting. Milk was outsourced to Valacta, located in Sainte-

Anne-de-Bellevue, QC, whereas feed, feces, and urine were shipped to the IRDA 

laboratories located in Quebec City, QC. Appendix A contains the detailed laboratory 

analysis sheets for the feed, milk, feces, and urine.  

5.5.1 Feed Sampling 

Feed samples, of approximately 500 g, were collected in a plastic bag directly after the 

TMR had been formulated. The sample was then kept in a fridge for no longer than two 

days prior to being shipped to the IRDA laboratories. Analyses used and their 

associated parameters included drying ovens (70 ºC, 105 ºC, 500 ºC) for DM, humidity 

controlled ovens for total N and minerals (P, K, Ca, Mg, Al, B, Cu, Fe, Mn, Zn, and Na), 

and standardization protocol following the Association Française de Normalisation 

(AFNOR) for NDF and ADF measurements. 

5.5.2 Milk Sampling 

Milk samples were collected in small containers which contained a protective preserving 

layer and stored in a fridge for approximately one day prior to being shipped to Valacta. 

To analyze protein, Valcata used the Kjeldhal method, whereas for fat, the Rose-

Gottlieb method with Mojonnier extractor was used. Lactose was analyzed by high-

performance liquid chromatography and total solids were observed using the standard 

oven-drying technique. 
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5.5.3 Feces Sampling 

Wet feces samples were collected directly from several animals, before hitting the 

ground, in plastic bags before being stored in a fridge for no more than two days and 

then shipped to the IRDA laboratories. Drying ovens (105 ºC and 500 ºC) were used to 

process dry and organic matter content, a humidity controlled oven was used for 

mineral content (P, K, Ca, Mg, and Na), the AFNOR standardization determined NDF 

levels, the Kjeldhal method assessed total N, and an acid bath of KCL at 2 M was used 

for analyzing N-NH4
+ and N-NO3.  

5.5.4 Urine Sampling 

Samples of urine were also collected directly from several animals, before hitting the 

ground, and stored in plastic containers for no more than two days in a fridge before 

being shipped to the IRDA laboratories. Both N-NH4
+ and N-NO3+N-NO2 were 

evaluated using colourimetry. 

5.6 Calculations 

5.6.1 Emission Factor Calculations 

To assess the emission factor, in terms of g hr-1 AU-1 (where an AU is an animal unit 

representative of 500 kg of live mass) and g hr-1 cow-1, from concentration levels (ppm 

or ppb) a series of conversions and calculations were required. Concentrations in units 

of ppm or ppb were converted into a g m-3 form. With the tabulated concentrations 

compiled, on a five or ten minute basis, they could be linked to the evaluated ventilation 

rate (m3 hr-1) at that given date and time. Multiplying the concentration by its associated 

ventilation rate provided the total output of the contaminant from the barn (i.e. g hr-1). 

However, to evaluate the contaminant’s output on a “per animal” basis, this total output 

was divided by the number of animal units and number of cows, thereby producing 

emissions in a “g hr-1 AU-1” and “g hr-1 cow-1” expression, respectively. 

5.6.2 Pro-Rating for Lactation of Dry Cow Methane Output 

As previously stated, there were four and three cows that were listed as dry and about 

to calve during the control and treatment campaigns, respectively (refer to Section 4.5). 
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During their respective campaigns, these animals would not have attained the same 

DMI levels as the rest of the barn as a result of the near-calving stress imposed on 

them. Since they were eating less, they would thereby be generating less CH4, as 

described by Mills et al. (2011) and summarized in Section 2.1.1. 

In order to adjust for their associated output of CH4, the dry cows were pro-rated for CH4 

generation using Equation 18 (where CH4 is the production rate (MJ d-1) and 𝐷𝑀𝐼 is in 

kg d-1 (Mills et al., 2001)). 

 𝐶𝐻4 = 1.033 × 𝐷𝑀𝐼 + 2.167 (18) 

The average DMI rate of a cow in the barn was 21.7 kg d-1. Since the intake of the dry 

cows was not monitored, their DMI level was assumed at 14.5 kg d-1 (Huzzey et al., 

2007). Between these two levels of intake, from Equation 18, there is an approximate 

drop in CH4 output of 30%. Therefore, to pro-rate the CH4 data for a lesser output rate 

from several cows, the dry cows had their biomass and head count reduced by a factor 

of 30% in the calculation described in Section 5.6.1. 

5.6.3 Statistical Analysis 

Statistical analysis was performed using R™ software. The statistical method used for 

analyzing a difference in means for the aforementioned constituents is based on pooling 

estimates and comparing means of two independent time series with the same first 

serial correlation (Ramsey & Schafer, 2002). This parametric test accounts for 

autocorrelation within the data and outputs a z-test value. A unique box-cox power 

transform value was used on each of the data sets in order to satisfy the normal criteria. 

The method begins with Equation 19 and Equation 20, by summing the residuals 𝑟𝑒𝑠 of 

a given time 𝑡 (i.e. deviation from the estimated mean at time 𝑡) in order to dictate the 

autocovariance estimates 𝑐1 and 𝑐0 for each of the two independent time series, where 

𝑑𝑓 is representative of degrees of freedom for a single time series data set (Ramsey & 

Schafer, 2002). 

 𝑐1 =
1

𝑑𝑓
∑ 𝑟𝑒𝑠𝑡 × 𝑟𝑒𝑠𝑡−1

𝑛
𝑡=2  (19) 

 𝑐0 =
1

𝑑𝑓
∑ 𝑟𝑒𝑠𝑡

2𝑛
𝑡=1  (20) 
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These autocovariance estimates are then pooled based on the two independent time 

series (i.e. the two sampling campaigns), as demonstrated by Equation 21 and Equation 

22. 

 𝑐1,𝑝𝑜𝑜𝑙𝑒𝑑 =
(𝑑𝑓1×𝑐1,1)+(𝑑𝑓2×𝑐1,2)

𝑑𝑓1+𝑑𝑓2
 (21) 

 𝑐0,𝑝𝑜𝑜𝑙𝑒𝑑 =
(𝑑𝑓1×𝑐0,1)+(𝑑𝑓2×𝑐0,2)

𝑑𝑓1+𝑑𝑓2
 (22) 

These pooled autocovariance estimates are combined to form an adjustment factor 𝑟1 

which is used to evaluate the adjusted standard error of the difference in averages 

𝑆𝐸(�̅�1 − �̅�2), based on sample standard deviations of the time series 𝑠1 and 𝑠2 (Ramsey 

& Schafer, 2002). The standard error is essentially the same as that which is used for 

evaluating two independent samples (i.e. not time series-based), but with the 

adjustment factor term accounted for. Each of these factors are estimated through 

Equation 23, Equation 24 and Equation 25. 

 𝑟1 =
𝑐1,𝑝𝑜𝑜𝑙𝑒𝑑

𝑐0,𝑝𝑜𝑜𝑙𝑒𝑑
 (23) 

 𝑠𝑝 =
𝑑𝑓1×𝑠1

2+𝑑𝑓2×𝑠2
2

𝑑𝑓1+𝑑𝑓2
 (24) 

 𝑆𝐸(�̅�1 − �̅�2) = √
1+𝑟1

1−𝑟1
× 𝑠𝑝 × √

1

𝑛1
+

1

𝑛2
 (25) 

Following the adjusted standard error estimation, the equality of means may be 

assessed through a population z-statistic (Ramsey & Schafer, 2002) where the null 

hypothesis of equal means is evaluated at the standard 95% confidence level (i.e. 

𝑧0.95,𝑛). 
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6.0 RESULTS & DISCUSSION 

Using the concentration data measured in the barn air and the corresponding ventilation 

rates, emission factors for CH4, NH3, PM10, and PM2.5 were developed in units of g hr-1 

AU-1 as well as g hr-1 cow-1. 

6.1 Ventilation 

In order to properly assess the output of contaminants from the dairy cattle facility, the 

ventilation rate was monitored on a continuous basis. Although clean air implicitly acts 

as a driving factor, the rate of ventilation is contingent on temperature. Throughout both 

campaigns, the barn’s set point was kept at various temperatures for various fan groups 

(i.e. there wasn’t a single set point temperature). Due to the seasonal effects, fans #2, 

#4, and #6 were manually kept off during the control campaign as a result of cooler 

ambient temperatures and thereby less ventilation was required. These features are 

described in further detail below. Table 21 lists average values, for both campaigns, of 

barn ventilation, temperature, and RH, as well as outdoor temperature. 

Table 21: Results of the ventilation practice 

Parameter Control (Mean (±SD)) Treatment (Mean (±SD)) 

Ventilation (m3 hr-1) 1.19 x 104 (±1.85 x 102) 2.58 x 104 (±5.37 x 103) 

Overall - Barn Temperature (ºC) 11.0 (±1.8) 14.8 (±1.2) 

Daytime - Barn Temperature (ºC) 11.1 (±1.9) 15.0 (±1.3) 

Nighttime - Barn Temperature (ºC) 10.8 (±1.8) 14.4 (±1.0) 

Outdoor Temperature (ºC) -8.90 (±7.0) 7.33 (±3.2) 

Barn Relative Humidity (%) 54.5 (±1.33) 59.4 (±0.97) 

6.1.1 Control Campaign 

Within the control campaign it was apparent that there were only two separate total 

magnitudes of ventilation (see Figure 36). This is because both fan #1 and #5 remained 

at a constant voltage and fan #3 oscillated between two stages (i.e. 200V and 240V) for 

which the threshold was 10 ºC. There is an obvious diurnal pattern for both the barn and 

outdoor temperature and they are correlated with one another (i.e. barn temperature is 
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dependent on outdoor temperature). Although fan #5 is much smaller in size, its 

extensive output (relative to fan #3 and #1) is the result of it not having a metallic louvre 

on its exhaust stream. 

The set points associated with the fans’ off settings were altered so that stage 1 of each 

fan would be running no matter what the conditions were. This practice assured that 

contaminated air was removed from the barn more so than controlling temperature. The 

maximum set point in Figure 36 is relative to each of the fans running at their maximum 

potential, as specified in Table 22. 

Table 22: Control campaign fan set points 

Fan No. Stage 
Applied Voltage 

(V) 
Set Point 

(ºC) 
Flow Rate 
(m3 hr-1) 

Diameter 
(cm) 

Baffle 

1 1 100 - 3692 55.9 Yes 

3 
1 200 - 3963 

45.7 Yes 
2 240 10.0 4369 

5 1 240 - 3971 30.5 No 
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Figure 36: Control campaign ventilation profile (February 15th – March 1st, 2014)
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6.1.2 Treatment Campaign 

The treatment campaign experienced higher ventilation rates as a result of the higher 

outdoor temperatures as illustrated in Figure 37. The diurnal pattern and correlation 

between the barn and the outdoor temperatures was clearly present, as discussed for 

the control campaign. With the increased temperatures, and thereby higher ventilation 

rates, a more complex ventilation regime was present (i.e. more staging was 

incorporated). Table 23 lists each stage associated with each fan as well as its 

associated flow rate. The extensive amount of oscillation in the ventilation is the result 

of not only more fan stages, but also because the voltage being applied to fan #1 and 

#4 varied frequently between three stages. Therefore, a third order polynomial equation 

was used to describe the performance of fan #1 and #4 (refer to Section 6.1.2.1), which 

increased oscillation even further since the applied voltage sometimes deviated from its 

specified increment (i.e. 100, 200, 240 V). In Figure 37 it can be seen that, within the 

early stages of the campaign, maximum ventilation is applied before the max set point is 

attained. It is speculated that one of the facility’s employees was altering these settings 

manually at the time. As described in Section 5.3, fan #4 could not have its flow 

individually measured as a result of safety issues and it was therefore assumed 

identical to the flow monitored for fan #1 for the same voltage, given that they were 

equivalent in make, model, size, and age. As described for the control section, Table 23 

lists the fact that fan #5 and #6 had their set points altered so they would not shut off 

over the course of the campaign (i.e. they always ran at a minimum ventilation). 

Table 23: Treatment campaign fan set points 

Fan No. Stage 
Applied Voltage 

(V) 
Set Point 

(ºC) 

Flow Rate 
(m3 hr-1) 

Diameter 
(cm) 

Baffle 

1 

1 100 - 2862 

55.9 Yes 2 200 14.7 7278 

3 240 15.0 7919 

2 1 240 17.0 5519 50.8 Yes 

3 
1 200 13.0 2929 

45.7 Yes 
2 240 13.3 3231 

4 

1 100 - 2862 

55.9 Yes 2 200 14.7 7278 

3 240 15.0 7919 

5 1 240 - 2075 30.5 No 

6 1 240 - 9309 50.8 No 



 

88 
 

 

 

Figure 37: Treatment campaign ventilation profile (April 23rd – May 7th, 2014)
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6.1.2.1 Fan #1 and #4 Regression Analysis 

As previously described, fan #1 and #4 experienced voltage oscillation within the 

monitoring system, given their associated number of stages. Therefore, fan #1 had its 

flow recorded for several voltages in order to develop a relationship between the voltage 

and ventilation rate. The relationship was developed using Grapher™ 8 – Golden 

Software, and is depicted by the third order polynomial equation in Figure 38. 

 

Figure 38: Results of fan #1 regression 

6.1.3 Average Daily Trends 

The average daily ventilation rates are represented in Figure 39 with the data averaged 

on an hourly basis for each day in order to develop a “typical” day of ventilation rates for 

each campaign. A diurnal pattern is present for almost all aspects. However, the barn 

temperature and control ventilation seem relatively stable when displayed on Figure 39. 

The consistency of the first campaign’s ventilation is obvious. The fact that the error 

bars on the control campaign’s ventilation are reduced to nearly zero around 14:00 

demonstrates how maximum ventilation was applied consistently when temperatures 

were highest outdoors (i.e. approximately between 14:00 and 17:00). Error bars 

associated with the treatment campaign in Figure 39 are overlapping, however there is 
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no overlapping between the peak and the valley which suggests that the diurnal trend is 

significant. 

 

Figure 39: Daily average ventilation rates 

6.1.4 Ventilation and Temperature Correlation 

Due to the fact that the ventilation rate is inherently dependent on temperature inside 

the barn, linear regression-based equations were developed for both campaigns, using 

Grapher™ 8 – Golden Software, in order to develop a relationship between the two 

factors and is given in Figure 40. From Figure 40, it can be observed that the set points 

within the facility (refer to Table 22 and Table 23) were altered between the two 

campaigns in order to have an increased air flow for equivalent barn temperatures 

between the two campaigns. 



 

91 
 

 

Figure 40: Regression analysis of ventilation and temperature correlation 

6.1.5 Carbon Dioxide Tracer Gas Technique 

It had been previously intended that CO2 levels would be monitored both inside and 

outside the facility in order for a tracer gas technique to be utilized to validate the FANS 

unit’s ventilation assessment. Due to technical malfunctions, CO2 readings were only 

obtained during the treatment campaign, thereby limiting the ventilation results 

assessment to that campaign. The tracer gas technique resulted in a difference of 2.82 

% between the average tracer gas technique (25045 m3 hr-1) and the average FANS 

unit measurements (25771 m3 hr-1) for total barn flow for the treatment campaign over 

the course of the entire campaign. This validates the results obtained by the FANS unit 

assessment of the total ventilation from the barn. Calculations associated with the tracer 

gas technique are listed in Appendix E. 

6.2 Methane 

With CH4 being the primary constituent of concern in this study, an analysis of the feed 

alteration’s effects on its output is described in this section. Results displayed in Table 

24 fall within values reported by previous studies (refer to Table 1). 
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Table 24: Overall results for CH4 

Campaign Average Minimum Maximum 

Emission Factor (g hr-1 AU-1) 

Control 19.0 (±5.33) 7.79 34.7 

Treatment 18.3 (±5.78) 2.49 36.2 

Difference (%) -3.75 -68.0 +5.84 

Emission Factor (g hr-1 cow-1) 

Control 25.2 (±7.08) 10.3 46.2 

Treatment 24.1 (±7.61) 3.28 47.7 

Difference (%) -4.59 -68.3 +3.25 

Concentration (mg m-3) 

Control 70.2 (±19.5) 28.5 132 

Treatment 31.7 (±8.44) 6.80 58.4 

Difference (%) -54.8 -76.1 -55.8 

 

The summary presented in Table 24 indicates that there was a 3.75 % (p=0.065) drop in 

CH4 output (based on g hr-1 AU-1) without adjusting for any other factors. Since the 

current diet alteration was done in an isonitrogenous and isocaloric fashion, it would be 

redundant to adjust the data for any parameters associated with N content or energy. 

Additionally, DMI values were approximately the same for both groups over the course 

of both campaigns. A previous study by Benchaar et al. (2013) demonstrated that when 

applied at a dry matter level of 30%, CDDGS had the capacity to decrease CH4 output 

by 4.04 % (p=0.03), without adjusting for any other factors. However, when adjusted for 

GEI, the Benchaar et al. (2013) study observed a 14.1% drop in CH4 (p=<0.01), 

because of the diet alteration not being isocaloric. While the Benchaar et al. (2013) 

study took place within an environmental control chamber, the purpose of this study was 

to evaluate the CDDGS effect on a “whole-barn” basis. An adjustment factor for the dry 

cows’ limited feed intake (and thereby decreased CH4 output) was accounted for based 

on the method described in Section 5.6.2. 

6.2.1 Control Campaign 

Figure 41, which extends over the course of the entire campaign, demonstrates how the 

ventilation rate remained nearly constant which resulted in the consistent trend between 

the CH4 emission factors and the concentration. 
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Figure 41: Control CH4 total campaign 
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Figure 42, which depicts an “average” day, indicates that the emission factors began 

their initial increase during the day once the lights were turned on at 06:00. The cattle 

activity caused emissions to rise abruptly due to the animals rousing, waking up and 

defecating by 06:00. Since emissions were averaged on an hourly basis, this increase 

was the result of the lights coming on at 05:30. Once the feed was laid out at 09:30, 

emissions continued to climb as a result of the cattle eating, regurgitating, belching and 

defecating. The livestock then ate throughout the entire day, which represents the rise 

in emissions over the course of the day. Emissions continued to climb until they peaked 

at 16:00. A reduction in the magnitude of the CH4 emission factors then took place, 

once the lights were turned off with the cattle lying down after having eaten for most of 

the day. When the animals were lying down they were typically not eating or excreting 

waste and thus not emitting as much CH4. Although overlap is present for some of the 

error bars of Figure 42, the error bars associated with the peak and the valley are 

separated which suggests that the diurnal trend is significant. 

 

Figure 42: Control CH4 daily average emissions (SD error bars) 
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6.2.2 Treatment 

Figure 43 demonstrates that there was variability in the ventilation during the second 

campaign. The different trend between the emission factors and the concentration is the 

result of the fluctuating ventilation practice. 
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Figure 43: Treatment CH4 total campaign 
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Figure 44, depicting the “average” day trend, follows an extremely similar trend to that of 

the average day for the control campaign. Emissions rose abruptly when lights were 

turned on and gradually rose over the course of the day, peaked during midafternoon 

and then declined into the night. Similarly to the control campaign, the peak 

corresponds to 16:00. Once again, the error bars associated with the daily figure (Figure 

44) significantly differ from the valley to the peak which acknowledges a diurnal pattern.  

 

Figure 44: Treatment CH4 daily average emissions (SD error bars) 

6.2.3 Statistical Analysis 

A statistical analysis was performed using R™ software. For information on the 

statistical method used, refer to Section 5.6.3 and Appendix F. From this analysis, the 

two sampling campaigns were not deemed as being significantly different from one 

another (p=0.065) based on CH4 emission factors. However, it could be argued that this 

p-value is not very insignificant (i.e. it is not much greater than the threshold value of 

p=0.05) and the total drop in emissions is still a notable difference. When comparing the 

two campaigns, it was observed that there was more difference when lights were off 

(i.e. nighttime). It was statistically determined that the two campaigns did not differ when 

lights were on (p=0.54) but were significantly different when the lights were off 
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(p=0.00069) (see Figure 45 for an illustration of the diurnal differences). It was further 

acknowledged that there wasn’t a significant difference when the cows were eating 

(p=0.084) but was when there was no feed intake (p=<0.0001). 

6.2.4 Comparison of Campaigns 

When comparing the control and treatment campaigns, it was observed that the 

average nighttime (i.e. from 21:00 to 5:30 the following morning) emission factors were 

16.9 (±4.28) g hr-1 AU-1 and 15.5 (±3.47) g hr-1 AU-1 for the control and treatment 

campaigns, respectively, which demonstrates an 8.67% drop (p=0.00069). However, 

daytime emission factors were 20.2 (±5.63) g hr-1 AU-1 and 19.9 (±6.27) g hr-1 AU-1 for 

the control and treatment campaign, respectively, which results in a 1.51% drop 

(p=0.54). It was additionally acknowledged that the CDDGS application had the most 

significant effect when the cows were not feeding (i.e. from 21:00 to 9:30 the following 

morning). CH4 emission factors of when the cows were not eating were 16.5 (±4.17) g 

hr-1 AU-1 and 14.6 (±3.81) g hr-1 AU-1 for the control and treatment campaign, 

respectively, which is an 11.6% drop (p=<0.0001). On the other hand, emission factors 

associated with when the cows were feeding were 21.9 (±5.26) g hr-1 AU-1 and 22.5 

(±4.39) g hr-1 AU-1 for the control and treatment campaign, respectively, which 

represents a subtle, not statistically significant increase of 2.95% (p=0.084). From both 

the nighttime/daytime and feeding/not feeding analyses, there is a statistically significant 

drop present during the night as well as when the cattle are not feeding. Similarly, there 

is not a statistically significant difference amongst emissions during the day and when 

the cows are feeding. These results, as well as Figure 45, demonstrate that the effects 

of the CDDGS application are only present once the cows’ DMI has ceased. The 

extensive amount of activity taking place during the day (i.e. eating, belching, 

defecating, etc.) does not allow for the decline in emissions to be significantly noticeable 

from a statistics standpoint. 
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Figure 45: Comparison of CH4 campaigns (SD error bars) 

This observation of the decreasing potential of the CDDGS application is further 

supported by Figure 46, where ventilation values were averaged for varying 

temperatures in increments of 0.1ºC. The linear correlations of the two campaigns 

(R2=0.570 and R2=0.776 for control and treatment, respectively) demonstrates that, for 

a single barn temperature, within the overlapping barn temperatures of both campaigns 

(approximately 12ºC - 15ºC), the treatment campaign experienced, on average, lower 

emission factors of CH4. Additionally, the fact that the linear trend lines are converging 

towards one another as temperatures increase further demonstrates that emissions did 

not statistically differ from one another during the day or when the cows were eating 

(p=0.54 and p=0084, respectively), which is when greater barn temperatures were 

experienced. However, emissions did significantly differ during the night and when the 

cows were not eating (p=0.00069 and p=<0.0001, respectively), which is when lower 

barn temperatures were present. 
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Figure 46: Linear correlation between CH4 emission factors and barn temperature over both campaigns 

As discussed in Section 2.1.1, CH4 is mainly formed from the enteric fermentation 

process which is typically independent of other barn conditions such as temperature 

(Boadi et al., 2004a). With the twice daily manure removal process, there was little 

potential for the excreted manure to form anaerobic conditions necessary for significant 

CH4 production from the barn floor. Although the CH4 emissions from anaerobic 

decomposition are strongly affected by any changes in the barn temperature, they 

represent a small fraction of the total CH4 generated, generally less than 5% (Boadi et 

al., 2004a). This study was dealing with whole barn emissions and could not separately 

attribute the CH4 emissions to enteric fermentation and anaerobic decomposition. 

Figure 45 supports the claim that a very small fraction of total CH4 emissions were 

coming from the barn floor (i.e. anaerobic piles) considering nighttime emissions are 

significantly lower (p=0.00069) during the treatment campaign even though greater 
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temperature on average was experienced (refer to Table 21). At night is when these 

“pile” emissions would be prevalent since it is when piles of manure would most likely 

be present. Also, nighttime is when anaerobic CH4 should be apparent since it would 

not be masked as much by the intensified enteric fermentation output during the day. 

This observation supports the argument that CH4 emissions from the barn floor are of 

minor importance in this study compared to enteric CH4 emissions. 

A hypothesis for the significant difference at night is that the change in nutritional 

substrate altered rumen fermentation end-products and the rate at which those end-

products were produced, allowing CH4 emissions to attain a lower level of magnitude in 

the night (refer to Figure 45). As mentioned in Section 2.1.1, CH4 formation is 

associated with the synthesis of VFA and so any impact on VFA formation would 

directly impact the rate and quantity of CH4 formation. Due to limitations in the study, 

both the rate and quantity of VFA formation is unknown. However, the hypothesis is that 

the diet alteration caused the VFA synthesis to form in a manner that favours CH4 

suppression (refer to Section 2.1.1). 

The CH4 emission decline for the treatment campaign attained a lower level once 

nighttime came and feed intake ceased. However, upon analyzing the drop in the 

nighttime CH4 emissions, it becomes questionable as to whether or not the drop 

between the campaigns was due to the feed alteration or the change in barn 

temperature (refer to Table 21). Previous research indicates that, in colder 

temperatures, cattle will intake more feed in order to generate a higher level of sensible 

heat to keep warm (Bjerg et al., 2012). Although the variations in seasonal CH4 

emissions reported in Table 1 are noteworthy, most of those studies experienced a 

fluctuation in temperature of relatively large magnitude (i.e. the difference in 

temperature between seasons is relatively large). The facility in discussion only 

experienced an average temperature increase of 3.75ºC from the control to the 

treatment campaign. From this observation, it is anticipated that the effect on animal 

activity (i.e. eating habits) would be minimal. It can be seen in Table 19 that DMI levels 

remained relatively constant between the two campaigns. Additionally, the two 

assessments were conducted within a short time span to avoid any other changes in 
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barn management practice other than the feed. Overall, the total drop in emissions of 

approximately 3.75% (p=0.065) is relatively comparable to the Benchaar et al. (2013) 

study which took note of a 14.1% (p=<0.01) drop in CH4 emissions, when adjusted for 

GEI, in dairy cattle when CDDGS was applied at a DM level of 30%. Albeit this study’s 

decrease is not statistically significant (p=0.065), it is seen as a successful drop given 

the “whole-barn” nature of the study which brings forth far more complications 

compared to the Benchaar et al. (2013) study. Also, the significant drop during the night 

(p=0.00069) and when feed intake has ceased (p=<0.0001) are unique findings. 

Although the observed decline in CH4 output is a positive feature, the potential impact 

on milk quantity and quality as well as the cattle’s N balance need to be assessed as 

well. For the CDDGS to be applied at a commercial scale, the drop in emissions would 

have to justify and outweigh any potential effects on the cow’s performance (refer to 

Section 6.6). 

6.3 Ammonia 

Based on previous research, it is expected that any change in NH3 emissions between 

the two campaigns would not be related to the altered diet, although it is possible that it 

had an effect on the overall N balance to some degree (Benchaar et al., 2013) which 

could impact the amount of N available in the urine to be volatilized as NH3. As a result, 

a full N balance between the feed, feces, urine, and milk from the two sampling 

campaigns was conducted in order to ascertain any potential effects CDDGS may have 

had on the subsequent NH3 emissions, all while under constant nitrogenous content 

between diets.  

The dry cows (i.e. about to calve) in each campaign (refer to Section 6.6 for the number 

of dry cows) would technically be generating more NH3 due to their freedom to move 

about their pen and thereby further mix urine and feces together, as well as the greater 

time for contact between feces and urine (i.e. the pens were cleaned less frequently). 

However, the dry cows’ lower DMI would generate less waste and it was thereby 

assumed that these two facets would balance each other out and provide similar results 
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to the lactating cattle’s NH3 output. As a result, no adjustment factor was deemed 

necessary. Table 25 lists the overall results of NH3 emissions. 

Table 25: Overall results for NH3 

Campaign Average Minimum Maximum 

Emission Factor (g hr-1 AU-1) 

Control 0.426 (±0.144) 0.012 0.939 

Treatment 1.52 (±0.591) 0.055 3.55 

Difference (%) +257 +379 +278 

Emission Factor (g hr-1 cow-1) 

Control 0.566 (±0.191) 0.015 1.25 

Treatment 2.01 (±0.781) 0.073 4.70 

Difference (%) +255 +376 +276 

Concentration (mg m-3) 

Control 1.61 (±0.542) 0.043 3.53 

Treatment 2.71 (±0.848) 0.097 5.71 

Difference (%) +67.9 +125 +61.8 

6.3.1 Control Campaign 

The two first days of sampling for the control campaign were not available due to a 

malfunction in the NH3 analyzer. Figure 47 clearly demonstrates how there was a 

constant flow rate being applied, based on the consistent trend between the emission 

factors and the concentration, and thereby essentially no diurnal trend was observed in 

the time series. 



 

104 
 

 

Figure 47: Control NH3 total campaign 
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Figure 48 represents the daily average and confirms that NH3 emission factors for the 

control period were fairly consistent and showing almost no diurnal trends. The colder 

temperature associated with this campaign resulted in much smaller magnitudes of 

volatilization (Bussink & Oenema, 1998), thereby limiting the observation of any 

significant diurnal patterns within the data. The complete overlap in error bars, for both 

the emission rate and the barn temperature, demonstrates a relatively constant value 

for both features over the course of the day (i.e. no diurnal pattern is present). 

 

Figure 48: Control NH3 daily average emissions (SD error bars) 

6.3.2 Treatment Campaign 

In Figure 49, the change in trend between the concentrations and the emission factors 

is because of more variance in ventilation (similar to CH4). 
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Figure 49: Treatment NH3 total campaign 

 



 

107 
 

For the treatment period, a much stronger diurnal trend was observed during the day 

(as depicted by Figure 50). When the lights were turned on, the cattle rose and began to 

excrete waste and be physically active, causing NH3 emissions to rise abruptly in the 

morning. The first peak of the day, which was at 08:00 for the treatment campaign, took 

place when the gutters were first turned on. Following this, emissions steadily rose over 

the course of the day as a result of animal activity (i.e. moving around, excreting waste) 

and the manure sitting stagnant in the gutters, until the next clean out at 17:00. 

Following the second peak, emissions declined into the night as a result of the reduced 

cattle activity and limited waste excretion. Since NH3 is generated by the biological 

reaction when the feces and urine mix, it is expected that the two spikes in the emission 

factors would be associated with the gutter cleaning in the facility (Bussink & Oenema, 

1998) which disturbs the manure substrate and allows the generated NH3 to more 

readily volatize to the air. Additionally, the emission rate’s error bars are mostly 

overlapping. However, the two spikes in the day seem to relate directly to the gutters 

being turned on. 

 

Figure 50: Treatment NH3 daily average emissions (SD error bars) 
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6.3.3 Statistical Analysis 

As with the CH4 results, the statistical software R™ was used in order to analyze 

significance between the NH3 data from the two campaigns. The analysis determined 

that the NH3 emission factors were significantly different between the two sampling 

campaigns (p=<0.0001). 

6.3.4 Comparison of Campaigns 

As described in Section 2.2.1, many parameters affect the rate of NH3 volatilization 

Previous research shows that warmer temperatures, heightened moisture and higher 

levels of pH are influential (Bussink & Oenema, 1998), regardless of the excreted N 

quantity. Additionally, the rate of airflow passing over top of the waste has shown great 

potential in increasing NH3 volatilization rates (Chaoui et al., 2009; Montes et al., 2009) 

as a result of a greater differential between the waste and air concentrations. The 

seasonal variation between the two campaigns (i.e. heightened ventilation and 

temperature within the facility as well as the diet change) caused a significant increase 

in the rate of volatilization from the control to the treatment campaign. Albeit ventilation 

increased extensively (refer to Table 21) and barn temperature was warmer by 3.75 ºC 

on average in the treatment campaign, it was determined that N excretion did not vary 

much between the two campaigns (refer to Section 6.6.1). In the context of a well-

balanced and consistent cattle diet, lower air flow and temperatures are presumably a 

much greater impeding factor on NH3 volatilization than lower N content in the waste 

(Chaoui et al., 2009; Montes et al., 2009). Figure 51 was developed using Grapher™ 8 

– Golden Software. It demonstrates that NH3 volatilization rates and barn temperature 

were linearly correlated for both campaigns (R2=0.257 and R2=0.768 for control and 

treatment, respectively). However, given the resemblance in trends for both campaigns 

between ventilation (refer to Figure 40) and NH3 emission factors (refer to Figure 51) 

based on barn temperature, it is hypothesized that the rate of airflow over top of the 

waste had the greatest impact on the rate of volatilization, compared to temperature. 

Studies by Chaoui et al. (2009) and Montes et al. (2009) determined that an average 

change in temperature of 3.75 ºC would have a minimal effect on the rate of 

volatilization, especially within the temperature range of this experiment (i.e. 
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approximately 8 ºC – 18 ºC). Although it was speculated that environmental parameters 

(e.g. temperature, RH, and pH) and urinary-N content most likely had an effect on NH3 

volatilization to some degree, the relationship with ventilation was definitely the 

dominant factor, based on the comparison between Figure 40 and Figure 51. However, 

there is a lack of evidence to support any claims that environmental factors and urinary-

N content had an effect on NH3 volatilization. The evidence mainly suggests that 

temperature did not have an effect on the rate of NH3 volatilization. The potential for a 

change in urinary N-content being a factor of increase in emission rates is discussed 

further in Section 6.6.1. 

 

Figure 51: Linear correlation between NH3 emission factor and barn temperature over both campaigns 

According to Harper et al. (2009), the magnitude of NH3 volatilization falls within 

approximately 1 – 3% of the consumed feed N content. In comparing results from Table 

19, Table 20 and Table 25, assuming an average value between the high and low 

group, a N-NH3 (i.e. N content of NH3) volatilization rate of 0.32% and 1.1% of total N 

consumed was present for the control and treatment campaign, respectively. The 

treatment campaign’s value is aligned with previous literature (Harper et al., 2009), 

however that of the control campaign is relatively low. This observation is the result of 
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the emission factors of the control campaign being relatively low compared to previous 

studies, for previously discussed reasons. 

6.4 Particulate Matter <10 µm (PM10) 

Average results associated with both campaigns are listed in Table 26. Given that PM 

generation is the result of many factors other than the cows’ activity (refer to Section 

2.4.1), a significant change in PM10 emissions between the two campaigns was not 

anticipated. 

Table 26: Overall results for PM10 

Campaign Average Minimum Maximum 

Emission Factor (g hr-1 AU-1) 

Control 7.75 x 10-3 (±9.51 x 10-3) 0.900 x 10-3 138 x 10-3 

Treatment 7.52 x 10-3 (±9.11 x 10-3) 0.686 x 10-3 150 x 10-3 

Difference (%) -3.05 -23.8 +9.06 

Emission Factor (g hr-1 cow-1) 

Control 10.3 x 10-3 (±12.6 x 10-3) 1.20 x 10-3 183 x 10-3 

Treatment 9.94 x 10-3 (±12.0 x 10-3) 0.907 x 10-3 199 x 10-3 

Difference (%) -3.58 -24.2 +8.46 

Concentration (mg m-1) 

Control 29.4 x 10-3 (±36.2 x 10-3) 3.50 x 10-3 536 x 10-3 

Treatment 13.0 x 10-3 (±13.9 x 10-3) 1.50 x 10-3 230 x 10-3 

Difference (%) -55.7 -57.1 -57.1 

6.4.1 Control Campaign 

As with CH4 and NH3, the emission factors and concentrations of the time series (refer 

to Figure 52) followed a similar trend, which was expected given the consistent nature 

of the ventilation in the barn for the control campaign. 
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Figure 52: Control PM10 total campaign 
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Figure 53 represents the daily trend. Emissions began to increase slightly when lights 

were turned on (05:30), but a steep increase took place from 07:00 to 08:00, which is 

the result of the cows becoming more active, the gutters starting up and the employees 

entering the facility to milk the cattle. This resulted in an increase in the magnitude of 

emission factors for all sizes of PM. Within the control campaign, a major peak was 

present at 10:00, followed by a recession and then a peak of lesser magnitude at 17:00. 

The initial peak was most likely the result of the feed operation taking place from 09:30 

to 11:00. Employees were required to formulate and mix the TMR for the livestock 

inside the facility, which consisted of grass and corn silage, powdered minerals, etc. 

This would cause PM to be entrained in the air within this time period. Therefore, it is 

speculated that this spike was the result of the feed being formulated within the facility. 

The second spike of lesser magnitude was likely from the bedding being distributed 

between 16:30 and 17:30 as well as potential dust generated from the second gutter 

run. Although the error bars are overlapping with one another, the extensive error bars 

at the peaks of the day are due to the working nature of the facility which would cause a 

large amount of fluctuations in PM levels during the day. Regardless, a diurnal pattern is 

still clearly present in Figure 53. 
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Figure 53: Control PM10 daily average emissions (SD error bars) 

6.4.2 Treatment Campaign 

The concentrations’ trend in Figure 54 differs from that of the emission factors as a 

result of the previously mentioned greater variation in ventilation experienced in this 

campaign. 
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Figure 54: Treatment PM10 total campaign 
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From Figure 55 it can be observed that the treatment campaign also experienced the 

same initial increase as the control campaign, as well as two spikes throughout the day, 

but its maximum peak was at 17:00. These emissions also experienced significant 

spikes at 08:00, 10:00, and 11:00. The peak at 17:00 is most likely due to the bedding 

distribution (from 16:30 to 17:30) as well as dust generated due to the activity from the 

second set of gutter and milking operations. Similar to the control campaign, the error 

bars are overlapping. However, this is mainly the result of the working nature of the 

facility during the day. 

 

Figure 55: Treatment PM10 daily average emissions (SD error bars) 

6.4.3 Statistical Analysis 

PM generation was not expected to be altered by the change in feed. Statistical analysis 

in R™ determined that for PM10 there was not a significant difference between (p=0.59) 

due to change in feed, as expected. In light of this observation, one can conclude that 

the sources of PM from both campaigns are similar. 
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6.4.4 Comparison of Campaigns 

It is hypothesized that the reasoning for the first spike in the day being less in 

magnitude for the treatment campaign compared to that of the control campaign was 

because of the addition of fats (i.e. CDDGS) which has shown tendencies to reduce 

dustiness in feed (OMAF, 2013c). Reasoning for the reduction in the initial spike 

between the two campaigns comes from the fact that the feed was formulated within the 

facility. As for the increase in the second spike (at 17:00), from the control to the 

treatment campaign, this was most likely a combination of the bedding being supplied 

daily between 16:30 and 17:30 (refer to Table 15), and the much greater ventilation 

during the treatment campaign. With higher ventilation, more PM would be pulled into 

the air stream, causing a greater magnitude to prevail. 

6.5 Particulate Matter <2.5 µm (PM2.5) 

Overall results for PM2.5 are listed in Table 27. As with PM10, it was not anticipated that 

the feed alteration would change PM2.5 emissions given the extensive number of factors 

other than the cows that contribute to its generation (refer to Section 2.4.1).  

Table 27: Overall results for PM2.5 

Campaign Average Minimum Maximum 

Emission Factor (g hr-1 AU-1) 

Control 5.11 x 10-3  (±4.18 x 10-3) 0.532 x 10-3 45.3 x 10-3 

Treatment 5.04 x 10-3 (±4.15 x 10-3) 0.431 x 10-3 48.4 x 10-3 

Difference (%) -1.38 -19.0 +6.86 

Emission Factor (g hr-1 cow-1) 

Control 6.79 x 10-3 (±5.55 x 10-3) 0.708 x 10-3 60.2 x 10-3 

Treatment 6.66 x 10-3 (±5.49 x 10-3) 0.570 x 10-3 64.0 x 10-3 

Difference (%) -1.92 -19.4 +6.27 

Concentration (mg m-3) 

Control 19.4 x 10-3 (±15.8 x 10-3) 2.00 x 10-3 176 x 10-3 

Treatment 8.85 x 10-3 (±6.50 x 10-3) 1.00 x 10-3 74.0 x 10-3 

Difference (%) -54.3 -50.0 -58.0 
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6.5.1 Control Campaign 

Figure 56 represent the change in the PM2.5 readings when assessed emission factors 

and concentrations. As previously mentioned, the constant ventilation results in a similar 

trend between the two features. 
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Figure 56: Control PM2.5 total campaign 
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Similar to PM10, Figure 57 depicts how emissions began to increase when the lights 

were turned on (05:30) followed by a steep increase from 07:00 to 08:00, which was 

due to barn activity commencing. Within the control campaign, a major peak was 

present at 10:00, followed by a dip and a smaller peak at 17:00. The initial peak was 

based on the same reasoning as that for PM10 (the feed having been formulated and 

distributed within the facility from 9:30 to 11:00). The error bars are overlapping and, 

similar to PM10, this overlapping during the day is due to the working nature of the 

facility. A diurnal pattern is still clearly present. 

 

Figure 57: Control PM2.5 daily average emissions (SD error bars) 

6.5.2 Treatment Campaign 

In terms of emission factors and concentrations, the trend in Figure 58 changes due to 

the variation in ventilation during the warmer season. 
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Figure 58: Treatment PM2.5 total campaign 
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Figure 59 shows that the treatment campaign also experienced a couple of spikes 

throughout the day, with the maximum taking place at 17:00, as was for PM10. PM2.5 

also took note of additional spikes at 08:00, 10:00, and 11:00 on a daily basis. As with 

PM10, the intensified peak at 17:00 was most likely from the distribution of bedding 

being between 16:30 and 17:30. A heavy overlap in error bars is present in Figure 59, 

however reasoning for the large error bars during the day is because of the work taking 

place in the barn over the course of the day which would promote many fluctuations in 

PM levels. 

 

Figure 59: Treatment PM2.5 daily average emissions (SD error bars) 

6.5.3 Statistical Analysis 

Statistical analysis in R™ determined for PM2.5 that there was also no significant 

difference between the control and treatment means (p=0.65). The ratio of PM2.5/PM10 

between the two sampling campaigns was evaluated for significance and it was 

determined that the average PM ratios between both campaigns did not demonstrate a 

significant difference (p=0.90). Reasoning for both PM2.5 as well as the ratio of 

PM2.5/PM10 not experiencing a statistically significant difference between the two 
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campaigns, while NH3 emissions increased significantly (p=<0.0001), could be due to a 

lack of acidic species being present in the barn air for SIA formation (refer to section 

2.2.1). However, these acidic species were not measured for the study. With NH3 being 

higher in the treatment campaign, it was anticipated that PM2.5 content would have 

increased, relative to PM10, however NH3 emissions may not have attained a high 

enough level to notice a significant difference in PM2.5 levels. 

6.5.4 Comparison of Campaigns 

The alteration of maximum peaks between the control and the treatment campaign for 

PM2.5 is based on the same reasoning as PM10 (refer to Section 6.4.4). The decrease in 

the control campaign’s maximum peak at 10:00 with regards to the treatment campaign 

was because of the minimal dust associated with the CDDGS (i.e. fat) addition to the 

total mixed ration of the feed (OMAF, 2013). Since the feed was formulated within the 

facility, the CDDGS would have resulted in less PM being expelled into the barn air 

during the formulation. As for the heightened peak taking place later in the day (17:00) 

during the treatment campaign, that could also be explained by the combination of 

bedding distribution taking place between 16:30 and 17:30 as well as the heightened 

levels of ventilation during the treatment campaign which would have drawn more 

available PM into the air. 

Based on the PM10 and PM2.5 results, PM2.5/PM10 ratios of 0.734 and 0.730 were 

observed for the control and the treatment campaign, respectively. As previously 

mentioned, the two ratios were deemed as not being statistically different from one 

another (p=0.90). From this, one can conclude that an insignificant amount of SIE (i.e. 

PM2.5) was being generated by secondary reactions when NH3 was at a higher level in 

the treatment study (refer to Section 2.2.1).   

6.6 Animal Performance 

If feed alterations to reduce contaminant output from cattle are to become prevalent in 

the industry, it is important to assess the performance of the cattle, with regards to the 

quantity and quality of milk production. Additionally, N input, output, and resulting 
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retention rates should be evaluated to determine whether or not the diet has been 

properly formulated for the respective herd. N monitoring should be practiced for all 

dairy operations, however its importance is accentuated when a feed alteration is 

applied. For both of the following assessments, only the cows that remained in the 

facility and on the same diet (i.e. high or low lactation) for both campaigns, and were not 

in a dry stage for either campaign were accounted for in both Section 6.6.1 and Section 

6.6.2. This was done for consistency purposes and to evaluate the feed alteration 

application without any outside contributing factors. As a result of this approach, only 20 

cows were assessed in the N balance and milk analysis. For the control and treatment 

campaigns there were three and four dry cows, respectively, and two cows had their 

diet changed between campaigns, and as a result were omitted from the animal 

performance assessments. When tallied up, nine cows were either taken out of or 

brought into the barn between the two campaigns (as described in Section 4.5). Of the 

20 cows analysed, eleven were in the early lactation feed group (i.e. high-lactation) and 

nine in the late lactation feed group (i.e. low-lactation). 

6.6.1 Nitrogen Balance 

A N balance provides a mean of assessing the nutritional adequacy of the CDDGS feed 

alteration on the cattle. It is an approach taken to determine whether or not the diet is 

properly formulated for the specified herd (Gozho et al., 2008). Table 28 presents the N 

balance associated with high-lactation and low-lactation cows for each campaign. The N 

balance analysis followed the protocol described in Section 2.10.2. Samples of feces 

and urine were not evaluated for N content based on high and low lactation groups of 

cows but instead they were based on the “total barn.” As a result, theoretical models 

were used to depict N outputs. The calculations used in order to determine theoretical N 

outputs are listed in Table 9 of Section 2.9.2. From this table, the equations that 

encompassed most of the study’s available features (e.g. specific nutrient parameters 

from Table 20), were associated with respectable coefficients of determination (R2), and 

obtained reasonable values (with regards to Table 7 and Table 8). As a result, with 

regards to Table 9, the selected models for fecal, urinary and milk N output were those 

of Tomlinson et al. (1996) (R2=0.66), the second formula of Tomlinson et al. (1996) 
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(R2=0.80), and the second formula of Huhtanen & Hristov (2009) (R2=N/A), respectively. 

The modeled findings were divided amongst the two feeding regimes (high and low 

lactation) for both campaigns, as displayed in Table 28. 

Table 28: Modeled N balance analysis 

 
Control Treatment 

High Low High Low 

Average DIM (days) 99 187 148 236 

N Feed (g day-1 cow-1) 588 534 577 547 

N Feces (g day-1 cow-1) 212 206 210 209 

N Urine (g day-1 cow-1) 204 165 198 170 

N Milk (g day-1 cow-1) 149 142 150 147 

N Retention (g day-1 cow-1) 22.6 20.4 18.4 21.0 

N Digestibilityb (%) 64.0 61.4 63.6 61.8 

N Feces Utilizationc (%) 36.1 38.6 36.4 38.2 

N Urine Utilizationc (%) 34.7 30.9 34.4 31.1 

N Milk Utilizationc (%) 25.4 26.7 26.0 26.9 

N retention (%) 3.84 3.82 3.19 3.84 
a Average DIM with respect to the midpoint of the campaign 
b Apparent digestibility of nitrogen 
c N content is adjusted based on N feed 

The modeled numbers evaluated are in agreement with previous values from literature 

(Nennich et al., 2005). As discussed in Section 2.10.2, cows in the early stages of high-

lactation are expected to retain very little N and may have a negative N retention. 

However, the slight changes in retention between the high and low-lactating groups for 

both of the campaigns deems their differences as negligible. This equivalence in 

retention can be explained by the fact that the high-lactation group actually consisted of 

cows in both the early and the intermediate lactation phases. In industry, early lactation 

cows (which generally have a negative N retention) normally reach their peak 

production at approximately 60 days in milking (refer to Section 2.10.2). Therefore, high-

lactation would only be in the negative N retention period for a minority of the time that 

they are on that feeding regime. CRSAD’s diet alteration practice was technically 

adopted in order to keep this N balance both stable (i.e. close to zero) and consistent 

between the two groups for each campaign. The relatively low, yet still positive, N 

retention deems the CRSAD feeding regime as being both adequate for the animals 

well-being as well as cost efficient. 
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It is hypothesized that for high-lactation cows, less N was retained in the treatment 

campaign than the control because the form of the N in the CDDGS diet changed the 

digestion and metabolism of N for the treatment campaign. Specifically, the level of 

RDP dropped and the level of RUP increased for both feed groups (i.e. high and low-

lactation) when altering the diet from control to treatment (refer to Table 19 and Table 

20). According to a study by Wright et al. (1998), this increase in RUP intake between 

the two campaigns should cause an increase in fecal, urine, and milk N output. From 

the current study, the sole feature in agreement with this hypothesis for high-lactation is 

milk, but low-lactation experienced a small increase for feces, urine, and milk. However, 

milk was the only constituent that incorporated RUP and RDP in its theoretical model. 

Neither urine nor feces accounted for RUP or RDP because it was difficult to find such 

an equation with a respectable coefficient of determination (R2). 

6.6.1.1 Lab Results for Milk, Feces, & Urine 

For comparative purposes, the CRSAD laboratory-based readings for feces and urine, 

and Valacta milk readings of the “average” N values from the entire barn (i.e. N values 

associated with the total herd) are listed below in Table 29, Table 30, and Table 31. 

Laboratory results associated with these tables are listed in Appendix A. Within Table 

31 it can be observed that the urine results for both campaigns are significantly different 

from one another (those of the control campaign are much smaller in magnitude). It is 

speculated that since the urine samples were left in a fridge for a maximum of two days 

prior to testing (refer to Section 5.5.4) and the control samples weren’t acidified 

immediately after collection, urea quickly converted into NH3 and volatilized off of the 

sample. This would have resulted in a much lower concentration for the control 

campaign for the N content of urine. This feature would be prominent if any space was 

left between the urine and the top of the container, which there was. With the similarity 

between the two diets (let alone the alteration taking place in an isonitrogenous fashion) 

it is highly unlikely that there would have been this significant of a change between 

urinary N content. 
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Table 29: Milk lab results 

Parameter Control Treatment 

Milk Protein (%) 3.34 3.42 

Milk Fat (%) 4.11 4.11 

Milk Lactose (%) 5.67 5.76 

 

Table 30: Fecal lab results 

Parameter Control Treatment 

N Total (mg/kg) 3100 3450 

NDF (%) 54.6 54.2 

N-NH4 (mg/kg) 84.1 164 

N-NO3 (mg/kg) 3.91 9.14 

P (mg/kg) 810 1520 

K (mg/kg) 831 1490 

Ca (mg/kg) 3020 2130 

Mg (mg/kg) 772 841 

Na (mg/kg) 590 592 

Dry Matter (%) 12.8 13.6 

Ash (%) 12.6 11.6 

Organic Matter (%) 87.5 88.4 

 

Table 31: Urine lab results 

Parameter Control Treatment 

N-NH4 (mg/l) 77.0 440 

N-NO3+N-NO2 (mg/l) 0.648 1.09 

6.6.2 Milk Quantity & Quality 

An important analysis associated with this study is to evaluate the potential effects of 

the CDDGS feed alteration on the primary parameters of concern for milk, including 

production rate, protein levels and fat levels. Milk results associated with the study are 

listed in Table 32. 
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Table 32: Milk performance analysis (Valacta data) 

 
Control Treatment 

High Low High Low 

Average DIM (days) 99 187 148 236 

Milk Quantity (kg/day) 38.4 34.9 37.9 25.0 

Milk Protein (%) 3.34 3.29 3.34 3.62 

Milk Fat (%) 4.12 3.98 4.15 4.68 
a Average DIM with respect to the midpoint of the campaign 

The protein and fat percentages did not decrease, which was what the study was 

anticipating given previous assessments of a CDDGS feed alteration (refer to Section 

2.13.4.1). Both protein and fat, as well as milk quantity, remained relatively consistent 

between campaigns for the high-lactation cows. However, both of these constituents 

increased for the low-lactation cows, and their milk quantity decreased extensively, from 

the control to the treatment campaign. 

A previous study by Wright et al. (1998) took note of an increase in milk output and 

protein levels, and a decrease in milk fat content when RUP levels increased. From 

Table 19 and Table 20, as previously mentioned, RUP levels notably increased from the 

control to the treatment campaign for both lactating groups. Although for the low-

lactation cows, milk output decreased and its fat content increased, which contradicts 

the Wright et al. (1998) study, milk protein content did increase with the increasing RUP 

content, from the control to the treatment campaign. The increase in RUP intake was 

much greater for the low-lactation cows (from 959.2 to 1327 g/day) than for the high-

lactation cows (1240 to 1391 g/day), refer to Table 19 and Table 20, which could reflect 

the relatively large magnitude of increase in protein for the low-lactation cows. The 

consistency in RUP levels for the high-lactation diet could assist in the explanation the 

consistent nature of the milk quantity, protein, and fat content for the high-lactating 

cows. 

Albeit most of these observations differ from previous literature, there is some reasoning 

for the discrepancies. First of all, due to the commercial-farm-practice nature of this 

study, there was an extensive amount of time (approximately seven weeks) between 

the control and treatment experiments. This time was used for ordering, formulating, 

and applying the CDDGS feed to the herd (refer to Section 5.4). Within this time span, it 
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is highly possible that the herd’s protein and fat output increased from a genetics 

perspective (refer to Section 2.11.3), prior to accounting for any effect from the feed 

alteration. Secondly, for both of the campaigns, each cow was only tested once 

(towards the end of the campaign) for milk quantity, protein, and fat percentages. 

However, with each individual cow in the barn being tested there should be credibility in 

the final averaged result for each of the two feeding regimes. Therefore, the consistent 

(i.e. high-lactation) and higher (i.e. low-lactation) protein and fat levels associated with 

the CDDGS campaign are believed to be a balance between the feed alteration (i.e. a 

potential reduction), the time between studies (i.e. a potential increase), and potentially 

the lack of significant sample sizes from each cow for a proper assessment. As long as 

N levels remain constant (i.e. isonitrogenous diets), the resulting decline in milk protein 

and fat content associated with previous studies (refer to Table 12) can be speculated 

with high confidence as being the result of the CDDGS alteration. Therefore, it is 

hypothesized that milk protein and fat levels should have decreased in the present 

study but did not mainly due to the significant amount of time between studies (i.e. DIM 

of each cow had 49 days to increase between studies). Based on Figure 11 (refer to 

Section 2.11.3), it was anticipated that the cows in low-lactation would experience a 

greater increase in protein and fat levels than the cows in high-lactation because of the 

increase in the slope of the exponential trend as the lactation period progresses. 

Additionally, it was also expected that fat levels would increase more significantly than 

protein levels given the fat level’s greater exponential slope in Figure 11, as is true for 

the low-lactating group.  

Albeit discrepancies are present, Figure 60 and Figure 61 denote that the cows’ 

increasing milk protein and fat trends were as expected with regards to the time frame 

of the study, based on the fourth equation for protein concentration (Wilmink, 1987) 

(R2=0.39) and the third equation listed for fat concentration (Wood, 1976) (R2=0.29) 

which are in Table 10 (refer to Section 2.11.3). Both of these equations are listed in a 

study by Quinn et al. (2006). The increasing trend is more so apparent for protein 

(Figure 60) than it is for fat (Figure 61) due to the fat content having more sporadic 

readings. Deviations from the modeled trend lines are most likely the result of having 

only taken a single sample from each of the cows (i.e. their output is not a statistically 
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significant sampled value) as well as a potential lack of a large enough sample of cows 

being analyzed. 

 

Figure 60: Protein concentrations over both campaigns as well as a modeled milk protein curve (Quinn et al., 2006) 
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Figure 61: Fat concentrations over both campaigns as well as a modeled milk fat curve (Quinn et al., 2006) 

As for milk quantity, it was anticipated that it would remain relatively constant as a result 

of the diet alteration remaining isocaloric. However, a diet change for a cow can cause 

severe stress which has shown the tendency to reduce milk quantity levels (Dr. Tom 

Wright, OMAF, personal communication, 7 October 2014), which could also reflect the 

decrease in milk output for the low-lactating cows in Table 32. Additionally, it was 

expected that the low-lactation cows would experience a more significant drop than the 

high-lactation group given the steeper slope that is present later in a standard lactation 

period, as represented by Figure 12 (refer to Section 2.11.4). Although a couple of other 

studies evaluating the effect of a CDDGS feed application took note of an increase in 

milk quantity, as listed in Table 12 (Anderson et al., 2006; Benchaar et al., 2013; 

Kleinshmit et al., 2006), it is speculated that this simply took place because they did not 

keep their diets isocaloric. 

Figure 62 evaluates the milk yield values of each cow during both campaigns and has a 

modeled trend line (Grzesiak et al., 2006) (R2=0.74) included for reference, which is 

based on Equation 11 (refer to Section 2.11.4). Although the decreasing trend is similar, 



 

131 
 

values associated with this study seem much greater in magnitude than those 

anticipated by Grzesiak et al. (2006). Reasoning for this difference in magnitude is most 

likely because the formulated CRSAD diet was very high in energy content (refer to 

Table 20) relative to listed guidelines (Kahn & Line, 2010). The veterinary manual by 

Kahn and Line (2010) lists the nutritional requirement for lactation net energy content to 

be 1.61, 1.47 and 1.36 Mcal kg-1 of feed for early, mid and late lactating cows, 

respectively. However, the CRSAD diet (i.e. this study) used 1.67 and 1.66 Mcal kg-1 for 

the high-lactation group during the control and treatment campaign, respectively, as well 

as 1.62 Mcal kg-1 for the low-lactation group throughout both campaigns. As a result, it 

was anticipated that their milk output would be somewhat higher than that which is 

generally evaluated in industry, or that which was modeled by Grzesiak et al. (2006). 

Additionally, a lack of significant samples taken for milk output (i.e. only one sample was 

taken from each cow once during the campaign) might have played a role in the 

deviation from the Grzesiak et al. (2006) study’s anticipated outcome. 

 

Figure 62: Milk yield from both campaigns as well as a modeled milk yield curve (Grzesiak et al., 2006) 

 



 

132 
 

7.0 CONCLUSIONS 

Based on the results outlined in Chapter 6, the experimental procedure was a success. 

Although the total CH4 emission factor experienced a statistically insignificant drop of 

3.75% (p=0.065) between the control and treatment campaign, some interesting 

findings associated with time of day and feeding activity were observed. Upon 

comparing the two campaigns, it becomes apparent that nighttime CH4 emissions 

significantly differed (p=0.00069), whereas those of daytime did not (p=0.54). 

Additionally, emissions were lower when feed intake had ceased (p=<0.0001) and 

higher when the cows were feeding (p=0.084). Taking into account that nighttime and 

non-feeding emissions are significantly lower during the treatment campaign, which is 

when greater temperature was experienced, it is concluded that almost all of the CH4 

was coming from the cattle’s enteric fermentation process and not being formed from 

anaerobic degradation in piles of manure. It is when the lights were off when emissions 

from piles of waste would have been prevalent since the manure management system 

runs twice during the day. Therefore, the CDDGS application mainly effected emission 

levels when feed intake had ceased (which encompasses nighttime emissions).  

Biologically, it is believed that the feed alteration caused the VFA synthesis to form at a 

lesser magnitude (refer to section 2.1.1) and thereby decayed more quickly once 

feeding had ceased. Although it could be argued that the colder temperature of the 

control campaign would have caused a greater intake of feed and thereby more enteric 

fermentation CH4 output, the barn temperature only increased by 3.75 ºC on average 

(refer to Table 21) between campaigns, which is deemed minimal compared to previous 

studies (refer to Table 1). Feed intake values listed in Table 19 remained relatively 

constant so the change in animal activity was deemed as being negligible. 

As for the secondary contaminants, NH3 demonstrated an obvious significant drop 

between the two campaigns (p=<0.0001) and it is concluded that this was caused by 

the increased ventilation between the two experiments. Based on the significant 

difference, as well as the comparison between Figure 40 and Figure 51, the change in 

ventilation was deemed as being the primary factor which significantly increased NH3 
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volatilization. It was also taken into account that N excretion did not notably vary 

between the two campaigns. This observation from this study suggests that 

environmental parameters (e.g. air flow rate, temperature, humidity, pH, etc.) have a 

greater effect on NH3 volatilization than the waste’s N content. Both PM10 and PM2.5 did 

not demonstrate any significant difference between the two campaigns (p=0.59 and 

p=0.65, respectively). The ratio of PM2.5/PM10 between both campaigns was also 

assessed for a difference in means, however they not statistically different from one 

another (p=0.90). As a result, it can be concluded that the sources of PM10 and PM2.5 

were the same for both campaigns. Additionally, it may also be stated that an 

insignificant amount of SIA (i.e. PM2.5) was generated due to the heightened level of 

NH3 in the treatment campaign. This acknowledges the idea that the amount of acidic 

species in the air available for aerosol formation was minimal, if not negligible. 

As for animal performance, the theoretical models used to determine a potential change 

in the N balance deemed the CDDGS application as having a negligible effect on the 

animal’s N balance. Albeit for the treatment campaign the retention values for high-

lactation are lower than those of low-lactation (as expected from previous literature), the 

difference is not notable. Also, the retention values for high-lactation are technically 

greater than those of low-lactation for the control campaign, but not to a distinguishable 

amount. Reasoning for this equivalence feature is the fact that the high-lactation group 

incorporated cows far past the early lactation phase and diets were formulated with the 

goal of maintaining a stable and consistent N balance between the two groups. A 

concluding statement for the N balance of the study is that there was essentially no 

alteration as a result of the CDDGS application. 

Milk parameters did not follow the trends in the previous literature. Fat and protein 

levels increased for low-lactation and remained relatively constant for high-lactation 

between both campaigns. Reasoning for the unanticipated change in protein and fat 

content would have most likely been the seven week gap between campaigns, which 

would have allowed for a rise in protein and fat levels (refer to section 2.11.3). As a 

result of the diet alteration being isocaloric, it was expected that milk output should not 

change. The decrease in milk yield between the two campaigns, most notably for low-
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lactation, could have also been caused by the time between studies which would have 

resulted in lower milk yield values (refer to section 2.11.4) as well as potential stress put 

on the animals from a diet alteration. It could be argued that this feature of less milk 

being produced could be associated with a lower CH4 output. However, DMI values 

remained nearly consistent over both campaigns for each group which dictates that this 

would not have had an impact on the CH4 output.  
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8.0 RECOMMENDATIONS 

Recommendations for further study were taken note of over the course of the 

experimental analysis. Although some of them were realized after the experiment had 

concluded, most were simply outside the scope of the project and could not be 

managed as a result of constraints and limitations in both time and resources. The 

following are recommendations that should be considered for future analysis of the 

CDDGS application effect on rumen CH4 output, as well as NH3 and PM, from dairy 

cattle. 

 Various levels of CDDGS should be applied. With the main objective of 

studying CDDGS as a mitigation strategy and its potential to be applied at a 

commercial scale, it is important that the optimal balance between enteric CH4 

reduction and maintaining milk yield and quality be attained. Therefore, applying 

multiple levels of CDDGS, to either the same dairy cattle specimens or during the 

same time frame to avoid environmental change, would be extremely beneficial 

for assessing the optimal level of application.   

 

 Analyze both the control and treatment campaigns in other seasons to see 

the seasonal effect on NH3. In order to dictate just how much a seasonal 

change effects NH3 volatilization, both experiments should be studied during 

various seasons to see if there is a relationship. 

 

 Account for moisture content and pH of the waste slurry. Environmental 

factors are believed to play a significant role in dictating NH3 volatilization rates. 

As a result, they should all be monitored in order to determine which features 

have the greatest impact on NH3 emission rates. 

 

 Segregate fecal and urinary laboratory analyses between different diets in 

the barn (i.e. for different stages of lactation). One major issue with this study 

was that the laboratory analysis of the cow output parameters were not 

segregated based on feeding groups (i.e. high and low-lactation). As a result, 
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theoretical, and not empirical, models were required to be used as the approach 

for developing an N balance. 

 

 Analyse cows that are in a similar stage of lactation (i.e. similar DIM). In 

order to avoid discrepancies between the cows that were being studied, how far 

into their milking period they were, and what protein and fat content they were at, 

cows that are in a similar lactation period should be grouped for analysis, if a 

whole-barn nature is required for study. This would avoid the issue of potentially 

having different cows being studied between campaigns. 

 

 More in-depth ventilation assessment. In the research field of air quality, 

ventilation measurements from housing units are difficult to account for. Several 

problems were accounted for in this study and as a result, a more concrete 

understanding of the facility’s ventilation practices prior to the experiment should 

be developed. Continuous monitoring of ventilation rates (instead of discrete 

values being applied for a continuous study) would be optimal for analysis. 
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APPENDIX A: Laboratory Results 

A1: Feed Laboratory Results 
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A2: Milk Laboratory Results 

Table 33: Milk Laboratory Results 

 Period #1 Period #2 

Start 15/02/2014 23/04/2014 

End 01/03/2014 07/05/2014 

Milk fat, % 4.11 4.11 

Milk protein, % 3.335 3.42 

Milk lactose, % 5.67 5.76 

Milk CCS, 000/ml 115 126 

Milk yield, l 14142 12892 

Days of collect 14 14 

Milk yield, l/day 1010.14 920.86 

Milk fat, kg/d 41.52 37.85 

Milk protein, kg/d 33.69 31.49 

# cows 34 35 

Milk yield, l/day/cow 29.71 26.31 

Milk fat, kg/d/cow 1.22 1.08 

Milk protein, 
kg/d/cow 0.99 0.90 
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A3: Feces Laboratory Results 
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A4: Urine Laboratory Results 
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APPENDIX B: DAIRY CATTLE LISTINGS 

Table 34: Control campaign cattle listings 

Control Campaign 

Cow # # Calves Weight (kg) Cow ID 

1a 0 635 9162 

2a 0 645 9158 

3 1 630 486 

4 1 553 9169 

5 1 563 1063 

6 1 573 9167 

7 1 650 9157 

8 1 660 9154 

9 1 677 1064 

10 1 620 1066 

11 1 600 1071 

12 1 666 1065 

13 1 550 1068 

14 1 563 1069 

15 2 791 1049 

16 2 690 7864 

17 2 665 7862 

18 2 717 9581 

19 2 679 7870 

20 2 547 1053 

21 2 708 7859 

22 2 677 7863 

23 2 677 7853 

24 2 687 7866 

25 2 750 7867 

26 2 645 7856 

27 3 604 9454 

28 3 687 1442 

29 3 718 9580 

30 3 632 7676 

31a 3 745 1443 

32 4 812 9346 

33 4 760 3896 

34 5 823 9919 
a Dry Cows 
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Table 35: Treatment campaign cattle listings 

Treatment Campaign 

Cow # # Calves Weight (kg) Cow ID 

1a 0 641 495 

2 1 630 486 

3 1 697 490 

4 1 575 1058 

5 1 666 1065 

6 1 620 1066 

7 1 550 1068 

8 1 563 1069 

9 1 600 1071 

10 1 660 9154 

11 1 729 9156 

12 1 650 9157 

13 1 645 9158 

14 1 635 9162 

15 1 570 9163 

16 1 573 9167 

17 1 553 9169 

18 2 791 1049 

19 2 547 1053 

20 2 523 1062 

21a 2 737 7848 

22 2 677 7853 

23a 2 645 7856 

24 2 708 7859 

25 2 665 7862 

26 2 690 7864 

27 2 687 7866 

28 2 679 7870 

29 3 745 1443 

30 3 632 7676 

31 3 604 9454 

32 3 718 9580 

33 4 812 9346 

34 5 823 9919 

35a 6 896 511 
a Dry Cows 
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APPENDIX C: CDDGS SPECIFICATIONS 
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APPENDIX D: FANS UNIT CALIBRATION SPECIFICATIONS 
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APPENDIX E: CARBON DIOXIDE TRACER GAS TECHNIQUE 

The measured ventilation results from the FANS unit during the treatment campaign 

were able to be validated by CO2 measurements recorded during said campaign, using 

the following analysis. It should be noted that the CO2 analyzer was experiencing 

technical difficulties during the control campaign and thereby a ventilation validation was 

not possible since CO2 concentrations were not able to be monitored. Equation 26 is the 

basis for assessing ventilation, where 𝑉𝐶𝑂2 represents the CO2 production rate of the 

barn as a whole (m3 hr-1 barn-1), 𝑓 is a correction factor for diurnal patterns, 𝑇𝐻𝑃 is the 

heat production of a cow (W cow-1), 𝑁 is the number of cows present, 𝐾𝑚 is a factor for 

the increase in CO2 output from manure and other activities, 𝑅𝑄 is a respiratory 

quotient, and 𝑇𝑖 is the barn air temperature (ºC) (Zhu et al., 2011). 

 𝑉𝐶𝑂2 =
0.0036×𝑓×𝑇𝐻𝑃×𝑁×273

(
16.18

𝑅𝑄
+5.02)×(𝑇𝑖+273)

× 𝐾𝑚 (26) 

In order to determine 𝑓 and 𝑇𝐻𝑃, Equation 27 and Equation 28 were required to be 

instilled. It should be noted that 𝑀 is the body mass of the cow (kg), 𝑌 is milk production 

(kg d-1), and 𝑝 is the DIM (d). For purposes of this analysis, these three parameters 

were taken as an average of the total barn. In Equation 28, the 𝑎 is a constant value of 

0.23 for dairy cattle, h is the hour of the day being assessed and ℎ𝑚𝑖𝑛 represents the 

time of day with minimum activity. The Zhu et al. (2011) study chose an ℎ𝑚𝑖𝑛 value of 

2.2 h (i.e. after midnight) and as a result it was used for this analysis.  

 𝑇𝐻𝑃 = (5.6 × 𝑀0.75 + 22 × 𝑌 + 0.000016 × 𝑝3) × [1 + 0.004 × (20 − 𝑇𝑖)] (27) 

 𝑓 = 1 − 𝑎 × sin [(2 × π/24) × (h + 6 − ℎ𝑚𝑖𝑛)] (28) 

Once 𝑉𝐶𝑂2 is determined, the ventilation rate exiting the facility 𝑉𝑅 (m3 hr-1) could be 

evaluated. In Equation 29, ρ is the density of CO2 (kg m-3), and Ce and Ci are the 

average exit and inlet concentrations of CO2 (mg m-3), respectively. 

 𝑉𝑅 =
𝑉𝐶𝑂2

𝐶𝑒−𝐶𝑖
× ρ × 106 (29) 

Due to the location of the monitoring trailer being in the barn’s exhaust line (refer to 

Figure 22), ambient values of CO2 were required to be taken from a previous study. 
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Matross et al. (2006) observed that ambient concentrations of CO2 in the Quebec City 

area in 2004 were approximately 370 ppm. Another document stated that ambient 

atmospheric levels of 400 ppm for CO2 were standard, relative to the area of Quebec 

City (Bertrand et al., 2007) which is extremely close to Deschambault, Quebec, the area 

of study. In light of these observations, the ambient values for CO2 associated with this 

study are evaluated as 380 ppm based on the aforementioned values and the remote 

location of the facility. 
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APPENDIX F: STATISTICAL ANALYSIS 

Each of the aforementioned data sets (i.e. CH4, daytime CH4, nighttime CH4, NH3, PM10 

and PM2.5) all had their means between both campaigns statistically analyzed using an 

approach where the first serial correlation coefficient is estimated followed by the 

“Pooling Estimates and Comparing Means of Two Independent Time Series with the 

Same First Serial Correlation” method (Ramsey & Schafer, 2002). This test is a time 

series analysis which essentially performs a two-sample pooled z-test for comparison of 

means, while adjusting the data for autocorrelation. The significant size of the data sets 

(i.e. n>1000), being representative of the entire population of study, allows for the data 

to be evaluated as a population and not a sample. With the use of a z-test incorporated 

in the time series analysis methodology, normality is a requirement for the parametric 

test (i.e. a normality constraint is implied in the test). Therefore, the normality of each 

data set was evaluated. 

In order to make each data set as normally distributed as possible, the Box-Cox power 

transformation was applied, bringing skewness and kurtosis values as close to their 

normalized standards as possible of zero and three, respectively. Although nearly all of 

the data sets failed several tests for the composite hypothesis of normality (e.g. 

Kolmogorov-Smirnov (Lilliefors), Cramer-von Mises, Pearson chi-squared, Anderson-

Darling, Shapiro-Francia, and Shapiro-Wilk normality tests) with p=<0.05 using R™ 

software, there is some discrepancy in using these tests to evaluate the data at hand. 

For many of these tests, ties as well as autocorrelated data can be problematic 

(D'Agostino & Stephens, 1986). Also, the goodness-of-fit methods (i.e. Pearson chi-

squared and Kologorov-Smirnow) do not have a very high power. It has also previously 

been argued that the representation of normality through these tests is a misconception. 

When you are dealing with a large sample size, even the smallest deviation from 

normality will leads to a rejection of the null hypothesis in these normality tests (the null 

hypothesis being normality in your data set). As a final point, tests for normality are not 

meant to be the deciding factor in whether or not a parametric test should be used (Dr. 

Andrew McEachern, University of Guelph, personal communication, 2 October 2014). 

Whether or not a data set is normally distributed enough for a parametric test is 
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dependent on one’s interpretation and opinion. As a side bar, many of these data sets 

for various normality tests resulted in values which were extremely close to p=>0.05 

which would provide statistical evidence of normality, on the basis of the associated 

test. 

With this in mind, there isn’t another option to test significance for data that is 

autocorrelated and potentially does not follow a normal distribution. Therefore, one may 

justify the notion that the transformed data expresses enough of a normal distribution 

(through frequency histograms and QQ-plots) to be analyzed as a normally distributed 

data set. To my knowledge, there is no test for non-normally distributed time series data 

which is autocorrelated. As a result, it is assumed that the transformed data follows 

enough of a normal distribution to be analyzed by a parametric test for which normality 

is required. Table 36 lists skewness and kurtosis values as well as the power transform 

associated with each of the data sets. 

Table 36: Statistical specifications of contaminate data 

Parameter Skewness Kurtosis Power Transform 

Normal Distribution 0.00 3.00 - 

Control Campaign 

Methane – Total -0.0429 2.49 0.55 

Methane – Daytime 0.0751 2.61 0.90 

Methane – Nighttime -0.0255 2.45 0.60 

Ammonia -0.965 4.73 1.00 

PM10 -0.176 4.02 -0.25 

PM2.5 0.0879 4.12 0.05 

Treatment Campaign 

Methane – Total -0.0445 2.64 0.55 

Methane – Daytime -0.177 2.70 0.90 

Methane – Nighttime 0.151 3.18 0.60 

Ammonia 0.500 3.12 1.00 

PM10 0.273 3.61 -0.25 

PM2.5 -0.0174 3.50 0.05 
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Figure 63: Control – CH4 total 

 

Figure 64: Control – CH4 daytime 

 

Figure 65: Control – CH4 nighttime 
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Figure 66: Control – NH3 

 

Figure 67: Control – PM10 

 

Figure 68: Control – PM2.5 
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Figure 69: Treatment – CH4 total 

 

Figure 70: Treatment – CH4 daytime 

 

Figure 71: Treatment – CH4 nighttime 
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Figure 72: Treatment – NH3 

 

Figure 73: Treatment – PM10 

 

Figure 74: Treatment – PM2.5 


