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ABSTRACT 

 

 Swine workers in concentrated animal feeding operations (CAFOs) are at risk of 

developing respiratory illnesses as a result of exposure to a combination of ammonia (NH3), 

carbon dioxide (CO2), and dust. The purpose of this study was to determine whether the use 

of a recirculating ventilation system with a filter-type air pollution control (APC) unit (Shaker 

Dust Collector, United Air Specialists Inc.), selected to control dust, would inadvertently 

increase NH3 and CO2 concentrations in a farrowing room.  

 During the 2013-14 winter season, NH3 and CO2 concentrations were measured at six 

fixed locations throughout the farrowing room test site. Direct reading instruments (NH3: 

VRAE, Rae Systems Inc.; CO2: ToxiRAE Pro, Rae Systems Inc.) were deployed for 24-hour 

periods throughout the season on 18 randomly selected days. Contaminant concentrations 

were measured and compared by ventilation status (APC ON: 11 days, APC OFF: 7 days).  

 Ammonia concentrations were above the literature recommended limit (7 ppm) on 

13 of the 18 sample days (72%) and even exceeded the threshold limit value (TLV) of 25 ppm 

on one of the sample days. Carbon dioxide concentrations exceeded the literature 

recommended limit of 1540 ppm on all 18 sample days, and average concentrations were half 

of the TLV (2500 ppm). There was no statistically significant difference in NH3 (p > 0.23) or 

CO2 (p > 0.67) when concentrations were compared by APC status.  

 The results of this study indicate a recirculating ventilation system with filter dust 

control does not increase NH3 or CO2 concentrations spatially or temporally in the room 

during operation. Future work will investigate engineering control options to reduce CO2 

concentrations in the farrowing room.  



 

 

iv 

 

PUBLIC ABSTRACT 

 

 Swine workers are at risk of developing health problems due to breathing in air 

contaminants in swine barns. Methods have been developed to reduce the amount of 

contaminants a worker breathes. The purpose of this study was to determine whether a 

system intended to reduce dust concentrations would inadvertently increase ammonia and 

carbon dioxide concentrations, two contaminants commonly found in swine production 

facilities.  

 Ammonia and carbon dioxide concentrations were measured over the course of 18 

randomly selected days throughout the winter of 2013-14, with the dust control system in 

operation (11 days) or not (7 days). Gas measuring instruments were positioned at six fixed 

locations throughout the study site. Gas concentrations were measured when the dust 

control device was in operation and compared with gas concentrations when the device was 

turned off.  

 In the farrowing room of our test swine barn, ammonia and carbon dioxide 

concentrations were not increased when the dust control device was in operation. Future 

work will explore effective control options to reduce high carbon dioxide concentrations 

that were identified in this field study.  
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CHAPTER I    

Literature Review 

 

Modern Swine Production 

Hog production has seen dramatic changes over the last 30 years. In 1982, 315,095 

U.S. farms sold 94,783,598 hogs compared to 55,882 farms selling 199,115,305 hogs in 2012 

(2012 Census of Agriculture).  This equates to an 82% reduction in the number of farms 

selling hogs and a 52% increase in the number of hogs produced. Also in 1982, the average 

number of hogs sold per farm was 300 compared to 3,563 hogs sold per farm in 2012 (2012 

Census of Agriculture). The trend has been to move away from small family farming 

operations toward larger concentrated animal feeding operations (CAFO) (Honeyman, 

1996). In the late 1970’s and early 1980’s, most hogs were produced in open lot or open 

building facilities with farrowing occurring in the late spring. Today, modern swine 

producers farrow year round. In the mid to late 1980’s the agricultural community was hit 

with low commodity prices, escalating interest rates, and higher land prices that forced 

many producers out of business. This financial dilemma resulted in a large number of hog 

buildings sitting idle and provided an opportunity for larger producers to contract smaller 

growers to raise hogs for them. This contracting was mutually beneficial as it allowed the 

smaller operators to stay on their farms and reduced production costs for the larger 

producers. 

Modern swine production in the CAFO operations can be classified into several 

production phases: breeding-gestation, farrowing (birthing), weaning, and finishing (EPA, 
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2015). In the breeding-gestation phase, the reproductive age female (sow) is placed into a 

holding pen with several other sows. A boar (reproductive age male) is placed with the sows 

with the purpose of inseminating the sows. The boar is rotated among several pens to 

assure the sows have been successfully inseminated. The sows are then sent to the 

gestation area where they are housed and fed until they are ready to farrow, typically 114 

days. When the sow is ready to farrow, she is moved into the farrowing room. Modern 

farrowing rooms contain farrowing “crates” for the sows to birth in. The farrowing crates 

help reduce the number of piglet mortalities by preventing the sow from rolling over and 

crushing her piglets (EPA, 2015). The farrowing crates also allow for easier access to the sow 

and piglets by the producers. The sows are in the farrowing room until the piglets are 

weaned, typically 18-30 days (EPA, 2015). After the piglets are weaned from the sows, they 

are placed in a temperature-controlled nursery to acclimate to life without the sows. The 

piglets are kept in the nursery for a period of 6 to 10 weeks (EPA, 2015) until they are 

transferred to the finishing barns. The pigs remain in the finishing barn until they reach 

market weight. 

Worker Tasks 

Swine production workers perform a multitude of tasks in today’s modern swine 

production facilities. The workers perform tasks such as: castration, vaccination, teeth 

clipping, tail docking, feeding, and cleaning. These tasks vary depending on the growth stage 

of the animals with proportionally more time spent in the farrowing barns tending to the 

young piglets and sows (O’Shaughnessy, 2010). These tasks expose the worker to multiple 

airborne contaminants in the barn. The swine workers are also exposed to ergonomic 
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hazards related to the tasks such as repetitive stress injuries, injuries to the lower 

extremities caused by contact with the swine, and slips, trips, and falls. In today’s swine 

production facilities, these tasks are performed indoors.  

CAFO Contaminants and Health Effects 

Swine production workers are exposed to a variety of contaminants in today’s 

modern swine facilities. Previous studies have shown an increase in the occurrence of 

respiratory inflammation, chronic bronchitis, and a decrease in lung function, such as FEV1 

as a results of exposure to these contaminants (Donham et al., 1989). The workers are 

exposed to irritant gases such as carbon dioxide (CO2), carbon monoxide (CO), ammonia 

(NH3), hydrogen sulfide (H2S), and dust. These contaminants are generated from multiple 

sources within the swine facilities. Dusts containing dander and fecal material are released 

from the animal as well as animal feed. Ammonia and H2S are released from the breakdown 

of organic material in the manure holding pits located under the floor of the production 

barns. Finally, CO and CO2 are generated by heaters used to warm these buildings. Animal 

respiration also contributes CO2 to the barn. In the cold weather months the swine facilities 

are closed up to reduce heating cost and to keep the swine comfortable. Reducing fresh air 

intake into the swine building causes the contaminant concentrations to increase over the 

winter season. 

Carbon Dioxide 

Carbon dioxide is a colorless, odorless gas that is a product of cellular respiration 

and the burning of fossil fuels (EPA, 2015). CO2 is a simple asphyxiant that reduces the 

amount of oxygen available in the blood (NIH, 2015). Exposure to low concentrations (7.5% 
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- 10%) in the air of CO2 can cause hyperventilation, blurred vision, and lung congestion (NIH, 

2015). Exposure to high concentrations of CO2 (>10%) can cause convulsions, 

unconsciousness, and death (NIH, 2015).  

Carbon Monoxide 

Carbon monoxide is a colorless, odorless gas emitted from incomplete burning of 

fossil fuels during the combustion process. CO causes harmful effects by reducing oxygen 

delivery to the body’s vital organs and tissues. (Samet et al, 1987) Chronic exposures to low 

concentrations (> 9 ppm) of CO can cause symptoms such as headaches, dizziness, and 

nausea (Townsend and Maynard, 2002).  

Ammonia 

Ammonia at room temperature is a colorless gas with a highly irritating pungent 

odor (NYDOH, 2004). Ammonia is part of the nitrogen cycle and is generated as a product of 

the decomposition of organic matter. Exposure to low levels of ammonia (5-25 ppm) can 

cause eye irritation and coughing. Ammonia at higher concentrations of 5000-10,000 ppm 

can be fatal (Ryer-Powder, 2004).  

Hydrogen Sulfide 

Hydrogen sulfide is a colorless gas known for its pungent “rotten egg” odor at low 

concentrations. It is heavier than air and is a byproduct of the bacterial breakdown of 

organic matter (Guidotti, 1996). Concentrations of H2S above 100 ppm can cause olfactory 

fatigue which inhibits the body’s ability to detect the odor. Chronic exposure to low levels of 
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H2S can lead to respiratory symptoms which include wheezing and shortness of breath 

(Legator et al, 2001). 

Dust 

Dust is generated in swine facilities from multiple sources, including animal feed, 

animal dander, and fecal material. Dusts can cause a wide range of health effects depending 

on where they deposit in the respiratory system. Inhalable dust (up to 100 µm) is able to 

enter the nose and mouth and can cause irritation in the upper respiratory tract (Iversen et 

al., 2000). Respirable dust (<10 µm) can penetrate deep into the lungs and cause an 

inflammatory reaction in the alveolar region (Malmberg, 1990).  

Exposure Limits 

Regulatory agencies and consensus groups have developed exposure limits based on 

health outcomes for individual contaminants. The Occupational Safety and Health 

Administration (OSHA) creates and enforces Personal Exposure Limits (PELs), which are 

eight-hour time-weighted averages (TWA) above which workers should not be exposed.  

They also include short-term exposure limits (STEL) and ceiling limits which provide a 

maximum exposure limit for periods of time shorter than an entire work shift. The American 

Conference of Governmental and Industrial Hygienists (ACGIH) is a consensus group that 

creates threshold limit values (TLV) for exposure to contaminants. Threshold limit values are 

based on contaminant levels an individual could be exposed to over a working lifetime 

without experiencing negative health effects. The National Institute for Occupational Safety 

and Health (NIOSH) conducts research and sets recommended exposure limits (RELs) for 
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workplace contaminants. Table 1 includes exposure limits for each individual compound 

found in swine barns. 

Literature Recommended Exposure Limits 

The literature suggests that agency and consensus group exposure limits for NH3, 

CO2, and dust may be too high for swine workers who are exposed to multiple compounds 

at the same time. Donham et al. (1989) conducted area sampling in a swine confinement 

setting, and the findings from this dose-response study indicated that an additive effect 

exists when workers are exposed to a combination of dust, CO2, and NH3. Health effects of 

NH3 were found at lower concentrations in the presence of dust and CO2 compared to CO2 

alone similar to recommendations for handling exposures to mixtures of the same health 

endpoints. Donham et al. recommended exposure limits of 7 ppm for NH3, 1540 ppm for 

CO2, and 0.23 mg/m-3 for respirable dust. Additional dose-response studies confirmed these 

exposure limits are reasonable (Donham et al., 1995; Reynolds et al., 1996).  

Controlling CAFO Contaminants 

Due to the known health effects associated with swine barn contaminants, 

controlling for these hazards is necessary. In order to effectively reduce contaminant 

exposure, control selection should be prioritized according to the hierarchy of controls. 

According to the hierarchy of controls, engineering controls, such as eliminating or 

substituting hazardous compounds, should be the highest priority. After engineering 

controls have been considered, administrative controls, such as rotating workers out of the 

hazardous environment, should be implemented. Personal protective equipment (PPE) is 

the last line of defense in the hierarchy of controls. PPE should only be used after other 
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options have been put into place and contaminant levels remain above levels that can cause 

negative health effects.  

Several studies have investigated the effectiveness of control options for dust in 

swine CAFOs. Oil mists have been used to control dust with limited success. Rule et al. 

(2005) found that spraying with an oil-acid-alcohol mixture once per day reduced dust 

concentrations by 75-90% but had no control over NH3 or CO2.  

Personal protective equipment is available to reduce exposure to dust, however 

studies show that PPE use is low among swine producers. In a survey of 301 swine 

producers, only 30% reported using filtering face piece respirators consistently (Zejda et al., 

1993). Although effective at protecting producers from dust, filtering face piece respirators 

have little to no effect on reducing inhaled concentrations of NH3 and CO2. 

Park et al. (2013) and Anthony et al. (2014) anticipated whether recirculating 

ventilation with various APC devices may reduce dust concentrations. 

Objectives 

  While simulations of a recirculating ventilation system with air pollution control to 

filter out dust was identified as a potentially feasible recommendation, a field study was 

needed to evaluate these simulation findings.  The objective of the overall study was to 

determine whether a ventilation system, with an air filtration unit and recirculation of the 

treated air back into the room, would effectively reduce dust concentrations without 

increasing concentrations of other contaminants in the room. This study focused on 

whether the system, deployed at a test site over a Midwestern winter, did not increase the 

concentrations of NH3   and CO2, while controlling for dust. 
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Table 1. Exposure limits for CAFO contaminants.  

*Donham et al., 1989 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Agency CO2, ppm CO, ppm NH3, ppm H2S, ppm 
Respirable 

Dust, mg/m3 

OSHA (PEL) 5000 50 50 10 5 

NIOSH (REL) 5000 35 35 10 N/A 

ACGIH (TLV) 5000 25 25 10 3 

Literature 

Recommended Limit* 

1540 N/A 7 N/A 0.23 
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CHAPTER II    

Swine CAFO Evaluation 

 

Introduction 

 Hog production has seen dramatic changes over the last 30 years. In 1982, 315,095 

U.S. farms sold 94,783,598 hogs compared to 55,882 farms selling 199,115,305 hogs in 2012 

(2012 Census of Agriculture).  This equates to an 82% reduction in the number of farms 

selling hogs and a 52% increase in the number of hogs produced. Also in 1982, the average 

number of hogs sold per farm was 300 compared to 3,563 hogs sold per farm in 2012 (2012 

Census of Agriculture). In 1982, the average producer raised swine in either an open lot or 

in an open front swine building. Today the modern producer raises swine in a concentrated 

animal feeding operation (CAFO). On average, these facilities now contain over 5000 head 

of swine. In the old way of producing swine, outside air diluted contaminants generated 

from swine and feed. Modern swine CAFOs have limited ventilation with fresh air and are 

typically sealed during the winter months to reduce heating costs and to provide a warm 

and dry environment for the swine. Contaminants can accumulate in CAFOs during the 

winter months, putting workers at risk of developing respiratory illnesses. Workers spend 

the most time in farrowing units, where they are involved in a wide range of tasks such as 

clipping tails, administering vaccinations, and notching ears. Workers may spend their entire 

workday in these farrowing units potentially exposing them to higher concentrations of the 

contaminants.  

 Studies have observed airflow obstructions, bronchial inflammation, and declines in 

lung function among swine CAFO workers as a result of exposure to swine barn 
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contaminants (Rylander et al., 1990; Donham et al., 1991; Malmberg and Larsson, 1993; 

Pedersen et al., 1996; Senthilselvan et al., 1997 Radon et al., 2001; Cormier and Israel-

Assayag, 2004). Decreased respiratory health has been shown to be associated with a 

mixture of swine barn contaminants, including dust, NH3, and CO2. Exposure limits have 

been developed for individual CAFO contaminants by regulatory agencies and consensus 

groups. Although these limits exist, they do not take into account the additive effect of 

swine CAFO contaminants when they are combined. Donham et al. (1989) proposed that 

due to the additive effect of the complex mixture of dust, NH3, and CO2 found in swine 

CAFOs, more conservative exposure limits should be adopted. 

 Swine barn contaminants are generated from multiple sources. Dust in swine barns 

are comprised of swine feed, fecal material, and dander. Larger sized inhalable particles (up 

to 100 micrometers) can cause irritation in the upper respiratory system (Iversen et al., 

2000). Smaller respirable particles (< 10 µm) can deposit in the alveoli when inhaled, 

causing an inflammatory response (Malmberg, 1990). The breakdown of swine fecal 

material, urine, and feed releases NH3 as a byproduct. This contaminant has a pungent 

odor, can cause respiratory and eye irritation at exposures above 25 ppm, and can be fatal 

at concentrations above 5000 ppm (Ryer-Powder, 2004). Carbon dioxide is generated from 

swine respiration and heater exhaust. This odorless, colorless gas can cause asphyxiation 

when found at concentrations above (100,000 ppm). At concentrations above 5000 ppm 

symptoms may include headaches, dizziness, and malaise (NIH, 2015).    

Contaminant concentrations may vary depending on a variety of factors. The type of 

feed and feeding system used, the level of swine activity, and housekeeping practices can 
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influence the amount of contaminants generated. O’Shaughnessy et al. (2010) found CAFO 

contaminants varied by number of swine, by ventilation amount, and by outdoor 

temperature. Temporal contaminant variation may occur due to the outdoor temperature 

fluctuations associated with time of day. During colder time periods (e.g., evenings when 

the sun is not heating the building) increased heater operation is required to maintain 

temperatures necessary for swine health, producing more CO2 than would be produced 

during warmer time periods. The increase in CO2 caused by heater operation may be offset 

by decreased swine activity (respiration) during the nighttime when pigs are sleeping. 

Spatial variations may also exist if contaminant sources are concentrated in a specific area 

of a room due to increased airflow and changes in air distribution. Reeve et al. (2013) 

observed spatial variations as well as differences by pit fan status: contaminant 

concentrations were higher when pit fans were not in operation.   

Due to the known health effects associated with exposures to swine barn 

contaminants, methods to control contaminant sources should be explored. Currently 

limited options exist for controlling gaseous contaminants such as NH3 and CO2. Studies 

have shown that misting with oil droplets is effective in reducing dust concentrations in 

swine CAFOs (Rule et al, 2005). Filtering face-piece respirators have also been shown to 

reduce the amount of dust inhaled by swine workers. Unfortunately respirator use rates are 

low in swine confinement settings (Rule et al, 2005). Recirculating ventilation with air 

pollution control devices have been modeled to be effective at reducing dust 

concentrations (Anthony et al., 2014). However, actual field testing is necessary to confirm 

the viability of these units. Field testing is also necessary to confirm these units do not 
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increase NH3 and CO2 concentrations with the increased air flow across the manure pits.  

 This work will examine the impact of a recirculating ventilation system, with dust 

filtration control, by evaluating room concentrations of ammonia and carbon dioxide.  

Evaluations will be made to ensure concentrations do not increase as a result of increased 

airflow from the ventilation system. Additionally, assessments will be made to ensure there 

was no difference in concentrations temporally or spatially as a result of the intervention.  

Methods 

Test Site 

This study was conducted at the Mansfield Swine Education Center located at 

Kirkwood Community College, Cedar Rapids Iowa. The Mansfield Swine Education Center is 

a farrow to finish swine operation that is used to educate students in all aspects of modern 

swine production. It is similar in style and scope to the hog production systems used by 

modern hog producers. The 19-sow capacity farrowing room measured 9.2 m x 14 m and 

contained three rows of five 1.5 m x 2.4 m crates and one row of four 2 m x 2.4 m crates 

that run east to west (Figure 1). Crates were positioned above two 0.9 m deep pull-plug 

manure pits. The manure pits were vented with two fans along the west end of the pit: both 

pit fans were operated continuously throughout this study period. Two exhaust fans were 

mounted on each north and south wall to provide ventilation during the warmer months: 

these fans were closed for the duration of this experiment to conserve heat. Two pressure 

sensitive louvers were positioned on the east wall of the farrowing room to allow air from 

the hall way to enter the farrowing room. Eight pressure activated louvers (RayDot 

Industries, Cokato, MN) were positioned in the ceiling over the center aisle to allow attic air 
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to enter the farrowing room: these vents were closed and sealed for the duration of this 

study.  

Ventilation System  

 An air pollution control unit with dust filtration (Shaker Dust Collector [SDC], model 

SDC-140-3, United Air Specialists, Inc., Cincinnati, OH) was installed to lower dust 

concentrations (Figure 2). The unit was placed along the outside west wall of the farrowing 

room (Figure 1) and operated at an airflow rate of 1000 cfm. Air was drawn from the 

farrowing room through two 8-inch galvanized ducts and passed through the SDC’s 14-

pocket polyester filter (United Air Specialists, Inc.). Clean air was returned into the 

farrowing room through a 10-inch duct, where the volume was then split into two halves 

and dispersed through two 10-inch fabric diffusers.  

Sampling Strategy 

 Sampling occurred on 18 days, randomly selected, from December 13, 2013 through 

February 27, 2014. Baseline concentrations were measured over three days prior to turning 

the ventilation system on (Dec 13-19), then the system remained on for one month (APC 

ON, Dec 21-Jan 21, 6 sample days). Midway through the study, the system was turned off 

(APC OFF, Jan 22-27, 3 sample days) then was turned back on for another month (Jan 28-

Feb 25, 5 sample days).  At the end of the study, the system was turned off (Feb 26-27, 1 

sample day). Prior to each scheduled sampling day, the system was turned on or off at least 

24-hours in advance to allow the concentrations in the room to equilibrate.  
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Sampling Equipment  

Direct reading gas samplers were deployed at six locations within the farrowing 

building, marked A through F (Figure 1). Six VRAE multi-gas monitors (Model 7800, Rae 

Systems Inc., San Jose, CA) were used to measure ammonia (NH3), hydrogen sulfide (H2S), 

oxygen (O2), lower explosive limit (LEL), and carbon monoxide (CO). An external filter was 

placed on the inlet of the VRAE to protect the sensors from dust contamination, in 

conformance to manufacturer’s recommendations.  Six ToxiRAE Pro single-gas monitors 

(Model 1850, Rae Systems Inc., San Jose, CA) were used to measure carbon dioxide (CO2). 

Both the VRAE and the ToxiRAE we set to log every 60 seconds, resulting in 1440 one-

minute averages over each 24-hour sampling period. To ensure sufficient power for 24-hour 

monitoring, each monitor was operated while connected to power within the room.  These 

monitors were placed in baskets, suspended from the ceiling (Figure 3), at each of the six 

monitoring locations, A through F, as indicated in Figure 1.  The inlets to each monitor were 

positioned at a height of 1.5 m above the floor (breathing zone), using reference poles 

affixed to the animal crates throughout the study duration to ensure repeatable monitor 

position. Prior to deployment, all equipment was calibrated in the lab following 

manufacturer recommendations. Multi-gas VRAE monitors were first exposed to fresh air 

then calibrated with a span gas (NH3 = 25ppm, H2S = 25ppm, O2 = 20.9%, LEL = 50%, CO = 50 

ppm).  

The equipment was transported to the test site, turned on, and placed side-by-side 

in the hallway (colocated), while datalogging, for at least 10 minutes.  Next, while still 

datalogging, the monitors were positioned in the test room for the 24-hour sample period. 



15 

 

 

 

After sampling, the monitors were again colocated in the hallway, for at least 10 minutes, to 

allow an assessment of sensor drift that may have occurred over the test period. Equipment 

was systematically shut down and returned to the lab for data download and post-

calibration.  

Throughout the study, monitors were deployed by 8:30 AM and retrieved around 

9:00 AM the following morning.  At the time of deployment and retrieval, descriptive data 

including the number of sows, number of piglets, room temperature, and number of heat 

lamps in operation, and changes to the ventilation system (ceiling louvers, wall fans, 

position of doors/louvres between room and hallway) were observed and recorded.  

Weather data was obtained from the NOAA weather center located at The Eastern Iowa 

Airport in Cedar Rapids, Iowa 2.9 miles from the test facility.  

Data Analysis  

In the farrowing barn, collocation of data-logging equipment was performed prior to 

and immediately following deployment of monitors to evaluate and correct for sensor drift 

over the 24-hour sampling period. A sensor drift was defined as being greater than 100 ppm 

for CO2 and greater than 1 ppm for NH3. When a sensor drift was identified, the drifted 

sensor data was adjusted to the mean of the colocation data using linear regression, then 

plotted to verify the adjustment was reasonable.  

Descriptive statistics were generated for contaminant production factors (swine and 

piglet count, outdoor temperature). One-minute concentrations were used to compute 24-

hour averages as well as three 8-hour shift averages, with Shift 1 from 8:30 am to 4:30 pm, 

Shift 2 from 4:30 pm to 12:30 am, and Shift 3 from 12:30 am to 8:30 am. Concentration and 
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log transformed concentration data were assessed for normality using the Shapiro-Wilk 

normality test. To determine if contaminant concentrations differed by APC status, a one-

way ANOVA test was used. To determine if contaminant concentrations differed by shift or 

position, Tukey-Kramer multiple comparison tests were used. For data that were not 

normally distributed, non-parametric Wilcoxon tests were used. All data were analyzed 

using SAS (Version 9.3, SAS Institute Inc., Cary, NC, USA). One-way ANOVA tests were 

performed to ensure contaminant concentrations did not increase with the APC on. 

Temporal assessments were made to ensure the intervention was effective regardless of 

temporal factor differences (e.g., temperature, swine activity). Spatial assessments were 

made to ensure the ventilation system effectively distributed air throughout the room, 

without leaving pockets of high and low contaminant concentrations.  

Results 

Descriptive 

Details on the production factors over the study period are given in Table 2, by APC 

status.  There were no significant differences in production factors by APC status.  

Figure 4 illustrates the 24-hour room averaged NH3 concentrations, by study day. 

Thirteen out of 18 sample days (72%) exceeded the literature recommended limit of 7 ppm.   

The mean NH3 concentration with the APC off was 8.6 ppm. The mean NH3 concentration 

with the APC on was 10.9 ppm. Figure 5 illustrates the CO2 concentrations, averaged over all 

positions over 24-hours, also by study day. Concentrations exceeded the 1540 ppm 

literature recommended limit on every sample day. The season average CO2 concentration 

was 2500 ppm, which is 50% of the ACGIH TLV of 5000 ppm. During the course of the 
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season both NH3 (Figure 4) and CO2 (Figure 5) concentrations steadily increased regardless 

of APC status.  

Descriptive statistics (mean, SD) for NH3 concentrations are provided in Table 3.  

The 8-hour average NH3 concentrations, by position (bolded), were not normally 

distributed, nor were the log transformed data.  Non-parametric Wilcoxon tests were 

performed for those data sets that were not normal after log transformation. For all 

normally distributed data sets, the Tukey-Kramer test was sufficient. 

Descriptive statistics (mean, SD) for CO2 concentrations are provided in Table 4. The 8-hour 

CO2 concentrations with the APC turned on were not normally distributed (bolded). The log 

transformed data were also not normally distributed. For the data set that was not normal 

after log transformation, the non-parametric Wilcoxon test was used. The Tukey-Kramer 

test was used for all other normally distributed data sets.    

Differences by APC Status 

The one-way ANOVA tests found no differences in NH3 concentrations by 

ventilation status (p > 0.23). There were also no differences in CO2 found by ventilation 

status (p > 0.67).    

Differences by Shift 

A difference in NH3 concentrations by shift was observed when the APC was turned 

off (p < 0.04), but no difference was found when the APC was turned on (p > 0.21). Shift 3 

had higher concentrations than Shift 1 and Shift 2. When the APC was turned off, there was 

no difference in CO2 concentrations by shift (p > 0.69) or with the APC on (p > 0.42).  



18 

 

 

 

Differences by Position  

 For 8-hour concentration averages, there was no statistically significant difference 

observed by position for NH3 when the APC was turned off (p > 0.24). There was a 

statistically significant difference noted by location for NH3 when the APC was turned on (p 

< 0.02). Multiple-comparison tests identified that the concentrations at position D, close to 

the operating heater, were significantly higher than those by position F, close to the open 

door to the hallway. For 24-hour averages, there was no statistically significant difference in 

NH3 concentrations across the room when the APC was turned off (p > 0.45) or on (p > 

0.43). 

Eight-hour CO2 concentrations did not vary by position with the APC off (p > 0.07), 

but concentration differences were identified with the APC on (p < 0.01). Position F, located 

by a mostly-opened door to the building’s hallway, had significantly higher CO2 

concentrations, and although not statistically significant, was higher with the APC off as 

well.  Twenty-four hour positional data showed no significant difference in CO2 

concentrations by position when the APC was turned off (p > 0.58) or on (p > 0.23).  

Discussion 

There was no significant difference in NH3 or CO2 concentrations noted when the 

APC was turned on compared to when the APC was turned off. These results indicate the 

recirculating ventilation system with filtration dust control did not increase contaminant 

concentrations for these gases.  

This study also examined whether there were differences in contaminant 

concentrations by shift. Concentrations of NH3 were higher during Shift 3 compared to Shift 
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1 and Shift 2. This may have been attributable to lower outdoor temperatures during the 

overnight shift (3). 

 In addition, this study examined whether the ventilation system intake and return 

air distribution systems negatively impacted room contaminant concentrations, specifically 

whether localized high concentrations of NH3 or CO2 were generated using this system. 

Spatial assessments confirmed that there were no localized high or low concentrations of 

contaminants throughout the farrowing room. Positioning the return air diffusion ducts 

along the ceilings of the two head-aisles to return treated air resulted in a reasonably 

uniform distribution of these two contaminants.  Farmers are encouraged to adopt 

recirculating ventilation with a dust filtration device to improve the air quality of swine 

confinement facilities.  When comparing production factors (Table: 2) the values are 

comparable for APC on and APC off. This lack of difference further supports the argument 

that the intervention does not increase CO2 or NH3 concentrations. Contaminant 

concentrations found in the test site are similar to concentrations found at other swine 

facilities (Sun et al, 2010, Rahman et al, 2011, Jerez et al, 2005) supporting the argument 

that the intervention may be effective at reducing dust concentrations at similar swine 

farrowing facilities without increasing NH3 or CO2 concentrations.   

Limitations 

This study was conducted at a single farrowing room at the Mansfield Swine 

Education Center. Commercial farrowing rooms tend to be larger than the farrowing room 

where the study was conducted. The Mansfield Swine Education Center facility is similar in 

design to other farrowing rooms used by hog producers in the Midwest. Because of the 
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similarities to these other rooms the use of an APC in other rooms should produce similar 

results. The heaters used in in the farrowing room of the Mansfield Swine Education Center 

are similar to the heaters used in many of the farrowing rooms in the Midwest. The results 

indicate that a portion of the CO2 concentrations in the room were attributed to these 

heaters. By utilizing a new heater type that vents combustion gases to the outside the CO2 

concentrations in the farrowing room could be reduced. 

Conclusion 

The results of the data show that operating a recirculating ventilation system, with 

dust filtration device, did not adversely affect the concentrations of NH3 or CO2 in the 

farrowing barn. There was also no significant difference in the NH3 or CO2 concentrations by 

position when using 24-hour averaged data. While additional research is needed to evaluate 

methods to reduce gases, these results indicate that recirculating ventilation with a 

filtration unit may be a feasible solution to lower dust concentrations and does not increase 

NH3 or CO2 concentrations.   
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Table 2. Descriptive statistics for production factors by APC status.  

 APC ON APC OFF 

Outdoor Temperature oC -9.6  (7.2) -8.5 (6.9) 

Sow Count 14.6 (4.3) 13.1 (2.3) 

Piglet Count 68.2 (43.1) 69.4 (17.7) 
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Table 3. Eight-hour and 24-hour NH3 results.  

      

P (Tukey-

Kramer 

Multiple 

Comparison) 

 

Comparison   APC n 

Mean 

ppm 

SD 

ppm 

P (Wilcoxon 

Non-

parametric 

Test) 

Shift 1 Off 37 7.4 3.23 

<0.04  
2 Off 37 8.7 3.83 

3 Off 37 9.8 4.80 

1 On 57 9.2 6.36 

>0.21 

 

2 On 57 11.3 9.45  

3 On 54 12.2 11.06  

Position      

(8-hour) 

A Off 18 10.3 4.97 

>0.24 

 

B Off 21 8.9 5.23  

C Off 18 8.3 3.04  

D Off 21 9.4 3.42  

E Off 21 8.1 3.42  

F Off 12 5.6 2.51  

A On 32 10.8 8.22 

 <0.02 

B On 33 10.2 7.47 

C On 29 10.9 5.89 

D On 27 14.6 15.05 

E On 32 11.0 8.40 

F On 15 5.3 4.05 

Position      

(24-hour) 

A Off 6 10.3 4.76 

>0.45  

B Off 7 8.9 5.26 

C Off 6 8.3 2.84 

D Off 7 9.4 3.43 

E Off 7 8.1 3.43 

F Off 4 5.6 2.70 

A On 11 10.6 8.14 

>0.43  

B On 11 10.2 7.47 

C On 10 11.1 6.01 

D On 9 14.6 14.66 

E On 11 11.1 8.31 

F On 5 5.3 4.34 

Bolded values indicate data was not normally distributed. 
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Table 4. Eight-hour and 24-hour CO2 results.  

Comparison  APC n 

Mean 

ppm 

SD 

ppm 

P (Tukey-

Kramer 

Multiple 

Comparison) 

P (Wilcoxon 

Non-

parametric 

Test) 

Shift 1 Off 42 2450 370 

>0.69  
2 Off 42 2400 350 

3 Off 42 2464 390 

1 On 65 2480 340 

>0.42 

 

2 On 65 2480 350  

3 On 62 2560 380  

Position      

(8-hour) 

A Off 21 2467 390 

>0.07  

B Off 21 2353 392 

C Off 21 2345 373 

D Off 21 2423 332 

E Off 21 2379 324 

F Off 21 2653 357 

A On 33 2550 361 

 <0.01 

B On 33 2367 345 

C On 31 2435 359 

D On 30 2544 323 

E On 33 2466 319 

F On 32 2693 367 

Position      

(24-hour) 

A Off 7 2466 382 

>0.58  

B Off 7 2353 383 

C Off 7 2345 360 

D Off 7 2422 316 

E Off 7 2378 315 

F Off 7 2653 344 

A On 11 2551 350 

>0.23  

B On 11 2367 336 

C On 11 2415 364 

D On 10 2544 313 

E On 11 2458 329 

F On 11 2696 354 

Bolded values indicate data was not normally distributed.  
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Figure 1. Test room layout.  
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Figure 2:  Shaker Dust Collector (SDC) with annotations.  
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Figure 3:  Direct-reading instrument deployment at Position A. Inlets of instruments were 

positioned 1.5 m from the floor. The ToxiRAE was attached to the pole. The VRAE was hung 

in a basket and the instrument tubing was fed through a bolt fastened to the pole.  
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Figure 4. 24-hour average NH3 concentrations.  
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Figure 5. 24-hour CO2 concentrations.  

 

 

 

 

 

 

 

 

 

0

500

1000

1500

2000

2500

3000

3500

12/9 12/19 12/29 1/8 1/18 1/28 2/7 2/17 2/27

C
O

2
, 

p
p

m

Sampling Date

Literature Recommended Limit = 1540 ppm



29 

 

 

 

CHAPTER III    

Conclusions 

 

In the past 30 years the swine industry has been transformed from many farms 

producing a few hogs to a few farms producing large numbers of hogs. In an effort to 

improve swine health and create production efficiencies the industry has adopted 

concentrated animal feeding operations (CAFO), which have increased in size and number 

of animals. While this consolidation into larger CAFOs has increased the efficiencies of 

swine production it has also come with an increase in the health risks of the workers in 

these facilities. During the winter months these facilities are sealed from the outside to 

reduce the cost of heating the building to temperatures that optimize swine growth. This 

leads to a decrease in the amount of fresh air entering the confinement facilities which can 

lead to an increase in the concentrations of CO2 and NH3 in the facilities. Ammonia from the 

decomposition of the swine manure, carbon dioxide from the respiration of the swine and 

the combustion of fuel in the heaters combined with the dust in the facilities can lead to a 

decrease in lung function (Donham et al. 1989). 

During the course of this study it became apparent that the environment inside the 

farrowing room was not the ideal place for sampling instruments. Colocation of the 

instruments prior to deployment and immediately following the sample period was vital to 

the study to account for sensor drift during the sample period. Several of the instruments 

failed and had to be removed or replaced. Due to the 24-hour sampling period, extension 

cords were needed to provide continuous power to the instruments. These same extension 

cords were also needed by the producers to provide power to heat lamps for the piglets, 
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which resulted in several instances of incomplete data caused by the unplugging of the 

instruments.  

In production agriculture, control options to protect workers continues to focus 

almost exclusively on the use of PPE to protect swine workers from contaminants. However 

in a survey of 1493 Midwestern Farmers less than 3% reported using PPE always or most of 

the time (Carpenter et al, 2002 ). The use of a recirculating Air Pollution Control device 

(APC), an engineering control, has the potential to reduce dust concentrations in swine 

farrowing barns without increasing the cost of heating the room. 

CO2 concentrations increased throughout the length of the study. The APC 

recirculates the room air and does not exhaust the contaminated air to the outside. One 

explanation could be the non-vented heaters used in the farrowing room during this study 

contribute to the CO2 concentrations in the room. Position F, which was next to a door that 

opens to the hallway had the highest concentrations of CO2 throughout the study. During 

the course of the study it was determined that the heater in the hallway was faulty. The use 

of heaters that vent combustion gases could reduce the CO2 concentrations and is being 

studied by Yang et al, 2015. 

During the course of this research project the author learned several important 

lessons that are vital to any student involved in a research project: Be prepared for anything 

that can happen because it probably will. Do not be afraid to ask questions to gain a better 

understanding of the scope of the project. Do not let your fears hold you back. Do not 

procrastinate on writing as it does not get any easier the farther out you get. The Professors 

are here to help us and they really do want us to succeed. Take the time to get to know 
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your Advisor. They are not as scary as some would lead you to believe. When sampling in a 

swine farrowing barn always keep the lid closed on your coffee cup to avoid unwanted 

surprises. Apparently flies like coffee too. Finally enjoy the experience and get as much out 

of it as you can.
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Appendix A. Standard Operating Procedures for ToxiRAE Pro Monitor    

 

Lab Calibration for ToxiRAE Pro CO2 

1. Turn on ToxiRAE Pro CO2 , Hold [Θ] until machine beeps 

2. Wait until finished initializing (~ 1 min) 

3. Press [Θ] and [Y/+] simultaneously to enter ToxiRAE settings 

4. Enter Password 0000 

5. Enter Calibration menu 

6. Enter Zero Calib 

7. Attach calibration adaptor to top of ToxiRAE Pro CO2 

8. Attach valve onto Nitrogen Calibration Gas, connect hose between Cal gas and calibration 

adaptor 

9. Twist knob on valve all the way open 

10. Press start on ToxiRae 

11. Allow calibration to finish (~90 seconds)  

12. Twist knob on valve to off position 

13. Remove valve from Nitrogen Cal gas and store away 

14. Enter Span Calib 

15. CO2 ppm should be set to 25000 

16. Attach valve onto CO2 Calibration Gas 

17. Twist knob on valve all the way open 

18. Press start on ToxiRae 

19. Allow calibration to finish (~90 seconds) 

20. Twist knob on valve to off position 

21. Remove valve from CO2 Cal Gas and store away. 

22. Exit Calibration 

23. Exit Settings 

24. Shut down ToxiRae by holding [Θ] for 5 seconds 

25. Place ToxiRae back in cradle 

26. Machine is ready to collect data 

Field Procedure for starting ToxiRae 

1. Turn on ToxiRae, Hold [Θ] until machine beeps 

2. Wait until ToxiRae is finished initializing (~ 1 min) 

3. Start colocation SOP 

Field Procedure for ending ToxiRae 

1. Turn off ToxiRae  by Holding [Θ]   5 seconds 

Bump Test for ToxiRae (Back in Lab) 
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1. Turn on ToxiRAE Pro CO2 , Hold [Θ] until machine beeps 

2. Wait until finished initializing 

3. Attach calibration adaptor to top of ToxiRAE Pro CO2 

4. Attach valve onto CO2 Calibration Gas 

5. Twist knob on valve all the way open 

6. Allow gas to flow for 90 seconds 

7. Write down value  

8. Twist knob on valve to off position 

9. Remove valve from CO2 Cal Gas and store away. 

10. DO NOT TURN OF TOXIRAE, WILL PULL DATA OFF IN NEXT STEPS 

Pulling data off ToxiRae 

1. Press [Θ] until “Enter Communications and stop measurement?” screen 

2. Press [Y/+] to enter communication mode 

3. Place ToxiRae in cradle 

4. Connect cradle to computer 

5. Enter ProRAE Studio II        

6. Press Administrator, Password is: rae   

       

7. Click AutoDetect    

8. Double click the instrument  
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9. Click Datalog  

10. Click Download All Data   

11. Click Event that contains barn data 

a. This will be the event with the data and time from when the ToxiRae started logging 

 

12. Click Export     

13. File Directory: Desktop -> Swine Barn Data Downloads - Raw -> “Start Date” -> ToxiRae 

14. Change file type to .csv 

15. Name file: ToxiRae_DeviceID_Date (example of data collected on device TRB on December 

7, 2013: ToxiRae_TRB_120713.csv) 

16. Copy data to flash drive 

17. Delete all datalog files on device      

a. Files will not disappear; to check if they are deleted go through steps 7-10, a pop up 

should appear saying “No datalog record.” 

18. Press [Θ] to exit  

19. Hold [Θ] for 5 seconds to power down ToxiRae 
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Appendix B. Standard Operating Procedures for VRAE Multi Gas Monitor    

 

Lab Calibration for VRae 

1. Turn on VRae, Hold [MODE] until machine beeps 

2. Wait until VRae is finished initializing 

3. Attach inlet adapter to VRae 

4. Press and hold both [MODE] & [N/-] to enter programming mode 

5. Enter “Calibrate Monitor?” with [Y/+] 

6. Enter “Fresh Air Calibration” with [Y/+] (use air in lab as the zero point) 

7. Allow zero calibration to occur 

8. “Zero cal done reading =” will flash along with values for the sensors 

9. Enter “Multiple Sensor Calibration?” with [Y/+] 

10. CO, H2S, LEL, and OXY will be shown 

11. Attach hose and pressure valve to inlet of Cal Gas 1 (Mixed gas) 

12. Slowly twist Calibration Gas Cylinder into valve until pressure reads on valve 

a. If VRae alarm LPump goes off.  Press [Y/+] to resume pump function 

13. Hit [Y/+] to start calibration 

14. Allow gas to flow into VRae until equilibrates (~30-90 sec) 

15. Slowly untwist Calibration Gas Cylinder and store away 

16. Attach pressure valve to Cal Gas 2 (Ammonia) 

17. Enter “Single Sensor Calibration?” with [Y/+] 

18. Check to see if NH3 has a _ after it (this means that it is selected).  

19. Slowly twist Calibration Gas Cylinder into valve until pressure reads on valve 

a. If VRae alarm LPump goes off.  Press [Y/+] to resume pump function 

20. Press [Y/+] to begin calibration of ammonia 

21. Press [MODE] to exit programming mode 

22. Turn of device by holding [MODE] for 5 seconds 

Field Procedure for starting VRae 

4. Turn on VRae, Hold [MODE] until machine beeps 

5. Wait until VRae is finished initializing 

6. Place in basket 

Field Procedure for ending VRae 

2. Turn off VRae by Holding [MODE]  5 seconds 

Bump Test for VRae 

1. Turn on VRae, Hold [MODE] until machine beeps 

2. Wait until VRae is finished initializing 

3. Attach inlet adapter to VRae 
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4. Attach hose and pressure valve to inlet of Cal Gas 1 (Mixed gas) 

5. Slowly twist Calibration Gas Cylinder into valve until pressure reads on valve 

a. If VRae alarm LPump goes off.  Press [Y/+] to resume pump function 

6. Allow gas to flow into VRae for 2 minutes 

7. Slowly untwist Calibration Gas Cylinder and store away 

8. Attach pressure valve to Cal Gas 2 (Ammonia) 

9. Slowly twist Calibration Gas Cylinder into valve until pressure reads on valve 

a. If VRae alarm LPump goes off.  Press [Y/+] to resume pump function 

10. Allow gas to flow into VRae for 2 minutes 

11. Slowly untwist Calibration Gas Cylinder and store away 

12. DO NOT TURN OF VRAE, WILL PULL DATA OFF IN NEXT STEPS 

Pulling data off VRae 

1. Press [MODE] until “Communcation with computer” 

2. Press [Y/+], device with say “Ready…” 

3. On computer, open ProRAE Suite    

4. Click Communications Tab, Setup Port 

 
5. Depending on which USB port the device is plugged into, click COM X.  (There should 

only be one available to click.  It might be in the drop down bar like in the picture.) 

 
6. Click OK 
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7. Click Communications Tab,  Receive Data     

8. Click OK,  Data will transfer to computer 

9. Click Event that corresponds to start time of desired data 

 
10. Click Option Tab, Export Text… 

 
11. File Directory: Desktop -> Swine Barn Data Downloads - Raw -> “Start Date” -> VRae 

12. Name file: VRae_DeviceID_Date (example of data collected on device VRF on December 

7, 2013: VRae_VRF_120713.csv) 

 
13. Click Save 

a. Post-Processing will be done for these files later (change to csv, and split 

columns) 

14. Copy data to flash drive 

15. Quit ProRAE Suite 
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a. Click No to “save changes to data” 

16. On VRae, hit [MODE] to stop communication with computer 

17. Press and hold [MODE] and [N/-] to enter calibration mode 

18. Hit [N/-] until screen “View or Change Datalog?” 

19. Hit [Y/+] 

20. Hit [N/-] until screen “Clear all data?” 

21. Hit [Y/+], screen will say “Are you sure?” 

22. Hit [Y/+], “Data Cleared” 

23. Hit [MODE] until datalog resumes 

24. Hold [MODE] for 5 seconds to shutdown VRae 
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Appendix C. Raw Data    

 

24-hour NH3 concentration data 
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24-hour CO2 concentration data 
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Appendix D: Shapiro-Wilk Normality Test Results    

 

The results of the UNIVARIATE PROCEDURE to determine whether NH3 and CO2 

concentrations were normally distributed. The test was run using SAS v. 9.3 (SAS Institute 

Inc., Cary, NC). Sample outputs are included below:  

24-hour NH3: 

 

24-hour CO2: 

 

 

 

 

 



42 

 

 

 

Appendix E: Analysis of Concentrations by APC Status    

  

The results of the PROC GLM to determine whether NH3 and CO2 concentrations 

were significantly different by APC status. The test was run using SAS v. 9.3 (SAS Institute 

Inc., Cary, NC). Sample outputs are included below:  

8-hour NH3: 

 

8-hour CO2:  
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Appendix F: Analysis of Concentrations by Shift    

 

The results of the PROC GLM to determine whether NH3 and CO2 concentrations 

were significantly different by shift. The test was run using SAS v. 9.3 (SAS Institute Inc., 

Cary, NC). Sample outputs are included below:  

8-hour NH3 APC Off:  

 

8-hour NH3 APC On:  

 

8-hour CO2 APC Off:  

 

8-hour CO2 APC On:  
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Appendix G: Analysis of Concentrations by Position    

 

The results of the PROC GLM to determine whether NH3 and CO2 concentrations 

were significantly different by position. The test was run using SAS v. 9.3 (SAS Institute Inc., 

Cary, NC). Sample outputs are included below:  

 

24-hour NH3 APC Off:  

 

24-hour NH3 APC On:  

                

24-hour CO2 APC Off:  

               

24-hour CO2 APC On:  
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