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INDUSTRY SUMMARY 

Modern swine production is being challenged to reduce air emissions and energy consumption and yet remain 

profitable. A novel approach to accomplish these goals is to remove the hydrogen sulfide, ammonia, methane, 

volatile organic compounds and moisture from the air, and then recycle the same air back through the swine 

barn. This type of system would reduce the amount of energy used for heating during the winter months.  

 

The objectives of the paper study included designing a practical system that would clean the exhaust air from a 

swine finishing barn, remove the moisture added by the pigs, and recirculate that same air back into the barn. 

The capital and operating cost of the proposed design would be compared to a tunnel ventilated finishing barn.  

 

The proposed design consists of a biotrickling filter, a biofilter, a heat exchanger to condense the moisture out 

of the air and another heat exchanger to add heat back to maintain a constant temperature barn. Ammonia is 

removed by passing the air through a biotrickling filter; hydrogen sulfide and volatile organic compounds are 

removed in the biofilter; moisture is removed by cooling the air causing the moisture to condense; the air is then 

reheated and recirculated back to the barn. A heat pump system is utilized to move the heat from the cooling 

heat exchanger to storage tanks and then back to the heating heat exchanger. A centrifugal blower moves the air 

through the system and barn at a rate of 20 cubic feet per minute per pig. Depending on pig size, 23% to 36% of 

the air is discharged to the outside atmosphere to remove carbon dioxide exhaled by the pigs and is replenished 

with ambient air for oxygen renewal.  Air is discharged after being cleaned by the biotrickling filter and 

biofilter. The make-up air is introduced in the system before the heat exchangers. 

 

The major advantage of an air recirculating barn is improved pig performance. A literature review of published 

papers show that feed efficiency can be improved (reduced feed pounds per pound of gain) by reducing daily 

(i.e. morning to night) temperature variation and seasonal temperature fluctuation to within 2.7º F. Also 

reducing the air speed over the pig reduces the stress and improves feed efficiency. The expected feed 
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efficiency would be 2.2 pounds of feed per pound of gain or less for pigs raised in an environment provided by 

an air recirculating system. 

 

Other advantages of the air recirculating barn include near zero emissions for gasses and odor from the barn. 

Since energy consumption is increased for the recirculating barn as compared to the tunnel ventilated barn, 

overall emissions, including those from the power generating facility, may be effected.  Improved pig health 

would also be expected which would result from reduced stress and airborne pathogens.  Pathogen reduction 

could be achieved by adding filtration to the make-up air inlet.  

 

The capital and operating costs of an air recirculating type of pig finishing barn were compared to tunnel 

ventilated barn. The capital cost estimated for an air recirculating barn was $590 per pig space compared to 

$250 for a tunnel ventilated barn.  Annual energy operating cost for the conventional tunnel ventilated barn 

would be $1.54 per pig place. The proposed air recirculating barn of the same size has an estimated annual 

energy cost of $6.21 per pig place. The major increase is due to the electrical energy required for the heat pump 

motors.  

 

After combining improved pig performance, increased capital cost and energy costs the projected payback 

period on the added investment for an air recirculating barn is 10.9 years when compared to a tunnel ventilated 

1000-head finishing barn for a life expectancy of 15 yr. No additional cost benefit credit was given to improved 

pig health or reduced emissions but depending on the specific producer management practices these additional 

benefits could be very significant. 

 

The three most sensitive assumptions used for the cost analysis are: feed efficiency, feed cost, and market price 

of pigs. Payback period can vary from 6.3 years to over 16 years as depending on feed costs vary from $150 to 

$250 per ton, if feed efficiency changes from 2.2 to 2.0, and if market price changes from $55 cwt to $75 cwt. 

 

Areas of further research include: verification of design component size, validation of improved pig 

performance, and investigate heat pump methods that use less electrical energy.  

 

KEY WORDS 
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SCIENTIFIC ABSTRACT 

An air cleaning and ventilation system design has been completed for a 1000-head swine finishing (55 – 260 

pounds) barn. The system consists of four identical external modules located outside of the barn. Each is 

connected by air ducts that receive exhaust air from the barn and return clean air. Each module has the capacity 

to treat air from approximately 250 pigs. 

 

The air returned to the barn is at a consistent temperature and relative humidity (adjusted for pig size) anytime 

during day or night and throughout the year. The constant room airflow rate through the barn is 20 cfm per pig.  

 

The benefit of the system is improved pig performance (pounds of feed per pound of gain) as a result of reduced 

stress (temperature variation and air velocity) on the pig. Expected average feed efficiency would be 

approximately 2.2.   

 

The system is expected to increase the capital cost over a conventional tunnel ventilated barn by a factor of 

2.36. Operating LP costs are reduced by a factor of 2 but electrical costs are increased 7 times. Combining these 

costs and including improved feed efficiency, the system has a projected payback period of 10.9 years when 

compared to a current design for a tunnel ventilated 1000-head finishing barn. Projected cost assumptions are 

listed in the paper below. No cost benefit credit was contributed to improved health from reduced airborne 

pathogens and near zero emissions from the barn. 

INTRODUCTION 

The project goal is to continually maintain a barn temperature in the animal’s thermal neutral zone (i.e. that 

range of temperatures within which a pig can control its body temperature by passive measures and without 

elevating its metabolic rate).  

 

Tasks that were accomplished to meet the goal include: 1) identifying the limitations of the various design 

parameters, 2) calculating heat and moisture balances, 3) determining gaseous emissions from the pig area that 

have to be removed, and 4) packaging the various components in a barn system. 

PROJECT OBJECTIVE  

Design and determine the cost of a swine finishing barn for upper Midwest climatic conditions that will 

substantially reduce energy consumption and gaseous emissions. 

SPECIFIC OBJECTIVES 

1. Complete the design plans and specifications for a 1000-head swine finishing barn that cleans, 

tempers, and recirculates a major portion of the hog barn ventilation air to create a steadier-state 

facility; and 

2. Complete a cost analysis comparison between the reduced energy and gas emission barn in objective 

1 and a typical tunnel-ventilated finishing barn. 

 

 

SYSTEM DESIGN 

The original project proposal focused on a conceptual design depicted in Figure 1. However several issues 

related to the initial design for gas removal and dehumidification were discovered during the project 

investigation, and are outlined below.  
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As a result, Figure 2 shows a revised conceptual design for the project. Air leaves the pig room and enters the 

conditioning module (shaded area in Figure 2). As air enters it first passes through a biotrickling filter to 

remove ammonia (NH3) and then through a biofilter that removes hydrogen sulfide (H2S) and volatile organic 

compounds (VOCs). During these two steps the air takes on moisture, approaching saturation. Carbon dioxide 

(CO2) is removed by bleeding off air to the outside surrounding environment. Outside air is then introduced to 

the system to make up for the air removed and replenish the oxygen (O2).   

 

Moisture is removed from the air in a dehumidification heat exchanger where the air is cooled, causing the 

water to condense. The heat that is extracted out of the air during the cooling process is stored in a water tank. 

The air is then reheated using the heat from the water storage in another heat exchanger before reentering the 

pig room. A heat pump is used to move the heat between the heat exchangers and the water storage tank. 
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Figure 1. Flow Diagram of Proposed Recirculating Air Ventilation System. 
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Figure 2. Revised airflow diagram for recirculating air in a swine barn. 

System Hardware Configuration 

The actual hardware component arrangement for the air modification system is shown in Figure 3. The 

components are housed in a container which is attached to the barn by air ducts (one for the exhaust air and one 

for the air returning to the barn). An electrical connection and a water supply are also connected to the 

container. An engineering drawing of the unit is shown in Appendix A. The arrangement of the components in 

the unit allow for easy servicing of the heat pumps from one end of the unit. The biofilter and biotrickling filter 

are serviced by removing a side panel. 
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Figure 3. Proposed configuration of air cleaner/handler unit located outside of barn. 

 

Each unit is sized to treat the exhaust from 250 pigs. A unit is 20 ft long, 8 ft wide, and 8 ft tall, which allows 

two units to be transported together on a 40 ft flat bed trailer from the manufacturer.  

 

Four units would be required for a barn housing 1000 finishing pigs (Figure 4). The units are located on the 

ends of the barn which allows access to pit pump-outs on the barn sides. Figure 5 shows a unit attached to the 

barn. An alternative to the return air duct in the room would be to use the attic as an air duct. This would require 

the roof line to be insulated to at least R-30. Walls would also be insulated to at least R-30. Air leaks around 

doors and windows need to be eliminated. 

 

Duplicating units on a single room provides redundancy if one of the units should experience equipment failure.  

 

Figure 5 shows a deep pit manure handling system, but the unit would function as well on a shallow pit with 

either a pull-plug or scraper manure removal system. The unit can be installed on an existing barn but major 

building structure renovation may be necessary. 

 

The expected pressure drop through the system is 0.98 inches of water for airflow of 5000 cfm. Table 1 shows 

the estimated pressure drop through each component in the system. 
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Table 1 Estimated pressure drop through air cleaning/conditioning system and barn. 

Component 

Pressure drop 

(Inches of water) 

Inlet duct to cleaning/conditioning unit 0.02 

Biotrickling filter 0.12 

Biofilter 0.52 

Internal air ducts in unit 0.04 

Two heat exchangers 0.21 

Return air duct and inlets in barn room  0.07 

Total 0.98 

 

 

 

 

Air Cleaner and 

Conditioner Units

 

 

 
Figure 4 Air cleaning and conditioner units adjacent to barn. 

 

 

 

Controls for the system utilize two air sensors: (1) Temperature sensor located in the swine room and (2) a CO2 

sensor located in the return air duct. There are additional sensors that monitor heat pump and heat exchanger 

functions. The air sensors and the heat exchanger sensors provide information to the computer control heat 

exchanger valves and inlet baffle. 

 

Separation between the manure storage and pig rasing area will lower the emission load on the biotrickling filter 

and biofilters. A scraper system is recommended over pull plug systems because it will have a greater impact on 

barn emissions. Manure storage can either be in a covered pit below the scraper (shown in Figure 5) or to an 

outside manure storage tank. Manure removal reduces the hazards during agitation and pumping of deep pits or 

when the plugs are pulled in shallow gutter barns. 
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Figure 5  Recirculating air system unit adjacent to swine barn. 

 

COMPONENT DESIGN 

Gas Removal 

The major gases that need to be reduced or removed from the exhaust air before being returned to the pig 

growing area include NH3, H2S, VOCs, and CO2. Oxygen (O2) also needs to be replenished in the recirculating 

air. 

 

Ammonia 

The original plan incorporated a biofilter to remove NH3, H2S, and VOCs. However, a literature review 

investigation showed that NH3 may or may not be efficiently removed by a biofilter with media at various 

moisture conditions. The Baquerizo et al. (2007) model illustrated the importance of moisture and free water in 

the treatment of ammonia. Thus, unless a flushing schedule and relatively tight control of pH were 

implemented, biofilters treating ammonia will be much more susceptible to failure than biotrickling filters 

(Sakuma et al., 2008). To improve NH3 removal, a biotrickling filter was added to the system just prior to the 

biofilter.  

 

In a biotrickling filter, ammonia gas molecules are absorbed into the free liquid phase that surrounds an 

inorganic packing material where biodegradation takes place (Ramirez at el., 2009). An air-water counter-flow 

biotrickling filter is proposed for this project (Item A, Figure 2). To determine the NH3 removal rate required, 

NH3 balances were conducted throughout the system (see Design Simulator section). Ammonia production from 

urine and fecal material on the slatted floor surface were assumed negligible compared to the ammonia 

production at the slurry pit surface.  The calculation of ammonia emission from the slurry pit surface was 

derived from Cortus et al. (2010).  A process-based model was incorporated, versus a static emission factor, so 

that the impact of varying slurry properties, for example, on the cleaning device could be explored at a later 

time. 
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The biotrickling filter size is 7.2 ft wide, 12 ft long, and 0.83 ft deep. For airflow of 5000 cfm, the empty bed 

contact time (EBCT) is 0.9 s (Deshussesa, 2010). Water from the sump is recycled to the spray heads located 

above the media bed, at a maximum flow rate of 2.7 gallons per minute. Ammonia, which is highly soluble in 

water, is transferred to the water. The expected ammonia concentration in the air after passing through the 

biotrickling filter is 1 ppm.  Approximately 90% of the water passing through the biotrickling filter is 

recirculated, and 20% fresh water added. The 10% of the water removed (0.25 gal/min/unit) is discharged to the 

manure pit (along with the ammonia removed from the air). Thus, the nitrogen that would be normally lost to 

the atmosphere is returned to the manure and is available for land application and crop production. 

 

The volume of water discharged from the biotrickling filter on a 1000 head swine finishing barn at the rate of 

0,25 gal/min would fill a deep pit 200’ x 40’ to a depth of 8.8’ in one year.  

 

Hydrogen Sulfide and Volatile Organic Compounds 

Hydrogen sulfide and VOC removal is accomplished by the biofilter (Nicolai and Janni, 2000).  As air leaves 

the biotrickling filter it enters a biofilter which has an EBCT of 5 seconds. The biofilter bed is 7.2 ft wide, 12 ft 

long, and 4.8 ft deep (Nicolai. 2004).  

 

The biofilter media bed is Light Expanded Clay Aggregate 

(LECA) which consists of small, lightweight, expanded particles 

of burnt clay (Figure 6). LECA is made from clay which is 

pretreated and then heated and expanded in a rotary kiln at 

1100°C. The thousands of small, air-filled internal cavities 

give LECA its strength and thermal-insulation properties. Being 

an inorganic material, it will not degrade. The air velocity 

through LECA is approximately 115 ft/min and the expected 

pressure drop through the media is 0.52 in of water at 5000 cfm 

airflow. 

 

Carbon Dioxide/Oxygen 

Pigs exhaust CO2 and the proposed air cleaning device does 

not remove this gas from the exhaust air efficiently or reliably.  Therefore, the amount added by the pigs to the 

air must be removed to bring the air back to acceptable quality (Item E, Figure 2). Also, oxygen needs to be 

replenished to the recirculated air to replace that was consumed by the pigs (Item F, Figure 2). The least 

expensive method to accomplish this exchange is to provide the exhaust and subsequent intake of fresh ambient 

air required to remove the CO2 produced by the pigs. 

 

To determine the amount of air to be exchanged, CO2 balances were analyzed at the room inlet and the point at 

which bleed-off/air mix is conducted (see Design Simulator section). Albright (1990) estimates CO2 production 

as 1 L per 24.6 kJ of total heat production by the animal.  The CO2 production by the manure was considered 

insignificant compared to the respiration CO2. The heat production model by Brown-Brandl et al. (2004) was 

used in the heat production estimate. Since total heat production by a pig is a function of the pig size and the air 

temperature adjacent to the pig, CO2 production is as well (Figure 7). 

 

 

Figure 6. LECA used for biofilter media. 
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Figure 7. Carbon dioxide produced per pig housed at 70° F in one minute. 

 

The maximum allowable CO2 concentration goal in the swine room is 3000 ppm. Ambient air (approximately 

375 ppm CO2 concentration) is added and mixed with the recirculating air to lower the CO2 concentration 

below 3000 ppm. The bleed-off/fresh-air intake, expressed as a ratio of the recirculation airflow rate is a 

function of the size of the pigs (Figure 8).  

 

Methane 
Methane removal from the air is accomplished in the biofilter through aerobic conversion to carbon dioxide 

(CO2) and water by methanotrophic bacteria. The bacterial oxidation of methane is a common phenomenon that 

has been studied for methane-influenced atmospheres (Hanson and Hanson, 1996), The ability of a biofilter to 

remove methane is proportional to the concentration (Melse and Vanderwerf, 2005). At low concentrations a 

biofilter oxidizes methane efficiently.  Removing the manure daily reduces methane barn emissions 

approximately by 2/3 (Amon et.al, 2007), thereby allowing the bacteria in the biofilter to oxides the methane 

effectively. 

 
Figure 8. Ratio of ambient air to be added to maintain 3000 ppm CO2 concentration in barn. 
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The initial project design considered earth tubes as a possible heat exchanger to temper ventilation air. Because 

of their design limitations and complications, earth tubes are not a viable heat exchanger option. The reasons for 

this decision are as follows. 

 

 Lack of useable data 

 The performance of earth tubes cannot be accurately predicted since performance varies with soil type, 

depth, soil moisture content, airflow, climate, etc.”  

 

 Difficulty of regulating the system 

 The only way to change how large or small an effect the earth tubes have is to vary airflow through the 

tubes which affects other system parameters.  

 

 Earth tubes will detriment in certain situations 

 Continuing with the fact that air must pass through earth tubes and accept the change brought about by 

earth tubes, consider that there will be times when earth tubes will actually move air conditions further from 

their required value. 

  

 Available calculations conflict, leaving no way to predict performance 

 MWPS (1990) provides information only related to sizing an earth tube system which leaves the study 

with no reliable way to quantify earth tube performance. 

 

 Risk of mold, mildew, and other contaminants from earth tubes 

 Psychrometric processes require that, as air cools, moisture will eventually begin to condense out of the 

air. When moisture begins to condense out of air passing through earth tubes, it will collect on the inner 

surface of the tubes. This moisture will need to be removed by sloping the tubes and collecting water at a 

sump where it can be pumped out of the system. Over a long period of cooling, the tubes will be constantly 

wet, and will provide an excellent breeding ground for molds and mildew. 

 

Therefore the earth tube design was replaced with a water-to-air heat exchanger system for dehumidification 

and heat removal/addition.  

 

Heat/Moisture Exchanger 

A commercial heat exchanger system was evaluated that provided the system control that was lacking in the 

earth tube-type system. The system consists of two heat exchangers (Items B and C, Figure 2) and a heat pump 

to move the heat between the exchangers and a storage tank (Item D, Figure 2).  The system cools the air to 

remove the moisture by condensation, and temporarily stores that heat removed from the air in a water tank. 

The air is then reheated to an acceptable inlet condition by a second water-to-air heat exchanger using the heat 

energy from the stored water. Heat is moved between the two water storage tanks via a heat pump. Figure 9 

shows the connections, valves, and pumps between each of the system components.  
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Figure 9 Concept Layout of Heat Exchanger System. 

 

One of the main features for the heat pump system is the water temperature in the storage tanks can be held 

within ±1°F (cold water tank at 35°F and warm water tank at 105°F). These tight water temperature tolerances 

keep the pig room temperature held constant at the ideal temperature for the pig. The room temperature 

variation will be less than ±2.7°F (1.5°C). 

 

The sizing of the heat exchangers was determined using energy and moisture balances of the system, described 

in the next section for the design simulator. The design simulator provided estimates of the heating, ventilating, 

and air conditioning (HVAC) needs for the range of pig weights and ambient air temperatures expected. The 

heat pump part of the system operates in 5 ton increments with six stages of cooling, (i.e. for a maximum of 30 

tons cooling) and four stages for heating. Figure 10 shows when each stage will be activated based on the 

HVAC needs of pigs of different weights and ambient air temperature Figure 10 also shows that more heat is 

required for larger pigs than for smaller pigs at cold temperatures. This requirement results from the higher CO2 

production by larger pigs, thereby requiring more ambient air exchange with cold air. 
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Figure 10 Amount of air conditioning and heating (negative values) expressed as tons required for 250 finishing 

pigs. 

 

Design Simulator  

The primary role of the simulator was, for the given ambient conditions and animal moisture and heat 

production, determine the heat exchanger requirements required to achieve desired inlet conditions. This was 

achieved through a study of the psychometric conditions at the exhaust of the heat exchanger (the inlet to the 

barn interior) (1), the exhaust of the barn interior to the air cleaner/conditioner unit (2), the exhaust of the 

cleaner unit (3), and the inlet to the heat exchanger after the fresh air exchange (4). Figure 11 provides a 

visualization of the processes on a psychometric chart. A secondary role was to calculate the ammonia removal 

requirements of the cleaning unit. 
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Figure 11 A psychometric chart depiction of the air conditions at different locations in the system, including the 

sensible heat (hs) and latent heat (hl) requirement of the heat exchanger. (Example shown is for little pigs in 

summer weather) 

 

Appendix B describes the derivation of the simulator’s governing equations, which were in turn operated in the 

following sequence: 

 

Step 1: Set the design conditions, including the ambient conditions (temperature, relative humidity, CO2 

concentration and NH3 concentration), the average animal mass and inventory, and the target barn conditions 

(temperature, relative humidity, CO2 concentration and NH3 concentration). The simulator’s built-in 

psychometric calculator then calculates the remaining air properties for ambient and Location 2 conditions, 

including enthalpy, humidity ratio and wet bulb temperature. 

 

Step 2: Calculate the heat, moisture and carbon dioxide production by the animals for the number and mass of 

pigs, and temperature conditions.  Also, calculate the ammonia production by the manure. 

 

Step 3: Calculate the heat loss through the building shell and duct for the ambient and barn thermal conditions.  

 

Step 4: Calculate the bleed ventilation rate given the CO2 production by the pigs and the ambient and barn CO2 

concentration levels. 

 

Step 5: Set the recirculation airflow rate and calculate the air properties after mixing with ambient air, at the 

inlet to the heat exchanger (Location 4). 

 

Step 6: Calculate the air properties at the inlet to the return duct to the barn (Location 1). 

 

Step 7: Calculate the heat exchanger sensible and latent heat requirements, and the ammonia removal 

requirement for the biotrickling filter. 

 

A MSExcel-based simulator was first constructed to process the calculations described above. The simulator 

included calculations of psychometric properties (adapted from Albright, 1990) for the ambient and locations 1 

to 4 conditions in the system. This simulator was further tested and refined using Engineering Equation Solver 
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(McGraw-Hill). In either software, the calculations are the model or description of the system and the software 

is simply a tool to process the model and facilitate viewing the results.  

RELATION BETWEEN CYCLIC TEMPERATURES AND PIG PERFORMANCE 

Effect of temperature on pig performance 

An economic benefit for recirculating air is in increased pig performance. A review of compiled research on the 

effects of cyclic environmental temperatures (both seasonally and diurnal) on growing swine indicates that there 

may be a significant link between temperature fluctuation and average daily gain (ADG). The research shows as 

temperature fluctuation decreases, ADG increases. 

 

In addition to ADG, feed conversion (FC) can also be influenced by temperature. Nienaber et al. (1987) 

evaluated the effect of constant temperatures on FC using 6 different constant temperature treatments ranging 

from 5˚C to 30˚C in 5˚C increments. The study found that ADG and FC was not significantly different (p<0.05) 

in a range of 15 to 25˚C, but “the amount of feed needed per unit gain increased above 25˚C and below 15˚C 

(p<0.05)” (Nienaber et al., 1987). Nichols et al. (1982) found similar results (Figure 12). 

 

 
Figure 12 Pig performance - ADG verses Temperature. 

 

 

Quiniou et al. (2000) found that diurnal variation of temperature generates specific behavioral adaptations that 

help to maintain feed intake level and overall performance within a temperature range. This adaptation seemed 

to be limited by the digestive capacity of pigs. Indeed, as long as the diurnal variation of temperature did not 

exceed ±1.5°C around 24 or 28°C, the extra feed intake over the coldest periods of the day was sufficient to 

compensate for the lower feed over the warmest periods. But under a higher variation of temperature (±3.0°C 

and ±4.5°C), the amount of feed intake during the diurnal cold period plateaued and the amount of feed intake 

during the warm periods continued to decrease. 

 

Brumm and Shelton (1985) report that nursery pigs subjected to a diurnal cycle of reducing the temperature 5˚C 

for three nights, then 10˚C for four nights and a weekly stepwise reduction in temperature after that showed no 

affect on ADG or FC. However, it was noted that “reduced nighttime temperatures appeared to impose an 

additional stress, particularly on sick animals” (Brumm et al., 1985). 

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 10 20 30 40

G
ai

n
 (

kg
/d

ay
) 

Temperature (C) 

Nichols



16 

 

Effect of air velocity on pig performance 

Pig performance has been shown to be largely dependent on the thermal environment i.e. ambient temperature 

largely accounts for differences observed on growth, ADG or FE. However, in a pig facility, air movement has 

an important effect on pig performance. For a hot environmental temperature, air velocity improves ADG, but 

both FC and lean tissue deposits worsen. Hence, during hot weather, air movement could improve pig 

performance by maximizing ADG (Massabie and Granier, 2001). 

 

At environmental temperatures close to the optimum (20-24°C), air movement has a negative effect on pig 

performance (Massabie and Granier, 2001). For ambient temperature of 24°C or less, air velocity must be low 

to reduce pig heat losses and hence to improve feed efficiency (Figure 13). These results suggest that ventilation 

systems and particularly air-inlets must provide still air around animals for ambient temperature up to 24°C.  

 

 

 
Figure 13 Pig performance at various temperatures and air movement (Massabie and Granier, 2001). 

 

 

There is also a slight yet apparent indication of poorer feed conversion (FC). Many of the studies conducted 

have utilized a daily temperature treatment range of ±0˚C up to ±12˚C from the set point. In some cases, a boost 

in ADG was experienced when nocturnal temperatures were reduced, but only in cases when the temperature 

range was brought on gradually over a period of days or weeks. The overriding theme in the research gathered 

is that in cases of greater control of environmental conditions, pig performance can be improved.  

Pig Performance Conclusion 

Results indicate that growth performance is dependent on the environmental temperature and a lesser extent on 

airflow rate. On the basis of FE and ADG, the optimal temperature for pigs raised on slatted floor ranges from 

20°C to 24°C. This temperature range is slightly higher than the 18-21°C recommended by NRC (1981), but is 

well adapted to modern genotypes (Massabie et al., 1997).  

 

A reduction in growth performance occurred when the diurnal temperature variation is greater than ±1.5°C 

(Quiniou et al., 2000). 

 

At environmental temperatures close to the optimum (20-24°C), air movement has a negative effect on pig 

performance. For ambient temperature of 24°C or less, air velocity must be low to reduce pig heat losses and 

hence to improve feed efficiency (Massabie and Granier, 2001). 
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It should be considered that most of this research was conducted over twenty years ago. Since that time, swine 

genetics have made a drastic shift toward pigs that are to be raised in thermally controlled environments. This 

change in genetic makeup raises the question whether the modern pig may be affected even greater by changes 

in environment than twenty years ago.  

 

Therefore, the design parameters for this project are to control the pig room temperature within ±1.5°C, 

beginning at 24°C with feeder pigs weighing 25 kg, and reducing the temperature to 20°C for pigs weighing 

120 kg. A pig room air exchange rate of 20 cfm per pig was selected to minimize air velocity over the pigs. 

COST 

Capital Cost 

Capital cost for a 1000 head finishing barn was developed in discussion with the stakeholder group and heat 

exchanger consultant. Listed in Table 2 are the major component areas of the air cleaning/conditioning unit.  

 

Table 2 Cost of system components used in the cleaning/conditioning unit. 

Component Cost 

HVAC System $63,518 

Blower and CO2 exhaust fan $3,366 

Biotrickling Filter (support, media) $1,750 

Biofilter (support and media) $3,250 

Electrical (HVAC controls, sensors, wiring) $2,029 

Mister System (pumps, nozzles, plumbing) $1,150 

Piping for HVAC system $5,201 

Container (shell and structure in container) $4,736 

Total $85,000 

 

The total capital cost for a 1000 head finishing barn was determined by adding and deleting items from a 

current typical tunnel ventilated barn. The stakeholder group that advised the project recommended a cost of 

$250 per head is needed to construct a modern 1000 head tunnel-ventilated swine finishing barn to raise feeder 

pigs (55 lbs) to market weight (270 lbs). The total capital cost for this barn is $250,000.  

 

To adapt a tunnel ventilated barn to an air recirculating system barn the insulation (R factor) is increased, the 

exhaust fans and controllers deleted, and air ducts to connect the cleaning/conditioning unit to the barn added. 

Cost adjustments are shown in Table 3. The estimated capital cost for a 1000 head swine finishing barn to clean 

and recirculate the air is $590,000 or $590 per pig space. 

 

 

 

 

Table 3  Capital cost of a 1000 hd swine finishing building to clean and recirculate air. 

Item Add Delete Total 

Base cost of Tunnel Ventilated Building   $250,000 

Added Insulation (R25 to R40) $4,000   

Exhaust fans & Controls  $5,000  

Insulated Air Duct $1,000   

Cleaning/Conditioning Air Unit (4 req) $340,000   

Total   $590,000 
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Operating Cost 

Operating cost will vary depending on the ambient air temperature and size of the pigs. For this project’s cost 

analysis the barn location was assumed to be at Brookings, SD.  Temperature and relative humidity were 

obtained from the State Climate website for each hour of an average day (1995-2002) in each month. 

 

The heat pump system in the cleaning/conditioner unit utilizes 6 stages of cooling and 4 for heating, i.e. for a 

maximum or 30 tons of cooling the heat pump can operate in 5 ton increments. For the cost study it is assumed 

that at least the first stage is always operating. Other stages would be added as needed. Heat exchanger load (in 

tons) was obtained from the design simulator for each stage output and for each pig weight from 20-110 kg in 2 

kg increments. The results are summarized in the graph in Figure 14. Table 4 gives the time each stage will be 

operating. For 40.4% of an average temperature year near Brookings, SD the unit will be heating. The balance 

of the year, 59.6%, the unit will be cooling mode. 

 

 
Figure 14 Time each heating/cooling stage is operating through for an average day in each month of the year 

near Brookings, SD. 

 

Since average weather values were used, extreme weather conditions are not seen in the analysis; therefore 

Stages H4, H3, C5 and C6 did not have any time allotted to them.  This may underestimate the actual operating 

cost, but the analysis provides an accurate average annual estimate. Additionally, no downtime was assumed 

between groups of pigs entering and leaving the barn, which would result in an overestimate of the actual 

operating cost.  The combination of these two assumptions will offset and make the results reasonable. 

 

Table 4 Operating Time for Each Heating/Cooling Stage for an average temperature year near Brooking, SD. 

Operating Stage Ave Hours per Year Percent of Time 

Heating 
H2 911 10.4% 

H1 2,624 30.0% 

Cooling 

C1 1,822 20.8% 

C2 1,781 20.3% 

C3 1,413 16.1% 

C4 208 2.4% 

  

The estimated operating energy (in kilowatts) for each unit is shown in Table 5. Since a 1000 head barn requires 

4 units, the estimated operating energy consumption per year for a 1000 head barn near Brookings, SD is 

800,956 kWh.   
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Since most of the energy consumption is electrical energy, the average energy cost is assumed to be $0.085 per 

Kilowatt-Hour. From Table 5 the yearly electrical energy operating cost for a 1000 head feeder pig to finish 

swine barn near Brookings, SD would be $68,080. 

 

 

Table 5 Yearly electrical energy and cost for 1000 head feeder pig to finishing barn near Brookings, SD,. 

Operating 

Stage 

Energy 

(kW) 

Operating 

Hours 

Yearly Energy 

(kWh) 
Electrical Cost 

H2 2.2 911 2,004 $170 

H1 2.2 2,624 5,773 $491 

C1 18.4 1,823 33,555 $2,852 

C2 36.8 1,781 65,565 $5,573 

C3 55.2 1,413 78,026 $6,632 

C4 73.6 208 15,314 $1,302 

Yearly 

Total  8760 200,237 $17,020 

 

 

Variance Cost Compared to Tunnel Ventilated Barn 

A cost comparison (capital and operating) was made between a modern 1000 head swine finishing barn to raise 

feeder pigs (55 lbs) to market weight (270 lbs) and an air recirculation barn of similar capacity. The 

stakeholders group that advised the project recommended a capital cost of $250 per head to construct ($250,000 

for a conventional tunnel ventilated barn), an electrical usage of 10 kWh per pig produced, and an LP gas 

consumption of ½ gallon per pig produced. Assuming an electrical cost of $0.085 per kWh and LP gas at $1.38 

per gallon and 2.7 turns per year, the conventional tunnel ventilated barn yearly energy cost would be $4,021. 

The proposed air recirculating barn of the same size has an estimated capital cost of $590,000. Similar energy 

costs for the recirculating barn would be $18,435. 

 

Since the air recirculating barn provides an environment for improving pig performance a cost analysis was 

completed to determine the payback period to determine the return on additional investment. There was no 

financial credit in determining payback given for improved health due to reducing airborne pathogens or 

reducing emissions for the barn. 

This analysis was completed using an economic simulator titled Econ_scenarios, which was developed at the 

University of Minnesota.  This summary spreadsheet for the simulator is located in the Appendix C. The 

analysis shows a payback period of 10.9 years assuming a market price of $65 cwt, a feed cost of $200 per ton, 

and a feed efficiency of 2.2 lb/lb gain. Other assumptions are listed in Table 6.  

 

Table 6 Assumptions used in cost analysis. 

Item Assumption 

Beginning pig weight 55 pounds 

Ending pig weight 267 pounds 

Days between pig groups 7 days 

Days from first pigs removed to group close out 15 days 

Energy cost per year $6.21 /pig 

Electrical usage per head 69  kwh/pig 

LP usage per head 0.25 gal/pig 

Facility life  15 years 

Pig health costs $0.337 per pig in new barn  
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Other costs (labor, transportation, etc.) $3.37 per pig 

 

Sensitivity Analysis 

The payback period on the increase investment to adopt the an air cleaning/condition system which recirculates 

the air in a 1000 head swine finishing barn varies depending on the input  assumptions. Fluctuations in the 

assumed values used in the cost analysis could result in payback periods varying from 5.6 years to greater than 

the life of the barn.  

 

The three inputs that the cost analysis is most sensitive to are: feed efficiency, feed cost, and market price of 

pigs. Figure 15 shows a decrease in the payback period as pig performance improves or as feed cost increase 

while maintaining a market price of $50 cwt. If feed efficiency is reduced from 2.2 to 2.0 lbs feed per lb of gain, 

the payback period is decreased 29 to 35%. When feed costs increase from $150 to $250 per ton, the payback 

period is reduced by 19% and 26% for feed efficiency of 2.2 and 2 respectively. Other assumptions are the same 

as shown in Table 6.  

 

Figure 16 shows the market price sensitivity. As the market price of pork increases from $50 cwt to $75 cwt, the 

payback period is reduced by 44% for adopting air recirculating technology assuming a 2.0 feed efficiency.  

Electrical energy also have a moderate impact on payback period but not as significant as pig market price, feed 

efficiency, and feed costs. For example the payback period for the added investment is 9.6, 10.9, and 12.5 years 

for an electrical energy cost of $0.085, $0.10, and $0.12 per kwh respectively. 

 

 

 
Figure 15. System payback for 1000 head finishing barn that utilizes air recirculating technology for various 

feed efficiencies and feed cost and a market price of $60 cwt. 

 

 

 

0

2

4

6

8

10

12

14

16

$150 $200 $250

In
ve

st
m

e
n

t 
P

ay
b

ac
k 

 (
ye

ar
s)

 

Feed Cost (per ton) 

Feed Efficiency 
lbs feed/lb gain 

2 2.2



21 

 

 
Figure 16 System payback for 1000 head finishing barn that utilizes air recirculating for various market prices 

and feed efficiencies based on $200 per ton feed cost. 

RECOMMENDATIONS FOR FURTHER RESEARCH 

The research conducted in this phase of an investigation to clean and reuse the exhaust air from a swine 

finishing barn has generated useful and interesting information, results and design. However, it has also 

uncovered several areas that need additional study. The areas of further research include the following: 

 

 

 

Verification of proposed design system to clean air for reuse 

The size of the biotrickling filter, biofilter, heat exchangers, and blower need to be confirmed that cleaning the 

air reentering the swine building will maintain optimum pig performance. Estimated pressure drops through the 

system components need to be confirmed. Therefore the recommended next step is to build a 250 head finishing 

barn with one cleaning/conditioning unit attached. Actual capital and operating costs could be obtained. The 

building could also include a tunnel ventilated system which would allow for switching between the two 

systems for comparison. 

 

Validation of improved performance for pigs raised at constant temperature and reduced air velocity. 
Many of the pig performance studies referenced in this paper utilized a small number of pigs. The 250 head 

finishing barn described above would also be used for pig performance validation and cost analysis. 

 

Investigate alternative methods to remove moisture from the air. 

Electrical energy for the heat pump operation is high. Other methods of removing moisture from the air and 

maintaining constant temperature should be researched. 
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APPENDIX B 

 

Derivation of the Design Simulator Equations 

 

The system was broken down into four control volumes in the calculation procedure described as: A) the 

control volume for the barn interior, including the air delivery duct to the barn interior (CV1); B) the control 

volume for the air cleaner unit, i.e. biotrickling filter and biofilter, (CV2); C) the control volume of the mixing 

airspace (CV3); and D) the control volume of the heat exchanger (CV4). The four locations included in the 

simulator are the exhaust of the heat exchanger (the inlet to the barn interior) (1), the exhaust of the barn interior 

to the air cleaner/conditioner unit (2), the exhaust of the cleaner unit (3), and the inlet to the heat exchanger after 

the fresh air exchange (4). 

 

Assumptions include the system was at steady state, and that the biofiler/biotrickling filter acted like an 

evaporative cooler, adding moisture to the air without a change in enthalpy. The assumed efficiency of the 

evaporative cooler (96%) dictated the resulting moisture content after the cleaner unit, relative to saturation. 

Also, it is assumed the bleed exhaust occurs before the fresh air intake. 

 

For a given average animal mass, the heat production (eq 1), moisture production (eq 2) and carbon dioxide 

production (eq 3) by the pigs can be estimated based on heat production models from Brown-Brandl et al. 

(2004). Albright (1990) estimates CO2 production as 1 L per 24.6 kJ of total heat production by the animal.  The 

CO2 production by the manure was considered insignificant compared to the respiration CO2. 

 

  (1)  

 
 (2)  

 
 (3)  

 

Where QTotal,Pig = total heat production rate by a pig, W kg
-1

; 

 T = Temperature, °C; 

 Mpig = Mass of a pig, kg; and 

 WPig = moisture production rate by a pig, kg H2O kg
-1

; 

Cpig = carbon dioxide production rate by a pig, m
3
 s

-1
; 

 n = number of pigs 

 

The ammonia release by the manure surface is a convective mass transfer process and estimated using the 

model by Cortus et al. (2010) (eq 4). The convective mass transfer coefficient, fraction and Henry constant 

factors incorporate slurry pH, room temperature, slurry temperature and air velocity over the slurry surface in 

their determination.  

 
 (4)  

 

Where Amanure = ammonia production, kg s
-1

; 

 k = convective mass transfer coefficient, m s
-1

; 

 R = slurry surface area, m
2
;  

 f = fraction of N in NH3 form; 

 N = total ammoniacal nitrogen concentration, mol l
-1

; 

 H = Henry constant; and 

 g = ammonia concentration of air, mol l
-1

. 
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The heat losses through the building shell and duct are also considered knowns for a given barn construction 

and are not discussed in detail.  

 

For the barn interior control volume (CV1), the mass, CO2, NH3, enthalpy and moisture balances are described 

in Equations 5 to 9. 

 

  (5)  

  (6)  

  (7)  

  (8)  

  (9)  

 

Where mrecirc = recirculated dry air mass flow rate, kg s
-1

; 

 c = carbon dioxide concentration, kg kg
-1

; 

 Cpigs = total CO2 production by all pigs in area, kg s
-1

; 

 a = ammonia concentration, kg kg
-1

; 

 h = enthalpy of dry air, kJ kg
-1

; 

 Qpigs = total heat production by all pigs in area, kW; 

 Qbuilding = total heat loss by the building shell, kW; 

 Qduct = heat loss by the air delivery duct into the barn, kW; and 

 w = humidity ratio of dry air, kg kg
-1

. 

 

For the air cleaner control volume (CV2), the balances are described in Equations 10 to 14, and the calculation 

of the humidity ratio at location 3 is shown in Equation 15.  

 

  (10)  

  (11)  

  (12)  

  (13)  

  (14)  

  (15)  

 

Where Abiofilter = ammonia removal rate by the biofilter/biotrickling filter, kg s
-1

; 

Wbiofilter = Moisture production by the biofilter, kg s
-1

; and 

 ebiofilter = efficiency of the biofilter as an evaporative cooler; 

 w2,wetbulb = humidity ratio for the wetbulb temperature associated with location 2 conditions. 

 

Equations 16 to 20 show the mass, CO2, NH3, enthalpy and moisture balances for the mixing area control 

volume (CV3). 

 

  (16)  

  (17)  

  (18)  

  (19)  

  (20)  

 

Where mintake = intake dry air mass flow rate, kg s
-1

; 

 mbleed = exhaust dry air mass flow rate, kg s
-1

; 
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For the heat exchanger control volume (CV4), the balances are described in Equations 21 to 25. Equations 24 

and 25 show the heat exchanger removing sensible heat and moisture from the air; a negative result for Qexhanger 

and/or Wexchanger would indicate the addition of heat and/or moisture by the heat exchanger. 

 

  (21)  

  (22)  

  (23)  

  (24)  

  (25)  

 

Where Qexchanger,sensible = sensible heat removal by the heat exchanger, kW; 

 Qexchanger,latent = latent heat removal by the heat exchanger, kW; 

 Wexchanger = moisture removal by the heat exchanger, kg s
-1

. 

 

The sensible and latent heat removal by the heat exchanger could alternatively be expressed as functions of the 

air properties at the barn inlet and heat exchanger inlet conditions. The design specifications for the heat 

exchanger required the sensible heat component to be broken down into the total sensible heat reduction 

requirement plus the makeup heat (eqs 26 to 29). 

 

 

  (26)  

  (27)  

  (28)  

  (29)  

 

Where hT4,w1 = enthalpy of dry air for location 4 dry-bulb temperature and location 1 humidity ratio conditions, 

kJ kg
-1

; and 

 h1,dew = enthalpy of dry air for location 1 at dewpoint conditions, kJ kg
-1

. 

 

Equations 1 to 29 can be combined into nine governing equations for the system (eqs 30 to 38). 

 

  (30)  

  (31)  

  (32)  

  (33)  

 

 
(34)  

 
 (35)  

 

 
(36)  

 

 
(37)  

 

 
(38)  
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The unknowns are the recirculation airflow rate, the bleed ventilation rate, and the conditions at the inlet to the 

barn interior (h1, w1).  The bleed ventilation rate can be immediately solved using Equation 32. To solve the 

remaining system of equations, the recirculation airflow rate was set at one of two levels, and the resulting inlet 

(location 1) conditions determined for a range of animals weights and ambient conditions.  
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APPENDIX C 

 

The Econ_scenarios economic analysis spreadsheet compares two different swine raising systems. The spreadsheet calculates payback period, 

internal rate of return, and other financial information based information inserted in the yellow input cells in the example spreadsheet shown below. 

Results from the scenario include financial and pig performance information. Input and result examples are shown below. 

 

 

Results

Calculated 

annual 

facil ity cost

Turns 

/year

Annual feed 

cost/facility

Pig health 

cost, 

$/facility 

/year

Other costs 

(-) or 

benefits (+), 

$/facility 

/year

Elec. cost 

/facil ity/y

ear

Annual LP 

cost/facil

ity/year

Pig value 

over total 

cost/ 

year/facility

Investment 

/facil ity

Pig value 

over non-fac 

cost/ 

year/facility

Estimated 

profit per 

pig

Payback 

years

Change in pig value over total 

cost/ year/facility compared to 

comparison scenario (see 

column S)

Change in pig 

value over non-

fac cost/ 

year/facility

Change in 

investment

Annualized 

NPV/pig-space

Internal Rate of 

Return (IRR) on 

the Change

has fac cap 

cost added 

back

Constant temp barn        (57,033)        2.97  $   (138,457) -$1,000 -$10,000 -$20,484 $1,024 $165,752 $590,000 $222,785 $55.83 10.9         8602.335394 31269.00206 340000 $8.14 8.7%

0 #DIV/0! #DIV/0! $0 #DIV/0! -           0.0% #DIV/0! #DIV/0!

Baseline g-f (24,167)$    2.61      (149,470)$   -$2,500 -$8,000 -$2,611 $1,802 $157,150 $250,000 $181,316 $60.18 -           0.0% #VALUE! #VALUE!

Constant temp barn (57,033)$    2.97      (138,457)$   -$1,000 -$10,000 -$20,484 $1,024 $165,752 $590,000 $222,785 $55.83 10.9         0.0% $8,602 $31,269 $340,000 $8.14 8.7%

0 #DIV/0! #DIV/0! $0 #DIV/0! -           0.0% #DIV/0! #DIV/0!

0 #DIV/0! #DIV/0! $0 #DIV/0! -           0.0% #DIV/0! #DIV/0!

0 #DIV/0! #DIV/0! $0 #DIV/0! -           0.0% #DIV/0! #DIV/0!

0 #DIV/0! #DIV/0! $0 #DIV/0! -           0.0% #DIV/0! #DIV/0!

0 #DIV/0! #DIV/0! $0 #DIV/0! -           0.0% #DIV/0! #DIV/0!

0 #DIV/0! #DIV/0! $0 #DIV/0! -           0.0% #DIV/0! #DIV/0!

0 #DIV/0! #DIV/0! $0 #DIV/0! -           0.0% #DIV/0! #DIV/0!

Input variables

Facility 

investment ADG

Start 

wt.

End 

wt.

Weaned 

pig cost

Additional 

days to end 

the group

Down time 

between 

groups

Feed 

cost

Feed 

efficiency

Is feed eff & 

other cost data 

adjusted for 

death loss?

Death 

loss, %

Pig 

health 

costs

Other costs 

(labor, 

transportatio

n, etc.)

Facility 

l ife

Electricity 

use LP Use

Mkt hog 

price/cwt

Scenario (select one to view in 

Econ_scenario detail sheet)

$/pig 

space lb/day lb lb $/head days days $/ton

lb feed/lb 

gain $/pig $/pig years

kWh/pig 

produced

Gal. /pig 

produced $/cwt

Constant temp barn 590 2.1 55 267 40$         15 7 200 2.2 yes 0.0% 0.33686 3.368558382 15 69 0.25 65.00$    

Compared to Baseline g-f 250 1.8 55 267 40$         15 7 200 2.7 yes 0.0% 0.95738 3.063622527 15 10 0.5 65

Baseline g-f 250$         1.8 55 267 40$         15 7 200 2.7 yes 0.0% 0.957$   3.064$           15 10 0.5 65.00$    

Constant temp barn 590$         2.1 55 267 40$         15 7 200 2.2 yes 0.0% 0.337$   3.369$           15 69 0.25 65.00$    


