
ABSTRACT 
 
RUMSEY, IAN. An Assessment of Ammonia Emissions from Water-holding Structures 
for Hog Farms: Lagoon and Spray Technology and Potential Environmentally Superior 
Technologies (Under the direction of Dr Viney P. Aneja and Dr S. Pal Arya) 
 
Globally, the largest source of atmospheric NH3 is domestic animal waste contributing 

20-35 Tg of nitrogen per year. In North Carolina, hog waste accounts for 47% of all 

ammonia emissions in North Carolina. This is the result of a huge increase in hog 

population since the 1980’s from 3 million to 10 million. Currently swine waste is 

managed using Lagoon and Spray Technology (LST) also known as ‘conventional’ 

technology. A LST uses anaerobic lagoons to store the hog waste, and effluent from 

lagoons is sprayed on surrounding crops as a source of nutrients. This technology lead to 

a number sources of ammonia emissions, thus there are a number of environmental 

problems associated with swine facilities. The need for developing sustainable solutions 

for managing the hog waste problem is critical for shaping the future of hog farms in 

North Carolina. As a result of this, an agreement between the North Carolina Attorney 

General and several farming companies was reached to develop environmentally superior 

technologies (EST’s) for swine facilities. The objective of this study was to quantitatively 

compare the emissions from the water-holding structures at the two LST farms (Moore 

farm and Stokes farm) and the three EST farms, and to evaluate the effectiveness of each 

technology. The three potential EST’s were (1) EKOKAN: Up-flow Bio-filtration system, 

located at Brown’s of Carolina # 93, (2) BEST: Solids separation/gasification for energy 

and ash recovery centralized system, located at Corbett # 1,3,4 farms, and (3) Super Soils: 

Solids separation/nitrification-denitrification/soluble phosphorus removal/solids 

processing system, located at Goshen Ridge farm. Measurements of NH3 flux were 



limited to two, two-week long periods, representing warm and cold seasons. These were 

obtained by using a dynamic flow-through chamber system interfaced to a mobile 

laboratory containing the ammonia analyzer and the data acquisition system. During the 

sampling period, environmental parameters such as lagoon temperature, lagoon pH, and 

TAN were measured, as well as meteorological parameters such as wind speed, wind 

direction, air temperature, relative humidity, and solar radiation. In order to make a 

comparison of LST and EST’s, an adjustment for differing environmental conditions was 

needed. This was achieved by the development of a conventional observational statistical 

model, which was developed by multiple linear regression analysis based on continuous 

flux measurements from two conventional farms during a warm and cold season. 

Ammonia emissions from both conventional and EST farms were normalized to the 

nitrogen excretion (E) at the hog farms to express the emissions as % E. Potential 

reductions in ammonia were evaluated by comparing % EEST at EST farms with %ECONV 

at conventional farms. Overall, all three EST’s were found to be significant in reducing 

ammonia emissions. Super Soils was found to be the most effective, with NH3 emission 

reductions of 94.7% in the warm season, and 99% in the cold season. EKOKAN was 

found to be the next most effective, with reductions of 71.7 % and 42.7 % for the summer 

and spring sampling periods, respectively. The two BEST technologies were the least 

effective. There were large reductions for both Corbett # 1 and Corbett # 3,4 in the fall 

sampling period, 71.1% and 39.6% respectively. There were through extremely low 

reductions in the winter sampling period, with reductions of 13.6% for Corbett # 1 and 

7.5% for Corbett # 3,4, respectively.
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1.0 Background and Introduction 
 

Ammonia is the most biologically active reduced form of nitrogen, and is a very 

important alkaline constituent in the atmosphere. NH3 is emitted by a large number of 

sources such as biomass burning, fossil fuel combustion, emissions from human excreta, 

soils and agricultural crops, synthetic fertilizers and animal waste (Oliver et al., 1996; 

Bouwman et al., 1997). It has been estimated that domestic animal waste is the largest 

contributor to global atmospheric NH3, emitting 20-35 Tg of nitrogen per year (Warneck, 

2000; Bouwman et al. 1997). 

 In North Carolina, Hog waste releases an estimated 68,540 tons of nitrogen per year 

(Aneja et al., 1998). This accounts for 47 % of all ammonia emissions in North Carolina. 

This relates to an increase in commercial swine facilities since the 1960’s, and 

particularly since 1980, where the hog population has increased from about 3 million to a 

present population of around 10 million (Figure 1.1). This growth has mainly occurred in 

eastern North Carolina, with 63 % of the Hog population in six counties Duplin, Sampson, 

Greene, Wayne, Bladen and Lenoir (Figure 1.2).  

 Ammonia reacts with a variety of acidic atmospheric species, namely nitric acid 

(HNO3), hydrochloric acid (HCl) and sulfuric acid (H2SO4). These reactions result in the 

formation of ammonium aerosols, the majority of which are of the fine particle size (<2.5 

µm). These reactions result in ammonium nitrate (NH4NO3), ammonium chloride (NH4Cl) 

and ammonium bisulfate (NH4HSO4). As a result of NH3 reaction with H2O about 1% of 

NH3 can react with hydroxyl radicals (.OH) to produce amide radicals (.NH2), which are 

subsequently oxidized to NO by nitric acid  (HNO3) (Galbally and Roy, 1983; McCulloch 

et al., 1998; Finlayson Pitts and Pitts, 2000).  
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These reactions are summarized in the following equations; 

NH3(g) + HNO3(g) ↔ NH4NO3(s)                          (1)   

NH3(g) + HCl(g) ↔ NH4Cl(s)                                               (2) 

NH3(g) + H2SO4(l) → NH4HSO4(l)                                    (3)    

NH3(g) + H2O(l) → NH4
+ + OH-              (4) 

NH3 + .OH → .NH2 + H2O(l)               (5) 

(Finlayson, Pitts and Pitts, 2000). 

 
NH3 has a relatively short residence time in the atmosphere of 1-5 days (Warneck, 2000). 

It is either readily converted to NH4
+ or subjected to dry deposition. As a result of this, 

high concentrations are only found at the emissions source or close to the surface. Studies 

show that NH3 concentrations from isolated or discrete sources decrease rapidly with 

height and can reach background levels at 3000 m in the summer and 1500 m in the 

winter (Krupa, 2003). Ammonium aerosols such as NH4NO3 and NH4HSO4 can under go 

longer range transport. Irwin and Williams (1988) reported that assuming an atmospheric 

residence time of six days and a wind velocity of 5ms-1 that transportation of ammonium 

aerosols might be as large as 2500 km, but dry and wet deposition can reduce this 

significantly. 

 Ammonia and subsequently derived NH4
+ are removed from the atmosphere 

through both wet and dry deposition. Dry deposition occurs by diffusion (NH3) in the 

atmospheric boundary layer and the surface layer, and molecular diffusion or Brownian 

motion (fine particle NH4
+) within the molecular sublayer. Wet deposition occurs by 

below cloud scavenging (washout) and rainout (in-cloud processes). Overall, wet 
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deposition is more important in regions with low NH3 emissions. Conversely, dry 

deposition is more important in regions of high NH3 emissions (Krupa, 2003). 

 There are a variety of environmental consequences associated with the presence 

of atmospheric NH3 and its deposition including soil acidification, aquatic eutrophication 

and fine particulate matter formation. In European countries such as The Netherlands and 

UK, where there is a dense spatial distribution of animal husbandry operations, soil 

acidification is a major environmental problem. Van Breeman et al., (1982) reported the 

deposition of ammonia bisulfate (NH4HSO4) as the primary cause of soil acidification in 

the Netherlands.  

In North Carolina, the main environmental consequence is the nutrient loading of 

coastal plain river systems (Aneja et al., 1998). Estimates suggest that atmospheric 

deposition of nitrogen compounds may contribute 35-60 % of total nitrogen loading to 

North Carolina coastal waters (Whitall et al., 2003; Pearl, 1995). As a result of this 

excessive nitrogen loading, there has been an increase in non-toxic and toxic 

phytoplankton blooms in these sensitive ecosystems. 

As a result of the environmental problems associated with swine facilities, a 

moratorium has been passed on the construction of new hog facilities and the expansion 

of existing hog facilities until September 2007. Currently in North Carolina swine waste 

is managed using Lagoon and Spray Technology (LST) also known as ‘conventional’ 

technology.  A LST uses anaerobic lagoons to store the hog waste, and effluent from the 

lagoons is sprayed on surrounding crops as a source of nutrients. There are four 

processes/sources at LST which lead to ammonia emissions 

• Waste storage and treatment systems 
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• Hog houses 

• Land application 

• Biogenic emissions from soils and crops 

(Aneja et al., 2001a) 

Quantification of NH3 emission sources and development of emission factors are 

therefore needed in order to assess their potential environmental effects and require 

extensive field measurements at confined animal feeding operations (CAFOs). 

 The need for developing sustainable solutions for managing the hog waste 

problem is critical for shaping the future of hog farms in North Carolina. As a result 

of this, an agreement between the North Carolina Attorney General and several 

commercial hog farming companies was reached to develop environmentally superior 

technologies (ESTs) for swine facilities. Program OPEN (Odor, Pathogens, and 

Emissions of Nitrogen) is an integrated study of the emissions of ammonia, odor and 

odorants and pathogens from potential environmentally superior technologies for 

swine facilities. Program OPEN aims to evaluate the EST’s at swine facilities to 

determine if they would be able to substantially reduce atmospheric emissions of NH3, 

pathogens and odor from their observed or estimated emissions from the conventional 

lagoon and spray technology used at selected baseline farms in different (warm and 

cold) seasons or observation periods (Aneja et al., 2004). 

This study which is part of Program OPEN, concentrates on the emissions of 

ammonia from water holding structures (lagoons) at two conventional (also called, 

baseline) LST farms and three EST farms. The primary objective of this study is to 

quantitatively compare the emissions from the water holding structures at the three 
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EST’s with those at baseline farms, and to evaluate the effectiveness of each 

technology. This would be achieved by measuring the ammonia flux from the water 

holding structures, using a dynamic chamber method at each farm. Using this, and by 

applying a mass balance method, emissions could be accurately quantified. Secondary 

objectives for this study are to investigate the various environmental parameters such 

as lagoon temperature, air temperature, and pH and their relationship with NH3 flux. 
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  Figure 1.1 Hog population trends in North Carolina over the last 45 years (NCDA, 2000). 
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2.0 Methods and Materials 
 
2.1 Sampling Sites 
 

Ammonia flux measurements were conducted at five swine facilities in eastern 

North Carolina. Two of these sites (Stokes farm and Moore farm) employed a Lagoon 

and Spray technology (LST) to process hog waste. The LST sites also known as 

‘baseline’ or ‘conventional’, sites were used for comparison with EST sites. The three 

EST sites were Brown’s of Carolina # 93 (BOC#93), Corbett # 1, 3, 4, and Goshen Ridge, 

respectively. At all the conventional and EST farm sites, the measurements of NH3 flux 

were limited to two, two-week long periods, representing warm and cold seasons. 

 
2.1.1 Description of LST (conventional) Sites 
 

Stokes Farm (35.43oN, 77.48oW, 17 m MSL) is located near Trenton, NC, in Pitt 

County. Measurement campaigns were conducted during September 9-20, 2002 and 

January 6-17, 2003, respectively. Four naturally ventilated finishing barns housed 4,391 

animals with an average weight of 104 kg in the fall season and 3,726 animals with an 

average weight of 88 kg in the winter season. Waste from the hog barns were flushed 

periodically (4 times a day) with recycled lagoon water and discharged into a storage 

pond from a single effluent pipe. Lagoon surface flux measurements of NH3 were taken 

from various sampling locations on the lagoon (see Figure 2.1). 

 Sampling at Moore Farm (35.14oN, 77.47oW, 13 m MSL) located near Kinston, 

NC in Jones County, was conducted during September 30 - October 11, 2002 and January 

27 – February 7, 2003. Eight tunnel-ventilated finishing barns housed 7,617 animals with 

an average weight of 52 kg in the fall season and 5,784 animals with an average weight 

of 67 kg in the winter season. Waste from all the hog barns was flushed out with recycled 
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lagoon water and discharged into a storage pond from eight effluent pipes, one for each 

hog barn. NH3 fluxes were measured at various points of lagoon surface during the 

experimental campaigns (see Figure 2.2).  

2.1.2 Description of Environmentally Superior Technologies (EST) Sites 
 
Brown’s of Carolina # 93 (EKOKAN: Up-flow Bio-filtration System)  
 

 Brown’s of Carolina # 93 (34.49oN, 78.77oW) is located near Bladenboro, NC, in 

Bladen County. NH3 measurements were conducted during March 31st- April 11th and 

June 16th- 27th, 2003. The EKOKAN waste treatment system consists of solids/liquid 

separation and biofiltration of the liquid with upflow aerated biological filters. Five 

finishing barns are connected to the waste treatment system, and the barn pits are emptied 

automatically in sequence. Wastewater from the barn pits is released to a solids 

separation unit. Coarse solids are separated from the wastewater using a screen separator 

(TR Separator). After the solids/liquid separation, the liquid is pumped to a 40,000-gallon 

equalization tank. Liquid flows from the equalization tank by gravity and passes through 

first-stage and second-stage aerated biofilters connected in series (two sets). Wastewater 

flows upward through the biofilters, and air is supplied at the bottom of each biofilter 

with blowers. The biofilter tanks are covered, and air and any excess foam from the 

aerated treatment are routed through PVC pipes to exit points over an anaerobic lagoon. 

The biofilters are backwashed periodically to remove excess biosolids. Treated effluent 

from the biofilters flows by gravity to a storage basin, with a portion of the treated 

effluent being recycled to the solids separation basin, from which it is pumped to the 

equalization tank. Water is pumped from the storage basin to the barns to refill the pits. 

At this site, the anaerobic lagoon that receives manure from 10 barns was partitioned 
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using plastic curtains into three sections, with one section much larger than the other two. 

The larger section receives manure from five barns not connected to the EKOKAN 

treatment system. One of the smaller sections receives any overflow from the solids 

separation basin, the separated solids, and the backwashed biosolids that are removed 

from the biofilters. The other small section receives the treated effluent from the biofilters 

(Figure 2.3) (A&PWMC, 2004).  

Five tunnel-ventilated finishing barns housed 4,221 animals with an average weight 

of 82.7 in the spring season and 4,373 animals with an average weight of 48.0 kg in the 

summer season. NH3 fluxes were measured from treated effluent storage, biosolids 

storage lagoon, and equalization tank during the experimental periods. 

Corbett # 1, 3, 4 (BEST: Solids separation/gasification for energy and ash recovery 

centralized system) 

 Corbett # 1(34.85oN, 77.97oW), 3, 4(34.84oN, 77.96oW) are located near Rose 

Hill, NC, in Duplin County. NH3 flux measurements were conducted during September 

8-19, 2003, September 29- October 3, 2003 and December 1-16, 2003, respectively. 

BEST is a technology that includes two systems designed to separate the solid 

portion of the waste stream coming from the hog barns. The separated solids are then 

combusted to produce energy, with the ash produced from this process evaluated for use 

as fertilizer.  

 

Corbett # 1 
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This system is treating waste from five finishing barns, which contain 3,320 pigs 

when full. Manure flushed from the barns flows first to a collection pit, then to an above-

ground feed tank, then to a screw press separator on a raised platform. The separator has 

a screen with .25 millimeter openings. The liquid that flows through the screw press 

separator screen flows to a second feed tank, then to two tangential flow gravity settling 

tanks sited parallel to each other. Each tangential flow settling system consists of a 2.2-

meter diameter tank with a cone bottom followed by a 1.2-meter diameter sludge 

thickening tank, also with a cone bottom. Tangential flow in the first tank causes solids to 

concentrate in the center of the tank and settle to the bottom. This settled slurry is then 

pumped to the second tank for sludge thickening. For about 10 minutes every hour the 

settled slurry from the second tangential flow settling tank is pumped back to the tank 

that feeds the screw press separator, where the settled slurry is combined with the flushed 

manure that is being pumped to the screw press separator (Figure 2.4) (A&PWMC, 

2004). 

 
Corbett # 3, 4 
 
A second separation system is located at Corbett Farm # 3 and 4, which include a total of 

four finishing barns that house 4,048 pigs when full. The Filtramat separator consists of 

sloping concave screens and a hydraulic screw press. The screen has .5 millimeter 

openings. Separated solids slide down the screen into a hopper. A wiper moves across the 

screen periodically to clean it. The solids that drop to the hopper are fed to a chamber to 

be compressed by a hydraulic screw press to remove water. The liquid leaves the 

Filtramat flows to a tangential flow settling system identical to the system used at Corbett 
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Farm Unit 1. Settled solids from the sludge thickening tank are periodically returned to 

the screw press (Figure 2.5) (A&PWMC, 2004). 

 Corbett # 1 farm was a finishing operation, which consisted of five naturally 

ventilated hog houses with 3,386 pigs weighing an average of 55.43 kg in the 

measurement period of October and 2,680 pigs weighing an average of 104.7 kg in the 

measurement period of December. NH3 fluxes were measured from stabilization and 

treatment pond and the feed tank. 

 Corbett # 3, 4 farms are both finishing operations. Each farm has two naturally 

ventilated hog houses. Combined together in the measurement period of September there 

were 3620 pigs with an average weight of 106.8 kg. For the measurement period of 

December there were 4122 pigs with an average weight of 76.3 kg. NH3 fluxes were 

measured from primary and secondary lagoons. 

 

Goshen Ridge Farm (Super Soils: Solids separation/nitrification-denitrification/soluble 

phosphorus removal/solids processing system) 

Goshen Ridge Farm is located near Warsaw, NC, in Sampson County. NH3 flux 

measurements were conducted during April 21- May 2, 2003 and February 23- March 1, 

2004 at the farm site. 

The two elements of this project, a liquid treatment system and a solids processing 

facility, are located at two different sites. The liquid treatment system is located at 

Goshen Ridge Farms, a 4,360-head finishing farm near Warsaw, North Carolina. Owned 

by Lewis Fetterman, Jr., Goshen Ridge Farms is under contract for production with 
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Premium Standard Farms. The solid waste management portion of this project is located 

at Timber Ridge Farms near Clinton, North Carolina. C. Ray Campbell, vice president of 

research and development for Super Soil Systems USA, leads the technology team for 

this project.  

Liquid treatment begins with separation of the solid and liquid portions of the waste 

stream. Solids separation is accomplished using polyacryalmide, a flocculating agent. 

The solids are transported to the Clinton site, where they are composted and blended with 

other materials using a proprietary process to produce a growth media. This value-added 

product is then bagged for sale and use off the farm. A portion of the solids is being used 

in evaluating another technology, the Orbit High Solids Anaerobic Digester.  

The liquid portion of the waste stream flows between tanks in a circulating loop 

undergoing denitrification as a result of aerobic activity in one tank and nitrification 

through the use of concentrated nitrifying bacteria in the second tank. Nitrogen is 

removed from the waste stream during this stage of the process. The liquid then flows to 

a settling tank, where phosphorus is removed through the addition of calcium hydroxide 

and a dewatering bag system. Calcium phosphate, which has value as a fertilizer, 

precipitates out during this process, providing a second value-added product. The pH of 

the liquid is raised during phosphorus removal, which kills bacteria and viruses. Roughly 

80 percent of the liquid is recycled through the hog houses, while 20 percent is used to 

irrigate crop fields (Figure 2.6) (A&PWMC, 2004).  

Goshen Ridge Farm is a finishing operation, which consists of six naturally ventilated 

hog houses with 3,519 pigs weighing an average of 93.4 kg in the measurement period of 
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April and 3,138 pigs weighing an average of 99.8 kg in the measurement period of 

February. NH3 fluxes were measured from Homogenization tank, Denitrification tank, 

Nitrification tank, 2nd Denitrification tank and the storage tank. 

2.2 NH3 Flux Measurements 

NH3 flux measurements of the two conventional and three EST farms were 

conducted by the dynamic flow-through chamber system. Meteorological parameters 

such as air temperature, relative humidity, solar radiation, wind speed and wind direction 

were monitored during the sampling period, as was the ambient NH3 at a height of 10m. 

During the ammonia sampling periods, 50 ml of lagoon water was collected. These 

samples were taken from the NH3 sampling points and were analyzed for TAN (Total 

Ammoniacal Nitrogen). Each sampling campaign for each season was limited to two 

weeks for both LST and EST farms. 

2.2.1 Dynamic Flow-through Chamber System 

 A dynamic flow-through chamber system (Aneja et al., 2000; Chauhan 1999; Kim 

et al., 1994; Kaplan et al., 1988) was used to determine NH3 flux from hog waste lagoons 

at the LST and EST farms. A translucent plastic cylindrical chamber, 45.7 cm in height, 

25.4 cm in diameter (a volume equal to ~ 24.4 L) was fitted into a circular hole cut into 

the center of a 1.2 m by 1.2 m floating plywood platform, which is supported by foam 

board and a frame of PVC piping. The chamber penetrated the lagoon surface by ~7 cm. 

To produce a closed system, a seal was formed between the bottom of the cylinder and 

the lagoon water. A fluorinated ethylene propylene (FEP) sheet of 5mm thickness lines 

the entire inner surface of the chamber. For the measurements, compressed zero grade air 
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was used as a carrier gas. The carrier gas was passed through the chamber system at a 

variable flow rate of 4-10 l min-1 using a mass flow controller. Inside the chamber was a 

Teflon impeller, which was driven by a variable-speed motor. This ranged from speeds of 

40-60 rpm, to ensure that the air inside the chamber was well mixed. A vent line was 

attached to the exiting sample line to stop over pressurization in the enclosed system. It 

was also used to check for leaks or under pressurization. This was achieved by bubble 

testing periodically. In order to prevent leaks or under pressurization, sample lines did not 

exceed 10m. For the enclosed system Teflon tubing (6.35 mm outside diameter, 3.97 mm 

inside diameter) and stainless steel fittings are used in order to minimize chemical 

reactions. 

 The dynamic chamber technique has been found to produce minimal differences 

between inside and outside atmospheric conditions. Johansson and Granat, (1984) 

investigated pressure differences between the outside and inside of a chamber. Using a 

tilted water manometer they found pressure differences were below detection limits. 

Arkinson (2003) during NH3 flux measurements found lagoon and air temperatures 

differences inside and outside the chamber to be small, 0.39 ± 1.48oC and 1.55 ± 2.30oC 

respectively. Arkinson (2003) also reported that differences in humidity were minimal. 

By adjusting the impeller speed, one can also roughly match the mean wind speed inside 

the chamber to that prevailing outside at a comparable height of 0.1 m. This adjustment 

was made 1-2 times a day. 

2.2.2 Mobile Laboratory 

 A mobile laboratory housed all detection instrumentation for this study. The 

mobile laboratory consisted of a modified Ford Aerostar van. The mobile laboratory had 
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a 13,500 BTU air conditioner unit, which regulated the temperature inside the lab 

ensuring optimum performance of the ammonia analyzers. 

2.2.3 NH3 Detection Instrumentation 

 NH3 concentrations were measured using a Thermo Environmental Instruments 

(TEI) Model 17c chemiluminescence ammonia analyzer. The incoming sample flow 

upon reaching the ammonia analyzer is separated into three parts. The first flow path 

mixes the sample flow with O3.  As a result of this standard chemiluminescence 

technique, the NO within the sample reacts to produce the NO concentration. The second 

flow path, the sample flows through a molybdenum converter (325oC), which results in 

all forms of oxidized nitrogen (NOx) converting to nitric oxide. The converted sample 

then reacts with O3, to produce a reading of NOx concentration. 

The chemical reactions for the chemiluminescence technique described above are 

summarized as the following 

NO + O3 → NO2
*                                                                                                          (2-1) 

NO2
* → NO2 + hv                                                                                                         (2-2) 

 In the third flow path the sample passes through a stainless steel converter (750oC), 

which converts both NO2 and NH3 to NO. As a result of this the chamber can measure NT 

(NT = NO+NO2+ NH3). Therefore in order to measure the NH3 concentration, the 

following equation is used (TEI, 2000). 

[NH3] = [NT] – [NOx]                                                                                            (2-3) 

Calibrations were performed on the TEI Model 17c Ammonia analyzer using a TEI 

Model 146 dilution-titration instrument. Gases used for the calibration include cylinders 
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of zero grade air and cylinders of 20 ppm and 900 ppm NH3. A multipoint calibration 

was conducted before each measurement campaign. The instrument was also regularly 

zeroed and spanned during the field experiment according to the TEI 17c ammonia 

analyzers operator’s manual (TEI, 2000). 

2.3 Automated Data Collection 

An automated data acquisition system was used to collect the data. This was composed of 

a Gateway laptop computer and a Campbell Scientific CR23X Datalogger (PC208W 

software). The CR23X datalogger recorded measurements for NH3 concentrations from 

the lagoon, lagoon temperature and lagoon pH. It also recorded measurements from a 

10m meteorological tower. Parameters measured from this include, ambient NH3 

concentrations at a 10 m height, relative humidity, air temperature, solar radiation, wind 

speed and wind direction. All measurements were averaged over 15 minutes. 

2.4 Ambient NH3 and Lagoon Parameters 

  Ambient NH3 concentrations were measured from a 10 m height.  At the sample 

inlet a Teflon filter which was 42mm thick and had a 1µm pore size was used. The 

sample would flow through Teflon tubing into the ammonia analyzers. 

 To measure lagoon temperature, two CS107 temperature probes were placed at a 

depth of 5-10 cm both inside and ~0.6m outside the chamber. Differences in lagoon 

temperatures inside and outside were found to be minimal (<1.5oC). 

 A CSI Model 11-L50 Innovative Sensors pH probe was submerged at a depth of 

5-10 cm. This provided continuous pH data for the sampling periods. 
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 During the sampling period, waste water samples were collected daily. These 

were analyzed at Weaver lab, which is part of the Department of Biological and 

Agricultural Engineering (BAE) at North Carolina State University. The samples were 

analyzed for Total Ammoniacal Nitrogen (TAN) using an ammonia-salicylate method. 

2.5 Meteorological Measurements 

 A 10m meteorological tower was used at each sampling site to measure relative 

humidity, air temperature, solar radiation, wind speed and wind direction. A model 

HMP45C relative humidity (RH) and air temperature probe were used to measure relative 

humidity and air temperature. The probe was placed at a 2 m height and was housed in a 

radiation shield. RH accuracy is ± 2% (0-90% RH) and ± 3% (90-100% RH), while air 

temperature accuracy is ± 0.2-0.5oC. Solar radiation measurements were made using a 

Model LI200X Silicon Pyranometer probe. The probe was placed at a 2 m height facing 

south. Solar radiation has an absolute error in natural daylight of 3-5% (CSI Operator 

Manual Reference). 

2.6 Lagoon Sampling Scheme 

 In order to find the best representation of ammonia emissions from lagoon, the 

chamber system was moved from its original plot within a 2 m radius on a daily basis. 

When moving the system to a new plot, the dynamic flow-through chamber system was 

flushed with compressed air for an hour, to prevent build up of excess moisture or 

ammonia.  

Furthermore before the movement to new sampling plots, the TEI 17c NH3 analyzers 

were calibrated. 
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 For the LST farms, where there was only one source of water body holding emissions, 

the whole experiment including the chamber system, the meteorological tower, and the 

mobile laboratory were moved to different sectors of the lagoon in order to examine 

spatial variability. 

2.7 NH3 Flux Calculation 

In order to calculate the NH3 flux, a steady state of mass balance equation was used 
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J = NH3 flux (µg NH3m-2min-1) 

Co = NH3 concentration in ambient air (µgm-3) 

C = NH3 concentration within the chamber (µgm-3 ) 

V = Volume of chamber above water (m3) 

q = Flow rate of carrier gas through chamber (m3min-1) 

Aw = Surface area of inner and upper walls of the internal chamber (m2) 

A = Cross sectional area of the top and bottom of the chamber (m2) 

L = Loss term (m min-1) - total loss of NH3 in the chamber due to reaction with inner and           

upper walls of the chamber 

As the chamber is well mixed, the concentration of NH3 in the chamber, C, remains 

constant. Zero air is uses as a carrier gas, therefore C0 is zero. When the system reaches 

steady state, the instantaneous change of ammonia concentration with time approaches 0. 

Therefore when steady state occurs, dC/dt = 0.  

19 



Therefore this equation can be simplified to the following. 
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From this equation, steady state ammonia concentration (Ceq), chamber dimensions (V, h 

& Aw), and flow rate (q) were all measured. The Loss term was determined 

experimentally, based on the method of Kaplan et al. (1988). The loss term is determined 

by the slope of the line the plot of  ⎟
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C(0) = NH3 concentration at an initial equilibrium state with a constant carrier gas flow 

rate, typically 12-14 lpm. 

Ceq= NH3 concentration at a second equilibrium state with a lower carrier gas flow rate, 

typically 4-6 lpm. 

C(t)= NH3 concentration at any time (t) during the transition between the two equilibrium 

states. 

The loss term is thus derived from the following equation. 
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During the experimental periods, the loss term values were found to range from 0.0105 to 

0.0369 m/min, which were much smaller than the values of q/Aw, which range from 0.05 

to 0.18 m/min. 

2.8 Climatological Data 
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In this study climatological data provided by the State Climate Office of North 

Carolina, were used to identify abnormal meteorological conditions for the experimental 

periods at sampling sites. This was achieved by comparing monthly averages of 

precipitation and mean air temperature for the month of the experimental period month 

with the 10-year average data for the corresponding month. Thus, we can determine 

whether the data obtained from an LST or EST site is typical and therefore if it is a good 

representation of that particular month or season. 

2.9 Methodology to Evaluating NH3 Emissions at EST Farms 

At each conventional and EST site NH3 emissions were measured over two-two week 

periods, one measurement period representing a warm season, the other a cold season. 

However, even during a representative warm or cold season, the environmental 

conditions are going to be unique at each site, as the measurements at each site were 

made at different times of the year. Therefore there is a need for accounting for these 

differences in our comparisons of the LST and EST’s. 

   In order to achieve this comparison, emissions from a conventional lagoon and spray 

technology must be adjusted for the average environmental parameters observed at the 

environmentally superior technology site. This adjustment for differing environmental 

conditions could be done by using a multiple regression relationship (model) between 

ammonia emissions and measured environmental parameters at two LST sites. This 

relative comparison would provide a methodology to evaluate the effectiveness of the 

EST’s for both the warm and the cold seasons. 

 In order to evaluate the effectiveness of the EST, ammonia emissions from lagoons were 

normalized to the nitrogen excretion (E) at the hog farms to express the emissions as % E. 
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For comparison, % E would have to be calculated for both conventional and EST farms 
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These % emissions can then be compared by calculating the % reduction 
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A number > 0 indicates a reduction in NH3.The larger the % reduction, the more effective 

the technology is in reducing NH3 emissions. Conversely a number < 0 indicates that 

there has been no reduction in NH3 emissions. 

An algorithmic flow diagram summarizing the methodology for evaluating NH3 

emissions from EST farms is shown in Figure 2.7. 

 

2.10. Observational Statistical Model from Waste Lagoons at LST Farms 

               Two conventional farms (Moores and Stokes farm) were chosen for obtaining 

baseline measurements of ammonia, and thus development of an observational statistical 

model for the flux from their waste lagoons. This observational statistical model was 

developed by examining the measured ammonia flux and the environmental factors that 

influence it. 

       A summary of the mean and standard deviations of the NH3-N flux measurements 

from the conventional farms and the various lagoon parameters are given in Table 2.1, 
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which shows that there are higher average fluxes in the warm season (1685 and 2349 µg 

N m-2min-1) at Stokes and Moores, respectively, than those in the cold season (153 to 371 

µg N m-2min-1) at Stokes and Moores, respectively. This suggests that lagoon temperature 

and possibly air temperature and other lagoon parameters affect NH3 emissions. 

         The diurnal variation in NH3 flux was examined for the conventional farms (Figure 

2.8). For the warm season, a typical diurnal pattern of NH3 flux is low emissions in the 

early morning, increasing with time throughout the day and reaching a maximum around 

3-4 p.m. before decreasing in the evening and nighttime hours. This diurnal pattern is a 

lot weaker in the cold season, where there seems to be little diurnal variation, particularly 

for Stokes farm. The increase in flux during the daytime hours, again suggests that lagoon 

temperature and air temperature are important factors in influencing ammonia emissions. 

 In order to evaluate the effectiveness of EST’s an understanding of the various 

parameters that influence ammonia emissions from LST is needed. In past observational 

studies such as Aneja et al. (2000), lagoon temperature was found to be the controlling 

factor in ammonia emissions, while the importance of other lagoon and environmental 

parameters has also been investigated through the use of mass transfer models (Arkinson, 

2003). 

 Using the data from the two conventional farms (Stokes and Moores) a simple 

linear relationship between log10 flux and lagoon temperature was found (Figure 2.9). 

log10 Flux = 0.0516 TL + 1.9433 (R2 = 0.82 and p< 0.0001)                                   (2-11) 

in which flux represents NH3-N flux in µg m-2 min-1, and TL is lagoon temperature in oC. 

Figure 2.9 also shows a comparison between the linear relationship developed for 

this study, and a previous study by Aneja et al. (2000). Aneja et al. (2000) made 
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measurements of ammonia flux at a LST farm (Farm-10) in eastern North Carolina for a 

period of one year. 

 It can be seen that these studies have produced similar regression lines. 

It is noticeable from Figure 2.9, that there is higher variability at the colder lagoon 

temperatures, between 5-10 oC. A further observation is that there might be an 

underestimation of flux at higher lagoon temperatures. This exponential relationship has 

been explained by the mass transfer coefficient of NH3 in water being an exponential 

function of temperature in the range 5oC to 30oC (Ibusuki and Aneja, 1984) and also by 

the dependence of Henry’s law on temperature (Dasgupta and Dong, 1986). An increase 

in lagoon temperature leads to an exponential increase in ammonia emissions due to a 

combination of biological, chemical and physical processes. The increase in lagoon 

emissions increases the rate of decomposition from the bottom of the lagoon. Ammonia 

then transports itself to the atmosphere through diffusion and bubble mass transfer 

processes (Muck and Steenhuis, 1982), followed by volatilization. 

The pH of the lagoon waste water also plays an integral role in the potential for 

ammonia volatilization. pH dictates the equilibrium between NH3 and NH4
+ in solution. 

This equilibrium is described by the following equation (Warneck, 2000): 

)()()()( 423 aqOHaqNHaqOHaqNH −+ +↔+                                                             (2-12) 

An increase in pH will lead to a increase in OH-, which shifts the equilibrium to the left, 

thus resulting in ammonia having a higher potential to be volatilized. Conversely an 

increase in H2O, which can occur as a result of precipitation events, can lead to a shifting 

of the equilibrium to the right reducing the potential for ammonia to be volatilized. 
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 The pH of wastewater in lagoons has a relatively narrow range, due to its high 

buffer capacity (Aneja et al., 2001b, Bunton, 1999). This is caused by the disassociation 

of ammonium, which releases hydrogen ions (H+). In waste lagoons there are also 

bicarbonate ions formed by microbial conversion of organic matter and hydrolysis of urea. 

These ions act as proton acceptors for H+ leading to neutralization of pH. 

A further factor that can affect lagoon pH is high concentrations of inorganic carbon 

(Oleson and Sommer, 1993). This can occur when fresh waste is added to a lagoon. 

Carbon dioxide emissions can also have an effect. As carbon dioxide volatilization occurs, 

pH will increase, thus resulting in an increase in available NH3 and therefore increased 

NH3 emissions (Bunton, 1999). In this particular study though, pH was not found to be 

statistically significant in the data from the two conventional farms. The pH in the hog 

waste lagoons has been found to range from 7.0 to 8.5 with the average pH at the 

conventional farms ranging from 8.07-8.41 (Table 3.8). Inclusion of pH in a multiple 

regression model for ammonia flux was not found statistically significant (Semunegus, 

2003). 

 Total ammoniacal nitrogen (TAN) is another factor that is thought could be 

important in controlling ammonia emissions (Arkinson, 2003). For each sampling site, 

samples were collected daily for TAN analysis. This number though was not enough to 

allow statistical analysis of TAN and its relationship with NH3 flux. The average TAN 

concentrations at conventional farms were found to range from 364 to 636 mg N/l (Table 

2.1). 

Using statistical regression analysis, a further factor was found to be significantly 

correlated with NH3 flux. This was ∆T, where ∆T = air temperature – lagoon temperature 
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(also known as the ‘hot air effect’). Figure 2.10 presents a plot of log (A*flux/ton) against 

∆T, where A*flux/ton represents the multiplication of the flux by the surface area of the 

water-holding structure per 1000 kg of live animal weight. There are two segments of this 

figure that need to be examined closely. To the left of the vertical line that represents ∆T 

= 0, notice that the four color categories that represent a range of lagoon temperatures are 

fairly horizontal. This means that when ∆T < 0, there is no effect on A*flux/ton, where 

A*flux/ton represents emissions per 1000 kg of live animal weight(µg NH3-N min-1 1000 

kg lw-1). Conversely there is not the same horizontal nature to the four color categories 

when ∆T > 0. As ∆T increases A*flux/ton decreases. This effect is most noticeable for 

the lower lagoon temperatures. Therefore this phenomenon can be summarized as that 

when ∆T < 0, A flux/ton value is dependent on only lagoon temperature, but when ∆T > 

0, A*flux/ton is dependant on both lagoon temperature and ∆T (Semunegus, 2003). ∆T > 

0 is more likely to occur in the winter than the summer. The effect of ∆T on flux for 

Moores and Stokes cold season sampling periods is shown more clearly in Figure 2.11 

and 2.12. There is a strong diurnal trend to ∆T in both sampling periods with the majority 

of the days showing an increase in ∆T during the day, with a peak in the mid-afternoon. 

The days with large ∆T correspond to decreases in flux, causing variation in flux-lagoon 

temperature relationship. 

It can be seen that days when there are large ∆T values in the cold season 

sampling periods, correspond to decreases in flux. This is shown by corresponding colors 

in the graphs for each particular day in the sampling period. 

 A scientific explanation for this phenomenon may be given simply by examining 

the atmospheric stability above the air-surface interface. When air temperature is higher 
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than lagoon temperature (∆T > 0), there is an increase in temperature with respect in the 

atmospheric surface layer. This leads to stable or inversion conditions, in which there is 

relatively weak turbulence and reduced flux of ammonia. On the other hand, when lagoon 

temperature is higher than air temperature (∆T < 0), there is a decrease in temperature 

with respect to height in the surface layer. These unstable conditions are is likely to result 

in enhanced turbulence and increased ammonia flux (Arya, 1999, 2001). 

 The effect of ∆T on the surface flux can further be explained by the use of well-

known bulk-transfer relations used for estimating surface fluxes (Arya, 2001). The NH3 

flux can be expressed as a product of the difference in NH3 concentrations at the surface 

and at a reference height, wind speed at a reference height and most importantly a 

dimensionless mass transfer coefficient (Cm). Cm depends on two factors, the surface 

roughness and atmospheric stability. The effect of stability can be described using the 

bulk Richardson number (RiB) 
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Zr = 10m, which is reference height for wind speed U and air temperature measurements 

T0 = surface temperature in absolute units 

  With increasing stability, RiB will increase (for RiB > 0), Cm is expected to 

decrease rapidly. Strong stability conditions are usually associated with weak winds. 

Therefore the combined effect of reduced Cm and wind speed in stable conditions lead to 

a overall decrease of the surface flux.  Unstable conditions with decreasing RiB, (Rib < 0) 

will result in an increase in Cm, while the wind associated with the strongly unstable 

conditions decreases. Therefore the combined effect of increased Cm and decreased wind 
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may not result in a significant change of the surface flux as ∆T and RiB decrease (become 

more negative) (Semunegus, 2003). 

A model was formulated by using a multiple regression analysis of all 15 minute 

averaged log10 A*flux/ton against the corresponding 15 minute averaged lagoon 

temperature and ∆T for both sampling periods at Stokes and Moores farm. The model 

also uses a farm indicator variable, in order to account for the variability between the two 

farms (Semunegus, 2003). The statistical analysis also takes into consideration 

autocorrelation. This is because the majority of the data points are in consecutive 15 

minute intervals. The results of the statistical analysis are shown in Table 2.2. 

 The R2 value, which is the proportion of variance that all the predictors account 

for is 0.94, which is very high. The p-values, which is the probability that a variate would 

assume a value ≥ than the observed value strictly by chance, are significant (p< 0.0001) 

for both lagoon temperature and ‘hot air effect’. The farm indicator variable is also 

significant (p<0.0001), indicating that different multiple regression equations are needed 

for Stokes and Moores. These equations are given below 

Stokes  Log10 (A*flux/ton) = 3.6264 + 0.04491 (TL) – 0.05946 (D)               (2-14) 

Moores  Log10 (A*flux/ton) = 4.1046 + 0.04491 (TL) – 0.05946 (D)               (2-15) 

Therefore the conventional observational statistical model based on average lagoon 

emissions at the two conventional farms is the following (Semunegus, 2003); 

Log10 (A*flux/ton) = 3.8655 + 0.0449*TL – 0.05946*D                                           (2-16) 

As mentioned earlier, pH was not found to be significant. 15 minute averaged 

log10 (A*flux/ton) was regressed against corresponding 15 minute lagoon temperature, 

∆T, and lagoon pH for both sampling periods at Moores and Stokes farm. The statistical 
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analysis also takes into consideration autocorrelation. This is because the majority of the 

data points are in consecutive 15 minute intervals. Table 2.3 summarizes the results of 

this statistical analysis. The p-value for pH is found to be insignificant (p>0.05) with a 

value of 0.1098. 
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Sampling sites NH3 flux 
(µg NH3-N m-2min-1) 

Lagoon 
Temperature 
(oC) 

Lagoon pH Lagoon 
TAN (mg 
N/l) 

Stokes 1 
(Sept, 02) 2349.4 ± 986.4 26.5 ± 1.3 8.1 ± 0.1 442 ± 18 

Stokes 2 
(Jan, 03) 152.7 ± 52.4 7.2 ± 1.0 8.4 ± 0.1 560 ± 19 

Moores 1 
(Oct, 02) 1685.4 ± 516.4  25.0 ± 1.6 8.2 ± 0.1 364 ± 36 

Moores 2 
(Jan-Feb, 03) 370.5 ± 147.1 6.8 ± 2.5 8.1 ± 0.1 636 ± 37 

Table 2.1 A summary of the mean and standard deviations of 15 minute averaged NH3-N 
flux measurements from the conventional farms and their various lagoon parameters 
(Data from Aneja et al. 2003). 
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Baseline farms with 'Hot air' variable 
Area Adjusted 

 
The GLM Procedure 

 
Dependent Variable: Lflux   log10(A*flux/(tons wt)) 

 
Sum of 

Source                    DF       Squares   Mean Square  F Value  Pr > F 
Model                      3   821.2709351   273.7569784  14905.6  <.0001 

Error                   2911    53.4636834     0.0183661 
Corrected Total         2914   874.7346185 

 
R-Square     Coeff Var      Root MSE    Lflux Mean 
0.938880      3.006981      0.135522      4.506897 

 
Source                    DF     Type I SS   Mean Square  F Value  Pr > F 
farm                       1   208.7160632   208.7160632  11364.2  <.0001 
Tlagoon                    1   556.7377574   556.7377574  30313.4  <.0001 

‘Hot air’                     1    55.8171144    55.8171144  3039.14  <.0001 
 

Standard 
Parameter                Estimate             Error    t Value    Pr > |t| 
Intercept             3.626352543 B      0.00561299     646.06      <.0001 
farm      Moore       0.478227645 B      0.00504468      94.80      <.0001 

farm      Stokes      0.000000000 B       .                .         . 
Tlagoon               0.044912075        0.00027042     166.08      <.0001 

‘Hot air’               -0.059456319        0.00107851     -55.13      <.0001 
 

NOTE: The X’X matrix has been found to be singular, and a generalized 
inverse was used to solve the normal equations.  Terms whose 

estimates are followed by the letter ‘B’ are not uniquely estimable. 
 

Table 2.2 Statistical summary of multiple regression analysis of NH3 flux measurements 
from Stokes and Moore Farms (Semunegus, 2003).  
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AUTOREGRESSION 
 

Standard                 Approx 
Variable        DF     Estimate        Error    t Value    Pr > |t| 

 
Intercept        1       3.4434       0.3446       9.99      <.0001 
Stokes           1      -0.6559       0.0350     -18.74      <.0001 
Fall             1      -0.6657       0.0814      -8.17      <.0001 
Stokes Fall      1       0.3442       0.0448       7.68      <.0001 
Tlagoon          1       0.0702     0.003759      18.68      <.0001 
D ‘hot air’      1      -0.0347     0.002413     -14.37      <.0001 
Lagoon pH        1       0.0682       0.0427       1.60      0.1098 

 
 

Table 2.3 Statistical summary of multiple regression analysis of NH3 flux 
 measurements from Stokes and Moore farms with lagoon pH (Semunegus, 2003).  
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Figure 2.1 Schematic layout of Stokes Farm and measurement plan.
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Figure 2.2 Schematic layout of Moore Farm and measurement plan. 
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Figure 2.3 Schematic layout of BOC # 93, and measurement plan. 
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Figure 2.4 Schematic layout of Corbett # 1 and measurement plan. 
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Figure 2.5 Schematic layout of Corbett # 3, 4 and measurement plan. 
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Figure 2.6 Schematic layout of Goshen Ridge and measurement plan. 
 
 

38 



 
Figure 2.7 Algorithm flow chart for evaluation of alternative technology ammonia 
emission from water-holding structures. 

Analysis of conventional 
farm (Moore & Stokes 
Farm) measurement data for 
NH3 lagoon emissions with 
lagoon and air temperature 

Establish an observational 
model based on conventional 
farm measurement data of NH3 
emission and lagoon and air 
temperature during different 
seasons   

Log10 (NH3 emission) = a + b • Tlagoon+ c • D; 
a, b and c; experimental constants, 
Tlagoon; lagoon temperature, Tair; air temperature
D; ∆T when ∆T>0, 0 when ∆T<0; ∆T= Tair- Tlagoon

Analysis of each technology 
farm (EST farms) 
measurement data for NH3 
lagoon emissions with 
lagoon and air temperature 

Estimate conventional NH3 
emission for evaluation EST by 
using lagoon and air temperatures 
from EST, and multiple linear 
regression model 

Plug temperatures into model 

Measured EST average 
NH3 emission (Fmeas) 
during the experimental 
period 

Estimated 
conventional average 
NH3 emission (Fproj) 
projected by the 
regression model  

Subtract the measured EST emissions from 
the projected conventional model emissions, 
then divide by the projected conventional 
model emissions and multiply by 100 to find 
the % reduction 

No reduction of NH3 emission 

No

Yes Reduction of NH3 
emission by alternative 
technology (The higher  
the % reduction, the more 
effective the technology.)  

% reduction > 0 

Multiple linear 
regression analysis
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Figure 2.8 Diurnal variation of NH3 flux for warm and cool seasons for both Moores and 
Stokes farm (Semunegus, 2003). 
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NH3 flux vs Lagoon temperature (Baseline Farms: Fall and Winter months)

Log 10  (NH 3 -N flux)= 0.048*T l  + 2.1
(Aneja et al. 2000,JGR)

Log10(NH3-N flux) = 0.051*Tl + 1.943
R2 = 0.82; (Current study)
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Figure 2.9 Log10 NH3 flux from hog waste lagoons for conventional farms (Moores and Stokes) and their relationship with  
lagoon temperatu (Aneja et al., 2003)
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Figure 2.10 Log (A flux/ton) versus ∆T at conventional farms. A vertical line is plotted at 
∆T=0, the point where air and lagoon temperatures are equal. There are four color categories, 
each representing a range of lagoon temperatures, these appear in more or less horizontal 
bands with higher emissions corresponding to higher lagoon temperatures (red, cyan) and 
lower emissions to lower lagoon temperatures (blue, black).(1: < 7 oC; 2: 7 to 20 oC; 3: 20 to 
27 oC; 4: > 27 oC). (Aneja et al., 2003)
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Figure 2.11 The diurnal variation of ∆T for different days at the 2nd Moores (Jan, 03) 
sampling period, and their effect on NH3 flux. 
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Figure 2.12 The diurnal variation of ∆T for different days at the 2nd Stokes (Jan, 03)   
sampling period, and their effect on NH3 flux. 
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3.0 Results and Discussion 
 
3.1 Climatological Data Analysis 
 

Climatological analysis of the monthly mean air temperature and precipitation over 

the last ten years were conducted. This was done in order to examine any abnormal 

meteorological conditions that might have occurred over the sampling period. Thus allowing 

a possible explanation for any atypical data collected. Climatological data was collected from 

two sources, the State Climate Office (SCO) of North Carolina ECONET and National 

Weather Service Cooperative Observer Network (NWS/CON) recording stations. 

 The monthly mean air temperature and precipitation for Whiteville, near BOC #93, is 

shown in Table 3.1 & 3.2. Compared to the 10-year precipitation average of 7.5 cm for the 

month of April (1994-2003), BOC #93, conducted for March 31st- April 11, 2003, showed a 

higher precipitation average of 14.1 cm, a difference of 6.6 cm, this is the highest 

precipitation average of any of the last ten years. Compared to the ten year precipitation 

average of 12.1 cm for the month of June, BOC #93, conducted for June 16- June 27, 2003, 

showed a lower precipitation average of 7.0 cm, a difference of 5.1 cm, however, this is in 

the range of the data for the last ten years. The 10-year annual precipitation average (1994-

2003) was 130.9 cm, while the annual precipitation average for 2003 was 141.7 cm, a 

difference of 10.8 cm.  

Compared to the 10-year temperature average of 16.9oC  for the month of April 

(1994-2003), BOC #93, conducted for March 31st- April 11, 2003, showed a lower 

temperature average of  15.8oC , a difference of  1.1oC. Compared to the ten year temperature 

average of 25.1oC for the month of June, BOC #93, conducted for June 16- June 27, 2003, 

showed the same temperature average of 25.1oC. The 10-year annual temperature average 
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(1994-2003) was 17.0oC, while the annual temperature average for 2003 was 17.1oC, a 

difference of 0.1oC. 

Overall for the BOC # 93 sampling periods there was some variance in precipitation 

patterns from 10 year averages, but little or no variance of mean air temperature patterns 

from 10 year averages. 

The monthly mean air temperature and precipitation for Warsaw, near Corbett # 1, 3 

& 4, is shown in Table 3.3. & 3.4. Compared to the 10-year precipitation average of 17.1 cm 

for the month of September (1994-2003), BEST, conducted for September 8-19 and 

September 29-October 3, 2003, showed a lower precipitation average of 10.4 cm, a 

difference of 6.7 cm; however, the average is well within the range of the data for the last 10 

years. 

Compared to the 10-year precipitation average of 6.9 cm for the month of December (1994-

2003), BEST, conducted for December 1-12, 2003 showed a higher precipitation average of 

12.3cm, a difference of 5.4 cm; however, the average is within the range of the data for the 

last 10 years. The 10-year precipitation average (1994-2003) was 128.6 cm, while the annual 

precipitation average for 2003 was 171.2cm, a difference of 42.5 cm, this indicates that 2003 

was a wet year (second wettest year of the last 10 years). 

Compared to the 10-year temperature average of 22.9 oC for the month of September 

(1994-2003), BEST, conducted for September 8-19, and September 29- October 3, 2002, 

showed a slightly lower mean temperature average of 22.1 oC, a difference of 0.8 oC. 

Compared to the 10-year temperature average of 7.6 oC for the month of December (1994-

2003), BEST, conducted for December 1-12, 2003, showed a lower mean temperature 

average of 6.1 oC, a difference of 1.5 oC; however, the average is well with in the range of 
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the data for the last 10 years. The 10-year temperature average (1994-2003) was 16.6oC, 

while the annual temperature average for 2003 was 16.3 oC, a difference of 0.3 oC.               

Overall for the Corbett # 1, 3 & 4 sampling periods there was some variance in 

precipitation patterns from 10 year averages, but little variance for mean air temperature 

patterns from 10 year averages. 

The monthly mean air temperature and precipitation for Clinton, near Goshen Ridge, 

are shown in Table-3.5. & 3.6.Compared to the 10-year precipitation average of 7.8 cm for 

the month of April (1994-2003), Goshen Ridge, conducted for April 21-May 2, 2003, 

showed a higher precipitation average of 12.6 cm, a difference of 4.8 cm; this was the wettest 

April of  the last 10 years. Compared to the 10-year precipitation average of 11.1 cm for the 

month of January  (1992-2001), Goshen Ridge, conducted for January 5-16 , 2004, showed a 

much lower precipitation average of  3.0 cm, a difference of 8.1 cm. This is the second 

lowest precipitation average in the last ten years. The 10-year precipitation average (1994-

2003) was 127.7 cm, while the annual precipitation average for 2003 was 133.8 cm, a 

difference of 6.1 cm. 

Compared to the 10-year temperature average of 16.0 oC for the month of April 

(1994-2003), Goshen Ridge, conducted for April 21-May 2, 2003, showed a slightly lower 

mean temperature average of 14.9 oC, a difference of 1.1 oC. Compared to the 10-year 

temperature average of 5.7 oC for the month of January 5-16 (1994-2004), Goshen Ridge, 

conducted for April 21 May 2, 2003, showed a lower mean temperature average of 4.0 oC, a 

difference of 1.7 oC. January 2004 was the 2nd coldest January in the 10 year period (1994-

2004).The 10-year temperature average (1994-2003) was 16.3 oC, while the annual 

temperature average for 2003 was 16.9 oC, a difference of 0.6 oC.               
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Overall for the Goshen Ridge sampling periods there was some variance in both 

precipitation and mean air temperature patterns from 10 year averages. 

 

3.2 Site Meteorological Data 

Meteorological data was recorded during each experiment period. The 15 minute 

average and standard deviation for wind speed, wind direction and air temperature for all 

experimental periods are shown in Table 3.7. The composite hourly averaged diurnal 

variations of wind speed, wind direction and air temperature for all experimental periods are 

shown in Figure 3.1-3.8.  

 Average wind speed from all experimental periods varied between 2.6 m/s ± 1.4, 

which occurred at BOC # 93 in April 2003, to 0.7 m/s ± 0.2, which occurred at Corbett # 1 in 

October 2003. All but the later produced the same diurnal pattern, showing a general increase 

in wind speed throughout the morning hours, reaching a peak in mid afternoon, before 

subsequently decrease in the evening. The October evaluation period of Corbett # 1 did not 

produce this pattern due to its low wind speeds. 

 Average wind direction did show some variance between sampling periods. Four out 

of eight sampling periods had average wind direction of south-south west (180-225o), which 

is the general prevailing wind for the region. Wind direction does not seem to possess any 

diurnal qualities, but the graphs do indicate the variant nature of wind direction.  

 Average air temperature for the sampling periods ranged from 4.4 oC ± 3.8 oC, which 

occurred in the December sampling period of Corbett # 3,4, to a high of 24.2 ± 4.2 oC, which 

occurred at BOC # 93 in the June sampling period. The diurnal pattern for air temperature is 
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similar to that for wind speed, with an increase in the morning, reaching a peak in the mid-

afternoon, before a decrease in the evening. 

 
3.3 Projected NH3 Emissions for EST farms 

The average projected lagoon NH3 emissions from the two conventional farms were 

estimated at the environmental conditions of the EST farms ( BOC # 93, Corbett # 1,3,4, 

Goshen Ridge) at the time of the sampling period by using the  multiple linear regression 

model described in section 2.10. The calculated values of Fproj for each EST sampling period 

are shown in Table 3.8. They range from 0.17 to 1.38 kg-N/1000 kg-lw/wk. 

 

3.4 Measured NH3 fluxes from EST Water-holding Structures and their Diurnal 
      Variation 
 

Mean and standard deviation of NH3-N flux measurements and lagoon parameters are 

summarized for all EST farms in Table 3.9.  

 

BOC # 93 (EKOKAN) 

  The 1st sampling campaign at BOC # 93 occurred in April 2003. Hourly averaged 

NH3 flux for all water-holding structures during this sampling period are shown in Table 3.10. 

 There was an average 15 min flux of 1711.0 ± 329.6 µg NH3-N m-2 min-1 from the treated 

effluent lagoon. This is higher than the flux from the biosolids lagoon, which is 1556.5 ± 

430.1 µg NH3-N m-2 min-1, respectively. The equalization tank has the 2nd highest flux with a 

magnitude of 1673.4 ± 515.8 µg NH3-N m-2 min-1. Diurnal variation of NH3 for the 1st 

sampling period for all the water holding structures is illustrated in Figure 3.9. 
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 The diurnal variations of flux from both the treated effluent lagoon and the biosolids lagoon 

are quite typical, with a daytime increase in flux. The treated effluent lagoon and the 

biosolids lagoon reached a maximum average flux of 2106 and 2259 µg NH3-N m-2 min-1, 

respectively. The equalization tank though shows a different pattern. Instead of an increase 

during the daytime hours, there is a decrease throughout the observation period.  

The equalization tank was sampled for less than 24 hours, starting at 1600 EST the previous 

day and continuing until 1400 EST the next day. This decrease is gradual after midnight, and 

becomes sharper throughout the morning hours. 

 It was suggested that a difference in lagoon temperature might be responsible for the gradual 

decrease in flux. Investigation into this found no relationship between tank flux and tank 

temperature (Figure 3.10). 

 The 2nd sampling period at BOC # 93 occurred in June, 2003. Hourly averaged NH3 

flux for all water-holding structures during this sampling period are shown in Table 3.11. 

For both the treated effluent lagoon and the biosolids lagoon there were higher fluxes in the 

2nd sampling period than the 1st sampling period. The treated effluent lagoon has a flux of 

2473.3  ± 928.8 µg NH3-N m-2 min-1 and the biosolids lagoon a flux of 2491.5 ± 537.1 µg 

NH3-N m-2 min-1. The equalization tank has the lowest flux of the water holding structures 

with an average flux of 1474.5 ± 643.6 µg NH3-N m-2 min-1. Diurnal variation of NH3 for the 

2nd sampling period for all the water-holding structures is illustrated in Figure 3.11. 

Like the 1st sampling period, the diurnal variations of the fluxes from the treated 

effluent lagoon and the biosolids lagoon were typical, with an increase in flux during the 

daytime hours with a peak in the late afternoon/early evening. The equalization tanks diurnal 

pattern was similar to the 1st sampling period. Again like the 1st sampling period only one 
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day of sampling was conducted at the tank starting in the early afternoon of the previous day, 

when flux had a maximum value of 3727 µg NH3-N m-2 min-1. It then decreases throughout 

the observational period, leveling off to a value of about 1000 µg NH3-N m-2 min-1. Again 

tank temperature was thought to be possibly responsible for increase in flux, but no 

significant correlation between the two was found (Figure 3.12). 

 

Corbett # 1 

Corbett #1 was evaluated for the 1st time from September 30th until 7th October. 

Hourly averaged NH3 fluxes for all water-holding structures during this sampling period are 

shown in Table 3.12. The stabilization lagoon was found to have an average 15 min flux of 

734.0 ± 192.1 µg NH3-N m-2 min-1
 with a maximum hourly flux of 889.9 µg NH3-N m-2 min-

1. The feed tank had a lot higher average 15 min flux of 2992.6 ± 109.0 µg NH3-N m-2 min-1, 

with a maximum hourly flux of 3263.8 µg NH3-N m-2 min-1. Diurnal variation of NH3 for the 

1st sampling period for all the water holding structures is illustrated in Figure 3.13. 

The diurnal pattern of the flux from the stabilization pond shows some atypical 

characteristics. Instead of the usual steady increase throughout the day, there is some 

variation, with a decrease in flux between 0900 and 1200 EST. The flux from the feed tank 

also shows a atypical diurnal pattern with only a small daytime increase in flux. 

 Corbett # 1 was evaluated for the 2nd time in early December 2003. Hourly averaged 

NH3 flux for all water holding structures during this sampling period are shown in Table 3.13. 

  The stabilization lagoon was found to have a 15 min average flux of 415.2 ± 61.1 µg 

NH3-N m-2 min-1 with a hourly maximum of 557.0 µg NH3-N m-2 min-1. Diurnal variation of 

NH3 flux for the 2nd Corbett # 1 sampling period for all the water holding structures is 
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illustrated in Figure 3.14. In this case there is only a small diurnal daytime increase, this is 

probably linked to the small diurnal range of lagoon and air temperature during the winter. 

Due to equipment problems, no measurements of the feed tank were taken during this 

sampling period. 

 

Corbett # 3,4 

The first evaluation of Corbett # 3,4 occurred in September 2003. Hourly averaged 

NH3 flux for all water-holding structures during this sampling period are presented in Table 

3.14. The 15 min averaged flux for the primary stabilization lagoon was 255.0 ± 34.6 µg 

NH3-N m-2 min-1, with a maximum hourly flux of 302.6 µg NH3-N m-2 min-1. The secondary 

lagoons average flux was much higher, 1250.1 ± 256.1 µg NH3-N m-2 min-1. The secondary 

stabilization lagoon had a maximum hourly flux of 1682.5 µg NH3-N m-2 min-1. Diurnal 

variation of NH3 for the 1st sampling period for all the water holding structures is illustrated 

in Figure 3.15. 

The primary stabilization lagoon flux showed the typical trend, but the secondary 

stabilization lagoon flux did not, showing a decrease in flux from 1200-1400 EST. This 

might be a result of limited data at this particular time of day. The rest of the data points are 

the averages of three or four day’s data, but in this particular case between 1200-1400 EST, 

there was only one day’s data. 

The 2nd sampling period at Corbett 3,4 occurred December 11-16 2003. Hourly 

averaged NH3 flux for all water-holding structures during this sampling period are shown in 

Table 3.15. The 15 min averaged flux for the primary stabilization lagoon was 453.1 ± 73.0 

µg NH3-N m-2 min-1, with a maximum hourly flux of 611.4 µg NH3-N m-2 min-1. This was 
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higher than the average for the secondary stabilization lagoon, which had an average of 136.5 

± 86.2 µg NH3-N m-2 min-1 and a maximum hourly flux of 175.0 µg NH3-N m-2 min-1. 

Diurnal variation of NH3 flux for the 2nd sampling period for all the water holding structures 

is illustrated in Figure 3.16. The diurnal variations for the primary lagoon were typical with 

an increase in flux during the daytime hours. For the secondary lagoon, a similar pattern 

occurred as during the 1st evaluation, with a decrease in flux occurring between 1200-1400 

EST, this was again due to limited data. For this particular time of the day, there was only 

one day’s data. 

 

Goshen Ridge 

The first sampling campaign at Goshen Ridge, occurred was from April 21 to May 2, 

2003. Five different tanks were sampled in total. Hourly averaged NH3 flux for all water-

holding structures during this sampling period are shown in Table 3.16. 

 For the homogenization tank, the average 15 min flux was 3092.3 ± 1573.6 µg NH3-N m-2 

min-1, with a maximum hourly flux of 6885.6 µg NH3-N m-2 min-1. The 1st denitrification 

tank was found to have an even higher flux with an average flux of 5838.1 ± 953.7 µg NH3-

N m-2 min-1, with a maximum hourly flux of 6242.1 µg NH3-N m-2 min-1. It should be noted, 

though, that the concentrations in the flux chamber were beyond the upper limit of detection 

of the ammonia analyzer, therefore flux values from this tank are highly uncertain. 

 The other tanks were found to have a lot lower fluxes. The nitrification tank, 2nd 

Denitrification tank and the storage tank had 15 min average fluxes of 213.7  ± 194.4 µg 

NH3-N m-2 min-1, 543.1  ± 129.2 µg NH3-N m-2 min-1, and 33.6 ± 13.3 µg NH3-N m-2 min-1, 
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respectively. Diurnal variations of NH3-N fluxes for the 1st sampling period for all the water-

holding structures are illustrated in Figure 3.17. 

  The diurnal variation of flux in the homogenization tank is very atypical. Two days of 

sampling were conducted at the homogenization tank. The experiment was started at 1600 

EST on the first day, data collection continued until 0445 on the 2nd day, when the zero air 

ran out. The experiment was then re-started in the afternoon and continued until the 

afternoon of the 3rd day. For each of these two sampling periods, there is a gradual decrease 

in flux until early afternoon. It is unknown what caused this constant decrease in flux.  

The diurnal variation of flux in the 1st denitrification tank is also abnormal. This tank 

was sampled for a 48 hour period. On two separate days the flux pattern between 1500 and 

2400 EST is very similar with the flux remaining relatively constant. It is not known how 

accurate this is, as the concentrations in the flux chamber were beyond the upper limit of 

detection of the ammonia analyzer. 

Between 0600 EST and 1200 EST, the two days show different patterns. For one of the days 

the flux showed the same diurnal pattern as between 1500 and 2400 EST, with the ammonia 

concentration in the chamber beyond the upper limit of detection of the ammonia analyzer. 

The flux on the 2nd day showed a different pattern with a large decrease in flux occurring at 

0600 EST that continued to 1200 EST, this is shown in the average NH3 flux diurnal 

variation. 

The diurnal variation of flux in the nitrification tank was also measured over a period 

of two days. For both days a similar diurnal variation was seen. Both show a daytime 

increase in flux, with a maximum hourly flux being recorded at 1000 EST. This is followed 
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by a decrease in flux until 1200 EST. There is a decrease in flux from 1600 to 2000. For the 

evening the flux remained nearly constant.  

 The 2nd denitrification tank also showed an atypical diurnal pattern of flux. The flux 

from this tank was measured over a period of less than 24 hours. The sampling started at 

1630 EST on the first day, and then continued to 1330 EST on the 2nd day. The diurnal 

pattern shows several increases and decreases. It is not known why this pattern occurs. 

 The storage tank is the only one of the five tanks that shows a typical diurnal pattern 

of flux. It should be noted that this is the only tank where no mechanical processes took place. 

Therefore it is hypothesized that the reason for other tanks showing such unusual diurnal 

variations is possibly due to the mechanical processes that take place in those tank. Overall, it 

is thought that an extended sampling period would give a more complete picture of the 

diurnal patterns of flux from these tanks. 

In the 2nd evaluation, which occurred from February 22 to March 1, 2004 only 4 tanks 

were sampled. This was because the 2nd denitrification tank was not in use. Hourly averaged 

NH3 flux for all water-holding structures during this sampling period are presented in Table 

3.17. 

For all the tanks the flux was much lower in the 2nd evaluation period. The average 15 

min flux for the homogenization tank was the highest at 881.1 ± 442.0 µg NH3-N m-2 min-1, 

with a maximum hourly flux of 2059.5 µg NH3-N m-2 min-1. The 15 min average fluxes for 

the denitrification and nitrification tanks are very similar, 33.5 ± 58.4 µg NH3-N m-2 min-1 

and 32.4 ± 15.1 µg NH3-N m-2 min-1 respectively. The storage tank has the lowest average 

flux, 13.7 ± 0.6 µg NH3-N m-2 min-1. Diurnal variation of NH3 flux for the 2nd sampling 

period for all the water-holding structures is shown in Figure 3.18. 
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The diurnal patterns for the tanks are again very atypical. In this sampling period, due 

to time restrictions, only one day of sampling was conducted at each tank. 

 The homogenization tank shows a slightly different pattern from that of the first 

evaluation. The sampling was started at 1800 EST the first day, and continued until 1000 

EST the second day. In the evening there is a decrease in flux. At midnight the flux increases 

slightly before becoming relatively constant in the early morning. Then, it decreased rapidly 

during the late morning hours. 

 For the nitrification and storage tanks there is a slight suggestion of a normal diurnal 

pattern, but with data missing in the middle part of the day, it is hard to be conclusive. The 

denitrification tank also shows stronger evidence for a regular diurnal trend, but again there 

is significant data missing.  

 

3.5 NH3 Emissions from Water-holding Structures at EST’s  

In order to calculate % EEST from Eq.(2-9), both Fmeas and nitrogen excretion from the 

EST need to be calculated.  Fmeas is calculated by measuring the NH3 emissions from the 

water-holding structures at the three EST farms (BOC #93, Corbett # 1,3,4, Goshen Ridge). 

These emissions were based on the NH3 flux from the various water-holding structures at 

each farm, water-holding structure’s surface areas and farm operation data during two two-

week measurement periods in a warm and cold season. The Fmeas for all EST farms is 

presented in Table 3.18. Total N emissions from the hog waste lagoons at the EST farms 

were estimated and compared to the total N excretion from the farm given in Table 3.19. The 

fraction of estimated total N from the hog waste lagoon surface to the farms N excretion 

represents a percentage of N loss from the hog waste lagoon surface at the farm (%EEST), 
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which is shown in Table 3.20. In the spring season campaign at BOC # 93 the total estimated 

emissions from the water-holding structures  were 0.23 kg-N wk-1 (1000kg-lw)-1, while in the 

summer the water holding structures emitted an estimated 0.58 kg-N wk-1 (1000kg-lw)-1. 

These produced percentages of N loss (%EEST) of the total N excretion for the spring and 

summer sampling periods of 8.2 % and 11.0%, respectively. At Corbett # 1 farm, total 

estimated emissions from the water-holding structures were 0.33 kg-N wk-1 (1000kg-lw)-1  

for the fall sampling period and 0.12 kg-N wk-1 (1000kg-lw)-1 for the winter campaign. The 

corresponding %EEST for the fall and winter sampling periods were 5.7 % and 5.3 % 

respectively. For Corbett # 3,4 farms the primary and secondary lagoons  in total emitted 

0.23 kg-N wk-1 (1000kg-lw)-1 in the fall sampling period and 0.1 kg-N wk-1 (1000kg-lw)-1 in 

the winter sampling period. The corresponding %EEST values were 13.6 % and 4.9 % for fall 

and winter campaigns respectively. In the spring sampling period at Goshen Ridge the 

estimated total N emissions from the tanks were 0.02 kg-N wk-1 (1000kg-lw)-1. In the winter 

the total estimated emissions were 0.004 kg-N wk-1 (1000kg-lw)-1. This accounted for only 

0.6 % and 0.1 % of N emissions from the tanks relative to the nitrogen excretion for the 

spring and winter measurement campaigns, respectively. It can be seen for the farms, that the 

total N emissions are significantly higher in the warm season than the cold season. This 

supports the conclusion that meteorological factors such as lagoon temperature and air 

temperature play a significant role in estimating nitrogen emissions factors from hog farms. 

 

3.6 Nitrogen Excretion 

Nitrogen excretion rate at each experimental farm was calculated by obtaining 

information on animal weight, feed consumption and feed nutrient analysis.  
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Nitrogen excretion was determined by the following equation: 

1000
)1(
×

−××
=

W
eNF

E rfc  

E = Nitrogen excretion (kg-N/wk/1000 kg-lw) 

Fc = Feed consumed (kg /pig/wk) 

Nf = Fraction of nitrogen content in feed 

Er = Feed efficiency rate (ratio of average gain of nitrogen to nitrogen intake per pig) (Pig 

CHAMP, 1999) 

W = Average weight of pig (kg) 

To calculate %EEST and %ECONV the nitrogen excretion has to be calculated for both 

conventional and EST farms. Nitrogen excretion was calculated in the same units as NH3 

emissions. The nitrogen excretion for all farms is presented in Table 3.19. 

To calculate %ECONV the mean nitrogen excretion of the two conventional farms is used, 

therefore for the warm season Nitrogen excretion is 3.55 kg-N/wk/1000 kg-lw and the cold 

season is 3.21 kg-N /wk/1000 kg-lw. 

 

3.7 Evaluation of the Effectiveness of EST’s 

In order to evaluate the potential reduction of NH3 emissions from water holding 

structures at EST farms, the total NH3 emissions are compared to projected emissions at the 

conventional farms. This is achieved by the calculation of % reduction. 
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Table 3.21 shows an overall summary of the total NH3 emissions measured from the EST 

farms, the projected total NH3 emissions based on the two conventional farms and their % 

reduction values. 

By examining the % reduction number, some conclusions about the effectiveness of each 

EST relative to the conventional farms can be reached. BOC # 93 showed a % reduction of 

42.7 and 71.7 for the spring and summer measurement campaigns, respectively. This 

indicates that significant reduction occurred in both sampling periods. Both Corbett # 1 and 

Corbett # 3,4 showed similar patterns of reduction. In the fall sampling period, both 

technologies were most effective with reductions of 71.1% for Corbett # 1 and 39.6% for 

Corbett # 3,4, respectively. In the winter sampling period the technologies were not as 

effective. Corbett #1 showed a % reduction of 13.6, and Corbett #3,4 a % reduction of 7.5 %. 

Again this indicates a much larger reduction of ammonia emissions in the warmer season. By 

far the most effective technology was Super soils at Goshen Ridge farm, where % reduction 

values of 94.7 for the spring and 99.0 for the winter are found.  

 

3.8 Emission Factors 

Emission factors were developed for both the LST and EST farms. Table 3.21 

provides a summary of emission factors and the % N loss for both LST and EST farms. 

Emissions factors were calculated by using the average 15 min NH3 flux, the surface area of 

the lagoons, and the number of pigs. Emission factor was reported in units of kg NH3-

N/yr/head. Averaging over both sampling periods the emission factor for Stokes farm was 

2.8 kg-NH3/yr/head. This is slightly greater than the emission factor for Moores farm, which 

when averaged over both sampling periods was 2.7 kg-NH3/yr/head. The estimated emission 
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factors were compared with various published studies approved by U.S.EPA (2004) as 

suitable to develop accurate emission factors (Table 3.22). Both Moores and Stokes had 

emission factors significantly lower than the average of 6.3 kg-NH3/yr/head. They were 

though very similar to the previous study Aneja et al., (2000), they reported an emission 

factor of 2.7 kg-NH3/yr/head. 

The average total % N loss for Stokes farm was 18.4%. Moore’s farm had a slightly higher 

average total % N loss of 21.6. U.S. EPA (2004) report that the average percentage of 

nitrogen lost from the lagoon as 71 % based on a nitrogen excretion of 16.16 lb N/yr/head. 

Therefore the % N loss like the emission factor is significantly less than the U.S. EPA (2004) 

average. It is suggested that there are a number of possible reasons for such large differences 

in % N loss. One is that our % N loss values are based on nitrogen excretion values 

calculated for each individual farm. The EPA though used just use one nitrogen excretion 

value based on a average. A further reason is that the EPA modified their nitrogen excretion, 

stating that only 76.6 % of total nitrogen excretion is present in the lagoons. An overall 

problem for both the development of emission factors and % N loss is that our data is based 

on only two, two week sampling periods and therefore may not  reflect seasonal variation and 

thus may not be truly representative of yearly  emissions from a hog farm. 

 Emission factors were also developed for the EST farms. This though did not include 

Goshen ridge, as the EST at this farm does not contain any lagoons. 

 Out of the three farms Corbett # 1 and Corbett # 3,4 were the joint lowest with emission 

factors of 1.1 kg NH3/yr/head. BOC # 93 had a slightly higher emission factor of 1.5 kg-

NH3/yr/head. Overall, all of the emission factors for EST farms were significantly lower than 

the conventional farms. The same applies to the % N loss from EST sites. Corbett # 1 had the 
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lowest average % N loss with a value of 6.4. BOC # 93 has a reported % N loss of 11.5 and 

Corbett # 3,4 a % N loss of 10.8 %. All of the EST farms have a % N loss 10-15 less than the 

LST sites. 
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Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann 
1994 13.61 4.623 10.82 5.867 11.66 14.12 15.75 17.6 12.24 13.56 5.969 8.28 134.1 
1995 15.44 12.01 8.255 1.829 12.9 16.46 14.17 8.052 10.9 12.42 9.627 5.004 127.1 
1996 7.671 6.528 13.36 11.94 9.373 11.99 17.48 18.85 40.92 12.85 6.375 7.823 165.2 
1997 9.601 8.052 4.877 9.601 3.2 6.071 11.61 4.775 13.18 6.452 14.12 11.61 103.1 
1998 16.97 20.27 18.75 9.627 17.4 17.98 11.48 18.44 9.119 0.914 5.512 12.45 158.9 
1999 20.42 5.969 7.315 10.9 14.2 6.071 8.28 13.69 45.85 18.67 2.489 4.445 158.3 
2000 13.64 2.896 13.94 6.502 7.823 22.07 15.04 21.67 14.25 0.051 8.966 5.791 132.6 
2001 2.235 6.68 13.74 1.753 11.81 9.83 9.042 18.64 5.588 1.168 3.404 2.743 86.64 
2002 10.74 5.182 9.22 2.794 7.264 8.992 10.85 12.12 7.95 9.576 8.458 7.696 100.8 
2003 3.835 11.18 12.85 14.07 18.19 7.01 26.29 9.195 18.97 11.56 2.515 5.994 141.7 
2004 4.115 11.05                       
AVG 10.75 8.585 11.31 7.488 11.38 12.06 14 14.3 17.9 8.722 6.744 7.183  130.9

Table 3.1 Summary of monthly precipitation (cm) from 1994 to 2004 at Whiteville (nearest to 
Bladenboro), NC (UCAN: 14401,COOP: 319357).

 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann 
1994 5.07 8.92 13.64 18.28 19.34 25.68 26.71 24.34 21.41 16.37 14.84 10.11 17.06
1995 7.03 6.38 13.26 17.63 21.76 24.54 27.43 26.80 21.96 18.52 9.89 5.54 16.73
1996 5.95 7.44 9.53 15.72 21.69 25.02 26.93 25.06 22.42 17.09 10.25 9.43 16.38
1997 7.33 9.81 15.14 14.59 19.18 23.03 26.94 24.71 22.79 17.04 10.11 7.34 16.50
1998 8.74 9.00 11.81 16.54 22.24 26.75 27.81 26.18 24.27 17.88 13.24 10.64 17.93
1999 9.65 8.78 10.02 17.82 20.03 23.92 26.77 26.88 21.85 16.17 14.63 7.67 17.02
2000 5.63 9.43 13.87 16.04 22.88 25.62 25.86 25.71 22.86 16.32 10.37 3.68 16.52
2001 6.33 10.15 10.79 17.06 21.06 25.50 25.67 26.49 21.85 15.96 15.25 11.54 17.30
2002 8.43 9.10 13.62 19.60 20.52 25.46 27.58 26.27 24.71 19.31 11.14 6.26 17.67
2003 4.71 7.89 13.77 15.79 21.26 25.08 26.99 27.27 23.03 17.41 15.54 6.58 17.11
2004 5.40 5.44                      
AVG 6.75 8.39 12.55 16.91 21.00 25.06 26.87 25.97 22.71 17.21 12.53 7.88 17.02

Table 3.2 Summary of monthly mean temperature (oC) from 1994 to 2004 at Whiteville (nearest to 
Bladenboro), NC (UCAN: 14401,COOP: 319357). 
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Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann 
1994 11.66 4.57  1.96 6.27 24.92 23.32 13.74 12.57 8.26 11.18 3.76 122.20
1995 8.94 11.13 10.72 1.35 8.41 40.26 12.09 3.40 4.90 11.56 10.39 4.19 127.33
1996 7.52  12.62 6.05 4.70 7.34 26.52   18.29 5.74 8.41 97.18
1997 8.10 7.34 8.03 8.00 6.63 7.14 16.94 8.36 19.13 5.21 13.06 11.33 119.25
1998 16.38 19.33 11.73 13.26 9.98 5.66 12.93 27.43 6.73 0.81 3.76 13.03 141.05
1999 18.36 5.56 6.96 11.66 8.20 13.21 13.74 28.45 62.31 7.16 5.72 4.06 185.39
2000 14.35 4.57 16.31 11.63 4.06 11.86 14.86 9.91 20.45 0.00 6.86 3.30 118.16
2001 2.08 9.42 18.44 1.45 11.89 16.59 7.21 14.00 -- 2.92 3.30 2.59 89.89
2002 15.14 4.80 17.78 5.59 6.07 12.12 8.74 13.97 3.91 7.90 10.97 6.88 113.87
2003 4.09 12.42 16.00 14.10 15.19 13.61 45.87 9.09 10.36 13.00 5.21 12.27 171.22
2004 2.92            

                            
AVG 10.41 8.64 12.90 8.05 7.70 14.55 17.65 13.89 17.09 8.00 7.26 6.93 128.55

Table 3.3 Summary of monthly precipitation (cm) from 1994 to 2004 at Warsaw, Duplin county    
(nearest to Rose Hill), NC (UCAN: 14389,COOP: 319081). 

 

 

 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann 
1994 5.91 8.69  18.35 19.72 26.38 27.92 25.43 21.88 15.78 14.13 9.81 17.63
1995 6.80 5.97 12.28 17.14 20.77 23.75 27.31 26.38 22.31 18.64 9.32 4.86 16.29
1996 5.68  8.74 16.18 21.36 24.74 26.33   17.56 9.87 9.44 15.54
1997 6.45 9.53 14.97 14.38 18.48 22.51 27.08 24.73 22.21 16.42 10.71 7.89 16.28
1998 8.88 9.18 11.55 15.87 21.08 26.29 27.41 25.79 24.22 16.65 12.76 10.31 17.50
1999 9.24 8.78 9.82 17.24 19.43 23.38 26.72 26.66 22.57 16.55 14.73 7.84 16.91
2000 5.06 9.21 13.23 15.51 22.03 25.04 25.03 25.23 22.52 16.18 10.17 3.64 16.07
2001 6.03 9.81 10.23 16.60 20.38 24.77 24.57 25.67  15.73 14.84 10.82 16.31
2002 7.84 8.69 12.75 18.82 19.66 24.91 26.87 26.26 24.12 18.95 10.29 5.95 17.09
2003 3.47 7.11 12.91 15.25 20.56 24.40 26.07 26.49 22.12 16.52 14.60 6.14 16.30
2004 4.54            

                            
AVG 6.56 8.35 11.76 16.36 20.44 24.71 26.78 25.89 22.87 16.88 12.19 7.56 16.63

Table 3.4 Summary of monthly mean temperature (oC) from 1994 to 2004 at Warsaw, Duplin county 
(nearest to Rose Hill), NC (UCAN: 14389,COOP: 319081). 
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Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann 
1994 10.46 5.44 14.10 3.20 4.39 18.01 11.30 9.37 9.02 8.74 7.54 5.49 107.06
1995 11.89 13.08 9.53 1.27 7.67 32.69 9.27 3.51 11.02 12.88 8.23 4.85 125.88
1996 9.73 6.55 11.79 6.73 10.34 13.18 21.95 8.05 32.05 13.46 9.75 8.13 151.71
1997 9.83 7.09 8.79 8.33 3.76 4.01 27.66 8.10 16.79 8.69 16.48 12.04 131.57
1998 18.82 17.83 16.92 12.42 14.58 4.67 6.15 18.42 8.20 2.11 3.61 11.33 135.05
1999 20.22 3.91 6.02 10.16 6.88 11.43 10.69 10.77 54.94 17.37 6.40 2.90 161.70
2000 13.87 4.01 10.46 10.90 -- 16.15 14.02 12.12 13.08 0.41 7.62 4.39 107.04
2001 1.70 8.13 12.52 1.52 7.77 15.70 12.42 16.10 6.43 3.28 7.49 1.98 95.05
2002 12.62 5.16 15.54 6.10 5.56 15.24 15.19 20.55 6.25 7.24 10.39 8.13 127.97
2003 4.65 12.07 11.51 12.55 17.93 14.38 28.22 11.02 6.38 10.03 5.08  133.81
2004 2.97            
                           
AVG 11.13 8.05 11.63 7.80 8.41 13.77 16.54 11.79 16.38 8.59 7.85 6.63 127.68

Table 3.5 Summary of monthly precipitation (cm) from 1994 to 2004 at Clinton, Sampson county,     
NC (UCAN: 14040,COOP: 311881). 
 
 
 
 
 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann 
1994 4.08 7.60 12.44 17.33 18.58 25.41 26.70 24.64 21.18 15.38 14.10 9.23 16.39
1995 6.02 5.06 12.12 17.02 20.85 23.79 27.04 26.49 21.84 18.11 8.73 4.36 15.95
1996 4.87 6.08 8.64 15.58 21.21 24.59 25.92 24.63 22.16 16.46 9.11 8.23 15.62
1997 5.74 8.64 14.17 13.99 18.54 22.99 27.02 24.74 22.46 16.61 9.93 7.08 15.99
1998 8.04 8.49 11.34 16.19 21.40 26.25 27.68 25.98 24.14 17.12 12.09 9.61 17.36
1999 8.44 8.16 9.28 16.93 19.72 23.60 26.86 27.12 22.23 16.21 14.21 7.29 16.67
2000 4.50 8.58 13.21 15.04  25.24 25.35 25.22 22.36 16.28 9.75 2.92 15.32
2001 5.31 8.92 9.74 16.40 20.43 25.26 24.82 25.78 21.31 15.67 14.50 10.41 16.54
2002 6.73 8.22 12.01 18.54 20.02 25.04 27.02 26.26 24.15 18.44 9.99 5.56 16.83
2003 3.27 6.21 12.43 14.94 20.23 24.22 26.09 26.31 21.93 15.89 14.46  16.91
2004 3.95            

                            
AVG 5.66 7.34 11.33 15.98 20.19 24.69 26.63 25.72 22.48 16.61 11.71 7.03 16.33

Table 3.6 Summary of monthly mean temperature (oC) from 1994 to 2004 at Clinton, Sampson     
county, NC (UCAN: 14040,COOP: 311881). 
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Sampling Sites Wind Speed (m/s) Wind Direction 
(degrees) 

Air Temperature 
(oC) 

BOC # 93 
(April 2003) 

 

2.6 ± 1.4 219 ± 48 15.2 ± 5.6 

BOC # 93 
(June 2003) 

 

1.8 ± 1.2 216 ± 54 24.2 ± 4.2 

Corbett # 1 
(October 2003) 

 

0.7 ± 0.2 - 16.6 ± 4.7 

Corbett # 1 
(December 2003) 

 

2.5 ± 1.2 151 ± 130 5.0 ± 4.6 

Corbett # 3,4 
(September 2003) 

 

2.0 ± 1.3 47 ± 7 21.2 ± 3.0 

Corbett # 3,4 
(December 2003) 

 

1.9 ± 1.7 204 ± 79 4.4 ± 3.8 

Goshen Ridge 
(April 2003) 

 

1.8 ± 1.0 196 ± 39 17.9 ± 5.0 

Goshen Ridge 
(January 2004) 

 

2.3 ± 2.2 119 ± 83 7.9 ± 5.1 

    
    

Table 3.7 15 min average and standard deviation of wind speed, wind direction, and air 
temperature for all sampling periods. 
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Farm name and 
sampling period 

Average lagoon 
temperature (oC) 

Average D (oC) Conventional 
model emissions 
(Fproj) 
(kg-N/1000 kg-
lw/wk) 

BOC # 93 
Apr. 2003 

18.5 0.7 0.46 

BOC # 93 
Jun. 2003 

28.7 0.3 1.38 

Corbett # 1 
Oct. 2003 

21.8 0.2 0.69 

Corbett # 1 
Dec. 2003 

9.3 0 0.19 

Corbett # 3,4 
Sep. 2003 

23.5 0.3 0.80 

Corbett # 3,4 
Dec. 2003 

8.5 0.2 0.17 

Goshen Ridge 
Apr. 2003 

17.2 0.7 0.4 

Goshen Ridge 
Feb. 2004 

14.2 0.3 0.31 

Table 3.8 Calculated Fproj  (kg-N/1000 kg-lw/wk) using the following multiple regression 
equation Log10 (A*flux/ton) = 3.8655 + 0.0449*TL – 0.05946*D. 
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EKOKAN 1st Period       
  NH3 flux (1st period: 3/31-4/11/2003)  (µg-N m-2 min-1)   

  Treated effluent lagoon Biosolids lagoon EQ tank  
EST hrly avg stdev hrly avg stdev hrly avg stdev 

0:00 1642.0 282.5 1400.2 306.2 2018.3 93.5 
1:00 1596.2 254.8 1369.4 324.4 1762.3 67.4 
2:00 1559.6 243.9 1359.5 341.6 1670.9 73.9 
3:00 1517.8 228.4 1356.9 357.7 1820.1 41.3 
4:00 1480.6 215.8 1324.2 352.6 1742.1 45.7 
5:00 1445.0 214.6 1305.7 346.8 1697.9 50.9 
6:00 1460.0 213.4 1321.2 336.1 1610.2 85.0 
7:00 1598.6 217.4 1363.9 284.8 1471.4 63.0 
8:00 1736.0 216.1 1445.7 274.5 1312.8 72.5 
9:00 1765.7 205.3 1517.6 251.8 1077.8 47.8 

10:00 1690.4 243.5 1566.6 239.2 1042.8 56.7 
11:00 1491.2 193.4 1689.2 249.7 841.1 87.7 
12:00 1507.1 173.6 1927.8 550.5 721.2 52.1 
13:00 1732.9 192.6 2258.6 1068.5 792.1 236.8 
14:00 2008.6 222.3 1830.9 647.4 752.2 . 
15:00 2105.6 214.2 1688.2 401.8 . . 
16:00 2042.8 338.0 1750.6 414.7 2440.3 230.4 
17:00 1940.1 377.2 1767.7 340.9 2079.5 43.3 
18:00 2047.6 349.3 1749.1 255.4 2077.2 45.0 
19:00 1974.7 348.1 1711.0 237.5 2173.4 37.5 
20:00 1948.9 414.9 1639.3 239.3 2058.9 20.0 
21:00 1879.4 413.7 1572.5 237.7 2228.2 60.1 
22:00 1789.1 363.7 1505.1 248.6 2286.3 3.8 
23:00 1697.1 318.3 1448.8 282.8 2206.2 65.5 

average† 1735.7   1577.9   1647.1   
stdev 212.5  233.7  546.6  

# of data 24   24   23   

average‡ 1711.0  1556.5  1673.4  
stdev 329.6  430.1  515.8  

# of data 266   530  85  
(15 min)     Tlag=18.5±2.4 (n=917)     

† Statistics for hourly averages      
‡ Statistics for 15 minute averages for the experimental 
period     

Table 3.10 Summary of hourly average NH3 flux from treated effluent storage, biosolids 
storage lagoon, and equalization tank during the 1st experimental period.   
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EKOKAN 2nd Period      
  NH3 flux (2nd period: 6/16-27, 2003)  (µg-N m-2 min-1)   

 Treated effluent lagoon Biosolids lagoon EQ tank  
EST hrly avg stdev hrly avg stdev hrly avg stdev 

0:00 2675.1 88.2 2141.1 454.8 1393.0 351.9 
1:00 2519.4 50.0 2155.1 485.8 1279.5 278.1 
2:00 2463.1 23.7 2121.4 481.2 1179.5 204.3 
3:00 2393.7 27.4 2119.4 486.1 1076.5 168.8 
4:00 2339.3 26.9 2108.7 488.1 1010.2 263.8 
5:00 2299.3 40.9 2092.5 479.7 1081.2 237.5 
6:00 2280.9 33.8 2148.1 450.1 1038.5 201.7 
7:00 2277.4 34.7 2200.8 477.2 1026.9 117.3 
8:00 2271.0 134.8 2259.1 496.8 1032.2 142.5 
9:00 2417.3 216.6 2655.3 102.7 1160.3 218.4 

10:00 2454.7 155.2 2707.2 162.0 1377.2 272.3 
11:00 2548.8 . 2781.9 111.6 1043.7 17.4 
12:00   . 2950.9 240.2 . . 
13:00 3224.0 407.2 3053.7 218.6 3727.2 478.9 
14:00 3739.0 449.9 3042.1 441.2 3003.5 144.9 
15:00 3856.0 600.9 3087.2 238.4 2534.6 214.3 
16:00 3830.6 301.3 3117.8 245.0 2032.6 170.8 
17:00 3964.6 606.9 2981.5 394.2 2477.1 1057.9 
18:00 4023.6 566.3 2722.5 428.2 1947.0 447.8 
19:00 3555.8 380.5 2666.5 462.4 1609.2 206.4 
20:00 3419.7 138.2 2509.8 443.2 1453.2 181.6 
21:00 3146.8 135.4 2418.6 433.1 1416.1 212.8 
22:00 2945.8 215.9 2355.0 404.9 1365.6 226.8 
23:00 2793.6 158.4 2315.1 394.0 1432.0 377.8 

average† 2932.2   2529.6   1595.5   
stdev 631.5  370.3  717.2  

# of data 23   24   23   

average‡ 2473.3  2491.5  1474.5  
stdev 928.8  537.1  643.6  

# of data 202  431  160  

(15 min)     Tlag=28.6±1.5 (n=729)     
† Statistics for hourly averages      
‡ Statistics for 15 minute averages for the experimental 
period    

Table 3.11 Summary of hourly average NH3 flux from treated effluent storage, biosolids 
storage lagoon, and equalization tank during the 1st experimental period.   
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BEST 2nd  Period (Corbett#1)  
  NH3 flux (2nd period: 9/30-10/7/2003) 

  
Stabilization 

Lagoon  Feed tank  
EST hrly avg stdev hrly avg stdev 

0:00 742.4 41.8 3010.6 10.3 
1:00 744.5 41.6 2941.6 22.6 
2:00 711.0 26.8 2887.5 8.2 
3:00 698.3 24.2 2882.0 18.8 
4:00 685.3 27.5 2943.6 30.1 
5:00 674.0 41.0 2982.6 15.0 
6:00 666.3 36.5 2949.6 9.4 
7:00 671.1 33.3 2897.2 30.4 
8:00 710.1 24.7 2892.9 23.0 
9:00 736.3 71.5 2865.1 24.2 

10:00 691.8 71.2 2891.7 8.8 
11:00 560.5 90.2 2920.1 86.5 
12:00 445.6 107.9 3122.1 139.3 
13:00 889.7 610.9 3263.8 10.8 
14:00 689.0 515.6 2921.3 114.6 
15:00 769.9 405.1 3051.7 151.7 
16:00 760.8 219.8 3098.5 66.6 
17:00 562.3 157.2 2997.0 19.1 
18:00 878.5 278.2 3072.6 34.4 
19:00 906.5 93.3 3117.4 11.4 
20:00 861.8 64.8 3112.9 23.4 
21:00 826.7 38.0 3046.2 12.0 
22:00 810.0 54.9 3013.8 35.9 
23:00 774.8 48.7 2973.2 9.5 

average† 727.8   2994.0   
stdev 108.7  100.3  

# of data 24.0   24   

average‡ 734.0   2992.6  
stdev 192.1  109.0  

# of data 256.0  95  
(15 min)      

Tlag=21.8±1.2 (n=269) note: does not include feed tank 
† Statistics for hourly averages   
‡ Statistics for 15 minute averages for the experimental period 

Table 3.12 Summary of hourly average NH3 flux at Corbett # 1 from Stabilization pond 
and feed tank during the 2nd BEST evaluation. 
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Best 3rd Period (Corbett#1) 

  
NH3 flux (3rd period: 12/1-
12/11/2003)  

  Stabilization Lagoon  
EST hrly avg stdev  

0:00 405.9 7.9  
1:00 404.1 3.0  
2:00 398.2 8.2  
3:00 387.8 12.0  
4:00 392.9 7.2  
5:00 393.0 17.6  
6:00 390.7 20.4  
7:00 386.0 14.7  
8:00 375.5 41.1  
9:00 359.0 82.9  

10:00 425.4 35.9  
11:00 411.9 19.9  
12:00 354.3 3.3  
13:00 325.2 63.2  
14:00    
15:00 474.4 7.0  
16:00 465.4 2.6  
17:00 557.0 126.3  
18:00 498.4 82.0  
19:00 454.8 19.6  
20:00 442.6 9.5  
21:00 429.3 11.8  
22:00 417.9 10.3  
23:00 414.1 5.3  

average† 415.8    
stdev 50.4   

# of data 23.0   

average‡ 415.2   
stdev 61.1   

# of data 157.0   
(15 min)      

Tlag=9.3±0.4 (n=269) note: does not 
include feed tank 
 

† Statistics for hourly averages   
‡ Statistics for 15 minute averages for the experimental period 

Table 3.13 Summary of hourly average NH3 flux at Corbett # 1 from Stabilization pond 
and feed tank during the 3rd BEST evaluation. 
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BEST 1st    Period (Corbett #3,4) 

  
NH3 flux (µg-N m-2 min-1)  
(1st   period: 9/8-9/15/2003)   

  Primary Lagoon 
Secondary 
lagoon  

EST hrly avg stdev hrly avg stdev 

0:00 239.7 13.6 1125.9 4.6 
1:00 231.3 17.9 1118.9 5.0 
2:00 232.4 20.1 1120.2 3.9 
3:00 232.8 11.6 1111.1 4.7 
4:00 230.3 16.0 1106.5 6.5 
5:00 230.5 16.0 1095.5 2.8 
6:00 230.2 12.8 1098.9 3.5 
7:00 228.1 15.8 1109.8 7.6 
8:00 228.5 17.4 1144.1 11.7 
9:00 263.3 69.9 1152.2 9.4 

10:00 278.4 39.2 1243.8 103.3 
11:00 251.8 39.7 1344.9 164.3 
12:00 249.7 33.7 1682.5 154.5 
13:00 284.1 18.3 1368.6 342.2 
14:00 302.4 17.7 1360.7 308.8 
15:00 302.6 33.9 1537.3 425.1 
16:00 288.2 32.7 1516.1 390.9 
17:00 283.2 21.3 1160.5 6.2 
18:00 277.3 9.9 1163.9 2.8 
19:00 265.0 12.7 1144.7 1.1 
20:00 262.6 16.6 1129.4 19.7 
21:00 253.1 20.7 1127.0 5.2 
22:00 244.7 22.2 1129.7 3.3 
23:00 240.0 17.9 1127.6 5.5 

average† 255.4   1217.5   
stdev 24.6  163.2  

# of data 24   24   

average‡ 255.0  1250.1  
stdev 34.6  256.1  

# of data 283   112  
(15 min)        

Tlag=23.5±1.7 (n=474) 
† Statistics for hourly averages    
‡ Statistics for 15 minute averages for the experimental 
period   

Table 3.14 Summary of hourly average NH3 flux at Corbett # 3,4 from primary and 
secondary stabilization lagoons during the 1st  experimental period. 
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BEST 2nd  Period (Corbett #3,4)   

  
NH3 flux (µg-N m-2 min-1)   
(2nd  period: 12/11-12/16/2003)   

  Primary Stabilization lagoon Secondary Stabilization lagoon 
EST hrly avg stdev hrly avg stdev 

0:00 426.7 24.2 147.8 81.2 
1:00 423.2 20.8 145.2 78.0 
2:00 419.6 26.3 139.0 73.6 
3:00 405.7 17.4 137.6 71.9 
4:00 395.4 20.4 132.9 65.0 
5:00 391.4 19.8 133.2 66.6 
6:00 380.5 15.9 133.8 66.2 
7:00 386.2 10.9 133.0 64.1 
8:00 401.4 15.0 126.0 68.6 
9:00 398.2 20.9 110.4 80.5 

10:00 429.5 37.2 99.9 88.8 
11:00 409.7 44.2 108.3 80.0 
12:00 416.7 86.9 144.5 76.6 
13:00 460.8 130.8 80.8 69.6 
14:00 611.4 43.3 31.8 3.7 
15:00 584.2 29.6 60.0 43.4 
16:00 582.7 15.1 164.2 158.2 
17:00 559.0 14.4 175.0 119.1 
18:00 529.7 14.3 166.0 101.4 
19:00 509.4 13.5 162.1 95.5 
20:00 488.0 23.7 157.4 90.9 
21:00 477.8 22.4 154.3 86.8 
22:00 455.6 27.0 151.9 85.0 
23:00 446.2 22.8 150.6 84.0 

average† 457.9   131.1   
stdev 69.8  34.5  

# of data 24   24   

average‡ 453.1  136.5  
stdev 73.0  86.2  

# of data 183   261  
(15 min)        

Tlag= 23.5 ± 1.7 (n=474)  
† Statistics for hourly averages    
‡ Statistics for 15 minute averages for the experimental period  

Table 3.15 Summary of hourly average NH3 flux at Corbett # 3,4 from primary and 
secondary stabilization lagoons during the 2nd   experimental period. 
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Super soils 1st (4/21 - 5/2/2003)        

  
NH3 flux (µg-N m-2 min-1)   
(1st period: 4/21-5/2/2003)             

 
Homogenization 
tank 

De-Nitrification 
tank Nitrification tank 

De-Nitrification 
Tank (2nd) Storage tank 

EST hrly avg stdev hrly avg stdev hrly avg stdev 
hrly 
avg stdev hrly avg stdev 

0:00 2794.5 111.7 6223.0 39.4 165.8 69.9 575.1 2.2 25.7 0.3 
1:00 2622.1 95.5 6213.5 37.8 172.3 79.5 564.8 4.1 25.6 0.5 
2:00 2456.7 61.1 6220.4 30.9 144.0 38.6 549.4 5.1 25.1 0.8 
3:00 2369.3 94.0 6219.9 45.6 141.7 37.1 527.7 8.0 23.3 0.7 
4:00 2216.5 63.8 6198.4 42.3 137.5 29.0 520.3 2.9 21.0 0.6 
5:00 2077.8 41.2 6188.9 48.2 150.5 25.9 509.1 4.3 19.6 0.7 
6:00 1980.7 16.7 6134.8 162.9 152.7 27.4 578.6 45.1 20.1 0.1 
7:00 1965.0 9.5 5783.0 498.8 160.1 35.2 631.0 29.9 19.6 1.4 
8:00 1941.7 39.7 5373.3 938.3 204.2 35.2 644.5 285.4 25.2 2.0 
9:00 1825.0 89.9 4605.6 1715.9 266.3 140.2 368.5 102.7 30.5 1.2 

10:00 1470.5 86.1 4401.5 1904.7 463.1 213.3 263.3 19.2 35.7 2.5 
11:00 1097.9 164.3 4272.2 2031.1 248.1 169.2 287.2 28.2 38.3 1.0 
12:00 832.2 45.4 5566.9 1298.5 139.4 49.7 414.7 39.4 41.6 3.5 
13:00 762.3 14.8       484.9 35.2 69.3 21.9 
14:00            .   . 
15:00            .   . 
16:00 6885.6  5762.3  330.1  672.5 111.3 43.1 1.4 
17:00 6763.4 260.7 5918.1 111.3 214.6 42.5 647.4 13.2 41.2 1.0 
18:00 6417.4 535.9 6075.9 172.1 175.0 14.2 617.6 2.8 38.6 1.1 
19:00 5031.3 576.5 6156.7 136.9 140.5 15.0 614.2 2.5 34.5 2.3 
20:00 4050.0 263.2 6190.3 96.0 122.6 8.7 621.8 3.9 32.2 0.5 
21:00 3475.1 122.2 6207.9 79.4 116.2 10.4 619.3 2.8 30.9 2.0 
22:00 3192.1 132.9 6242.1 43.2 117.0 8.0 620.2 1.6 27.5 1.1 
23:00 2977.4 139.8 6219.8 52.9 130.6 9.1 601.7 14.7 27.2 0.9 

average† 2963.8   5817.8   185.3   542.5   31.6   
stdev 1812.9  631.7  83.6  114.7  11.2  

# of data 22   21   21   22   22   

average‡ 3092.3  5838.1  213.7  543.1  33.6  
stdev 1573.6  953.7  194.4  129.2  13.3  

# of data 128  172  180  87  95  

(15 min)               
Overall Twater=24.0±2.7 
(n=677) 

† Statistics for hourly 
averages          
‡ Statistics for 15 minute averages for the 
experimental period        

Table 3.16 Summary of hourly average NH3 flux at Goshen Ridge from primary and 
secondary stabilization lagoons during the 1st experimental period. 
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Super soils 2nd  (2/22-3/1/2004)       

  
NH3 flux (µg-N m-2 min-1) 
(3rd period: 2/22-3/1/2004)           

  Homogenization tank Denitrification tank Nitrification tank 
Storage 
tank  

EST hrly avg stdev hrly avg stdev hrly avg stdev hrly avg stdev 

0:00 915.8 322.3 13.2 0.7 29.9 1.2 13.6 0.1 
1:00 1306.5 44.1 13.3 1.9 28.5 1.0 13.5 0.0 
2:00 1356.7 5.9   27.7 0.8 13.6 0.1 
3:00 1380.5 8.5   26.8 0.5 13.6 0.1 
4:00 1384.4 23.7 18.1 1.0 26.5 0.6 13.5 0.2 
5:00 1350.2 15.1 14.9 0.8 25.9 1.4 13.6 0.1 
6:00 1308.6 13.2 14.1 0.1 23.3 1.9 13.6 0.1 
7:00 1314.2 47.2 14.2 0.2 18.9 0.7 13.6 0.1 
8:00   17.3 1.1 19.0 1.5 13.7 0.2 
9:00   23.2 2.7 56.6 23.4 13.7 0.1 
10:00   24.6 0.7 60.7 46.5 13.7 0.1 
11:00     16.4 11.9 13.5 0.2 
12:00         
13:00         
14:00         
15:00   91.0 11.0 44.5    
16:00   64.6 8.9 42.8 2.3   
17:00   41.0 4.9 35.9 0.8 17.2 1.0 
18:00 925.6 54.3 26.4 5.4 35.3 1.8 13.7 0.1 
19:00 797.9 33.0 19.4 1.8 34.1 1.2 13.6 0.2 
20:00 711.2 21.3 16.1 1.3 34.2 1.2 13.5 0.1 
21:00 669.3 15.8 14.3 0.4 34.5 0.6 13.6 0.1 
22:00 614.9 21.6 13.7 0.4 33.0 0.3 13.5 0.0 
23:00 559.5 13.4 13.6 0.4 31.7 1.7 13.5 0.0 
average† 848.5   35.0   32.7   13.8   
stdev 460.3  43.2  11.2  0.8  
# of data 19   20   21   19   

average‡ 881.1  33.5  32.4  13.7  
stdev 442.0  58.4  15.1  0.6  
# of data 72   78  80  73  
(15 min)             Twater=12.9±2.2 (n=316) 
† Statistics for hourly averages        
‡ Statistics for 15 minute averages for the experimental 
period      

Table 3.17 Summary of hourly average NH3 flux at Goshen Ridge from primary and 
secondary stabilization lagoons during the 2nd experimental period. 
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Farm name and 
sampling period 

Water holding 
structure 

Average 
15 min 
flux 
(µg NH3-N 
m-2 min-1) 
 
 

Water 
holding 
structure 
surface 
area (m2) 

Weekly 
NH3 
emissions
(kg-
N/wk) 

Total 
emissions 
from 
water 
holding 
structures 
(kg-N/wk) 

Total 
emission/pig 
(kg-
N/pig/wk) 

Total 
emission/ 
1000kg-lw 
(kg-
N/1000kg-
lw/wk) 
Fmeas

BOC # 93  
Apr. 2003 

Treated effluent 
lagoon 

1711.0 1614.6 27.92 79.21 0.02 0.23 

 Biosolids lagoon 1556.5 3229.2 50.81    
 Equalization tank 1673.4 28.3 0.48    
BOC # 93 
Jun. 2003 

Treated effluent 
lagoon 

2473.3 1614.6 40.36 122.1 0.03 0.58 

 Biosolids lagoon 2491.5 3229.2 81.32    
 Equalization tank 1474.5 28.3 0.42    
Corbett # 1 
Oct. 2003 

Stabilization 
lagoon 

734.0 8291.8 61.51 62.33 0.02 0.33 

 Feed tank 2992.6 27.1 0.82    
Corbett # 1 
Dec. 2003 

Stabilization 
lagoon 

415.2 
 

8291.8 34.8 34.8 0.01 0.12 

 Feed tank 
 

-      

Corbett # 3,4 
Sep. 2003 

Primary lagoon 255.0 5175 693.5 88.38 0.03 0.23 

 Secondary lagoon 1250.1 5940 3902.8    
Corbett # 3,4 
Dec. 2003 

Primary lagoon 453.1 5175 1232.4 31.9 0.007 0.10 

 Secondary lagoon 136.5 5940 426.3    
Goshen Ridge 
Apr. 2003 

Homogenization 
tank 

3092.3 91.6 2.86 6.99 0.002 0.02 

 1st Denitrification 
tank 

5838.1 67.9 4.01    

 Nitrification tank 213.7 28.3 0.06    
 2nd Denitrification 

tank 
543.1 
 

4.5 0.03    

 Storage tank 33.6 91.6 0.03    
Goshen Ridge 
Feb. 2004 

Homogenization 
tank 

1468.0 91.6 1.36 1.41 0.0004 0.004 

 Denitrification 
tank 

31.0 67.9 0.02    

 Nitrification tank 43.0 28.3 0.01    
 Storage tank 18.2 91.6 0.02    

Table 3.18 Summary of the total emissions and Fmeas for EST farms. 
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 Farm name and 
sampling period 

# of pigs Average 
pig 
weight 

Total pigs 
weight 

Feed 
consumed 

N- content N-excretion 

   kg/pig kg kg/pig/wk % kgN/wk/1000kg-lw 
 Moores 

Oct. 2002 
 
7,611 

 
52.3 

 
397,711 

 
10.99 

 
3.02 

 
4.39 

Conventional 
Farms 

 
Feb. 2003 

 
5,784 

 
67.0 

 
387,771 

 
12.37 

 
2.95 

 
3.90 

 Stokes 
Sep. 2002 

 
4,392 

 
104.3 

 
457,372 

 
12.84 

 
3.14 

 
2.71 

  
Jan. 2003 

 
3,727 

 
88.5 

 
329,661 

 
12.59 

 
2.52 

 
2.51 

 BOC # 93 
Apr. 2003 

 
4,221 

 
82.7 

 
348,994 

 
11.93 

 
2.78 

 
2.82 

  
Jun. 2003 

 
4,374 

 
48.0 

 
209,952 

 
14.41 

 
3.24 

 
5.25 

 Corbett # 1 
Oct. 2003 

 
3,386 

 
55.4 

 
187,584 

 
15.44 

 
3.01 

 
5.86 

EST Farms  
Dec. 2003 

 
2,680 

 
104.7 

 
280,596 

 
16.27 

 
2.15 

 
2.34 

 Corbett # 3,4 
Sep. 2003 

 
3,620 

 
106.8 

 
386,616 

 
12.74 

 
2.03 

 
1.69 

  
Dec. 2003 

 
4,122 

 
76.3 

 
314,509 

 
8.98 

 
2.49 

 
2.05 

 Goshen Ridge 
Apr. 2003 

 
3,519 

 
93.4 

 
328,675 

 
17.03 

 
2.67 

 
3.41 

  
Feb. 2004 

 
3,318 

 
99.8 

 
331,136 

 
16.18 

 
2.49 

 
2.83 

Table 3.19 Summary of estimated nitrogen excretion at conventional and EST farms. 
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Farm name and 
sampling 
period 

 
Average 
lagoon 
temperature 
(oC) 

Average 
D  (oC) 

Conventional 
model 
emissions 
Fproj

% of 
ECONV

Measured 
EST 
emission 
Fmeas

% of 
EEST

 
 
% reduction 
= [(ECONV – 
EEST)/ECONV] 

BOC # 93 
Apr. 2003 

18.5 0.7 0.46 14.3 0.23 8.2 42.7 

BOC # 93 
Jun. 2003 

28.7 0.3 1.38 38.9 0.58 11.0 71.7 

Corbett # 1 
Oct. 2003 

21.8 0.2 0.69 19.4 0.33 5.6 71.1 

Corbett # 1 
Dec. 2003 

9.3 0 0.19 5.9 0.12 5.1 13.6 

Corbett # 3,4 
Sep. 2003 

23.5 0.3 0.80 22.5 0.23 13.6 39.6 

Corbett # 3,4 
Dec. 2003 

8.5 0.2 0.17 5.3 0.10 4.9 7.5 

Goshen Ridge 
Apr. 2003 

17.2 0.7 0.4 11.3 0.02 0.6 94.7 

Goshen Ridge 
Feb. 2004 

14.2 0.3 0.31 9.7 0.004 0.1 99.0 

Table 3.20 Summary of the total NH3 emissions measured from the EST farms, the 
projected total NH3 emissions based on the two conventional farms and their % reduction 
values. 
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Sampling site and 
period 

 
 

Average NH3 
flux 
(µg NH3-N m-2 
min-1) 

Surface 
area 
(m2) 

Total 
estimated 
emissions 
(kg- N/yr) 

Total 
emission/head 
(kg -N/yr/head),  

Emissions factor 
(kg NH3 
/yr/head) 

Nitrogen excretion 
(kg -N/yr/head)  

% N 
loss 

Stokes  
Sept. 2002 

Storage pond 2,385 
 

15,170 18,816.5 4.3 2.3 5.2 2.8 13.9 12.5 18.4 

Stokes 
Jan. 2003 

Storage pond 153 15,170 1,261.4 0.3  0.4  11.0   

Moores 
Oct. 2002 

Storage pond 1,657 19,405 26,858.2 3.5 2.2 4.3 2.7 9.1 10.2 21.6 

Moores 
Jan. 2003 

Storage pond 325 19,405 
 

5361.1 0.9  1.1  11.2   

BOC # 93  
Apr. 2003 

Treated 
effluent lagoon 

1711.0 1614.6 4093.9 1.0 1.2 1.3 1.5 9.3 10.4 11.5 

 Biosolids 
lagoon 

1556.5 3229.2         

BOC # 93 
Jun. 2003 

Treated 
effluent lagoon 

2473.3 1614.6 6327.7 1.4  1.7  11.5   

 Biosolids 
lagoon 

2491.5 3229.2         

Corbett # 1 
Oct. 2003 

Stabilization 
lagoon 

734.0 8291.8 3198.8 1.0 0.9 1.2 1.1 15.9 14.0 6.4 

Corbett # 1 
Dec. 2003 

Stabilization 
lagoon 

415.2 8291.8 1809.3 0.7  0.9  12.1   

Corbett # 3,4 
Sep. 2003 

Primary 
lagoon 

255.0 5175 4596.3 1.3 0.9 1.6 1.1 8.9 8.3 10.8 

 Secondary 
lagoon 

1250.1 5940         

Corbett # 3,4 
Dec. 2003 

Primary 
lagoon 

453.1 5175 1658.7 0.4  0.5  7.7   

 Secondary 
lagoon 

136.5 5940         

             Table 3.21 Summary of emission factors and the % N loss for both LST and EST farms. Bolded values represent yearly averages.
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Previous studies Emission Factor (kg NH3/yr/head) 
Aneja et al., 2000 2.7 
Fulhage, 1998 8.0 
Koelliker and Miner, 1971 6.5 
Fulhage, 1998 9.5 
Martin, 2000 6.6 
Martin, 2000 4.5 
Average 6.3 
Table 3.22 U.S.EPA approved studies for the development of emission factors for 
lagoons at swine operations (U.S. EPA, 2004).
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stFigure 3.1 Site meteorological data during the 1  measurement period at BOC # 93 

(March 31- April 11, 2003). Error bar indicates ±1 standard deviation. 
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ndFigure 3.2 Site measurement data during 2  measurement period at BOC # 93 (June 16-

27, 2003). Error bar indicates ±1 standard deviation. 
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ndFigure 3.3 Site meteorological for Corbett #1 data during the 2  measurement period 

(September 30- October 7, 2003).  Error bar indicates ±1 standard deviation.  
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rdFigure 3.4 Site measurement data for Corbett # 1 during 3  measurement period 

(December 1-16, 2003).  Error bar indicates ±1 standard deviation. 
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Figure 3.5 Site meteorological for Corbett # 3,4 data during the 1st measurement period 
(September 8- September 19, 2003).  Error bar indicates ±1 standard deviation. 
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rdFigure 3.6 Site meteorological for Corbett # 3,4 data during the 3   measurement period 

(December 1- December 16, 2003).  Error bar indicates ±1 standard deviation. 
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stFigure 3.7 Site meteorological data during the 1  measurement period at Goshen Ridge 

(April 21- May 2, 2003).  Error bar indicates ±1 standard deviation. 
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ndFigure 3.8 Site measurement data during 2  measurement period at Goshen Ridge 

(February 23- March 1st, 2004).  Error bar indicates ±1 standard deviation. 
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Figure 3.9 Diurnal variation of NH3 flux from treated effluent, biosolids storage ponds 
and equalization tank during the 1st measurement period. Error bar indicates ±1 standard 
deviation. 
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 90

Figure 3.10 Relationship between NH3 flux and tank temperature at the equalization tank 
at the 1st Ekokan sampling period (April, 03). R2 value = 0.0108 indicating no linear 
relationship between NH3 flux and tank temperature. 
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Figure 3.11 Diurnal variation of NH3 flux from treated effluent, biosolids storage ponds 
and equalization tank during the 2nd measurement period. Error bar indicates ±1 standard 
deviation. 
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 92

Figure 3.12 Relationship between NH3 flux and tank temperature at the equalization tank 
at the 2nd Ekokan sampling period (June, 03). R2 value = 0.0108 indicating no linear 
relationship between NH3 flux and tank temperature. 
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Figure 3.13 Diurnal variation of NH3 flux from Stabilization lagoon and Feed tank 
during the 1st Corbett # 1 sampling period. Error bar indicates ±1 standard deviation. 
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Figure 3.14 Diurnal variation of NH3 flux from treated effluent, Stabilization lagoon 
during the 2nd Corbett # 1 sampling period. Error bar indicates ±1 standard deviation. 
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Figure 3.15 Diurnal variation of NH3 flux from primary and secondary lagoons at 
Corbett #3, 4 during the 1st measurement period. Error bar indicates ±1 standard 
deviation. 
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Figure 3.16 Diurnal variation of NH3 flux from primary and secondary lagoons at 
Corbett #3, 4 during its 2nd evaluation. Error bar indicates ±1 standard deviation. 
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Composite hourly averaged NH3 flux (2nd-Denitrification tank)
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Figure 3.17 Diurnal variation of NH3 flux from waste effluent treated tanks from Goshen 
Ridge during the 1st measurement period. Error bar indicates ±1 standard deviation. 
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Figure 3.18 Diurnal variation of NH3 flux from treated effluent, biosolids storage ponds 
and equalization tank at Goshen Ridge during the 2nd measurement period. Error bar 
indicates ±1 standard deviation.  
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4.0 Summary and Conclusions 

The effectiveness of three environmentally superior technologies (EST’s), BOC # 93- 

Up-flow bio-filtration system (EKOKAN), Goshen Ridge- solids separation/nitrification-

denitrification/soluble phosphorus removal/solids processing system (Super Soils), and 

Corbett # 1,3,4- Solids separation/gasification for energy and ash recovery centralized 

system (BEST) were evaluated by comparing the estimated emissions of NH3-N from 

their water-holding structures for two, two week periods with estimated emissions from 

waste lagoons at two conventional farms (Moores Farm and Stokes Farm).  

  Measurements were conducted at two conventional lagoon and spray technology 

(LST) farms using the same methodology and sampling strategy as applied at  the EST’s, 

i.e. during two week periods in different seasons (warm and cold). This produced a 

relatively wide range of lagoon temperatures (~2oC to 35oC). From the flux 

measurements at the LST’s, a simple linear regression between log10 NH3 flux (µg NH3-N 

m-2 min-1) and lagoon temperature (oC) was found. 

log10 Flux = 0.0516 Tlagoon + 1.9433 (R2 = 0.82 and p< 0.0001) 

 This relationship was found to be in good agreement with a previous study 

analyzing NH3 flux from a hog waste lagoon at a conventional farm in eastern North 

Carolina (Aneja et al., 2000). 

For a more appropriate comparison of the emissions from water-holding 

structures at an EST with average lagoon emissions from LST’s, the latter was adjusted 

for the average environmental parameters (lagoon temperature and air temperature) 

observed at the EST farm. For this purpose, a more refined multiple regression model 
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(conventional observation statistical model), was developed using statistical analysis of 

data from the two conventional farms: 

Log10 (A*flux/ton) = 3.8655 + 0.0449*TL – 0.05946*D 

A*flux/ton= emissions per 1000 kg of live animal weight (µg NH3-N min-1 1000 kg lw-1) 

A = Surface area of lagoon 

TL = Lagoon temperature 

D = ‘Hot air’ variable, which is equal to the difference between air temperature and 

lagoon temperature when TA > TL, and zero when TA > TL

No statistical significant relationship was found between NH3 flux and pH or TAN for the 

LST farms. 

Both the projected conventional farm emissions and the measured EST emissions were 

normalized by the Nitrogen (N) excretion for each farm. N excretion was based on hog 

population, live animal weight, % N in feed consumed and hog feed efficiency rates. 

All of the EST’s on a water-holding structures produced reductions (% reduction) 

in emissions of NH3-N, compared to lagoon emissions from LST farms for both the warm 

and cold seasons. Overall, out of the three EST’s evaluated in this study the solid 

separation technologies at the Corbett # 1 and Corbett # 3,4 performed the least 

effectively. There were large reductions in the fall sampling period (71.7 % and 39.6 %, 

respectively), but extremely small reductions (13.6 % and 7.5 %, respectively) in the 

winter sampling period. BOC # 93 overall produced larger % reductions. BOC # 93 was 

more effective in the warm season with a 42.7 % reduction in the spring sampling period, 

and a 71.7 % reduction in the summer. The EST at Goshen Ridge produced the largest 

decreases in relative NH3-N emissions in both the warm and cold sampling periods. In 
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the spring sampling period, there was a 94.7 % reduction in relative emissions. In the 

winter the technology performed even more effectively with a 99 % reduction of relative 

NH3-N emissions. 

Emission factors were developed for LST and EST farms. Moores and Stokes 

emissions factors were found to be about two-thirds lower than the EPA 2004 report 

average of 6.3 kg-NH3/yr/head. The EST farms have even lower emission factors ranging 

from 1.1 – 1.5 kg-NH3/yr/head. % Nitrogen (N) loss from lagoons was also calculated for 

the conventional farms. Losses were found to be 21.6 % and 18.4 % for Moores and 

Stokes, respectively. These are significantly below the EPA average of 71 % N loss. The 

% N losses from lagoons at EST farms were even lower ranging from 6.4 to 11.5 %. 
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