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Farm Pilot Project Coordination, Inc. (FPPC) is a non-profit organization designated by Congress to assist in implementing innovative treatment technologies to address manure issues associated with animal feeding operations (AFOs). Their specific mandate is to administer a program to demonstrate economically viable innovative treatment technology systems that reduce the nutrient content of the manure stream from AFOs by 75 percent or greater. 

The air quality implications of manure management technologies are a growing concern. Odor was included as an emerging social and environmental trend related to managing animal manure at a March 2006 Congressional Briefing on FPPC. The Natural Resources Conservation Service (NRCS) has made clean air one of its six mission goals in the 2005-2010 NRCS Strategic Plan. Because of health, environmental, social and regulatory implications of airborne emissions from AFOs, FPPC has a strong interest in considering air quality implications in their evaluation of proposed manure management technologies. 
Air quality interests and expectations are a function of AFO location. AFOs near an urban/rural interface will likely have more pressure and higher expectations to manage airborne emissions. An AFO in an area with bad air quality will have more restrictions on emissions. An AFO near a Federally-protected airshed will have more regulatory requirements. 
The recommended air quality evaluation procedure outlined in this white paper builds on the NRCS Evaluation of Alternative Manure Treatment Systems Workshop November 2006 where Dr. Robert Burns outlined an evaluation process.
The steps for Alternative Treatment System evaluation were:

1. Diagram the system

2. Identify system components (Unit operations and processes)

3. Characterize input manure 

a. Total solids

b. Chemical oxygen demand / Biochemical oxygen demand

c. Nitrogen

d. Phosphorus

e. Potassium

f. Pathogens

4. Track form and fate of constituents through each process in order
5. Identify system nutrient outputs and forms

The evaluation process focused on the input and output characteristics of the liquid and solid streams of each unit operation and process of an alternative manure management system. The point was made that chemical elements (ex., carbon, nitrogen and sulfur) can be changed or transformed but they do not disappear, they go somewhere. The chemical elements end up either in a liquid, solid or the air. Emissions of methane, carbon dioxide, and hydrogen sulfide from anaerobic digestion and carbon dioxide and ammonia from solids composting were noted as airborne examples. 
When assessing the air quality implications of existing and alternative manure treatment systems, it is necessary to consider all potential airborne emitting sources and airflows, whether planned or unplanned. Airborne pollutants can be emitted during manure treatment, processing or transport between operations. Airflows include air exhausted from buildings by ventilating fans, pit fans or natural ventilation. Emissions can come from open system elements (i.e., treatment lagoons, holding ponds, manure storage tanks) and open feedlots.
Background

Manure is biologically active. The organic matter and nutrients in manure are broken down through complex biochemical transformations mediated by microorganisms and the enzymes they produce. Many of these transformations produce volatile compounds that can be emitted into the air. An understanding of manure treatment system elements, how manure is transformed, and the opportunities for particulate matter and gaseous pollutants to be generated and emitted provide valuable background for evaluating the air quality impacts of innovative manure treatment systems.
Gaseous emissions from manure management systems depend on upstream processes and conditions. Gas generation begins in the animal’s digestive system and is impacted by the diet being fed to the animals. Additional gas is generated and emitted during voiding, collection, transport, treatment, value-added processing and land application. Important processes and factors affecting gas and particulate matter generation and emission are presented as background information in this white paper. 
Many factors affect the amount, number and type of airborne emissions from livestock and poultry production and manure handling and treatment facilities. Many of the biological and physical processes that impact generation and emission are not sufficiently understood to precisely estimate air pollutant formation and emission rates. However, accumulating research results and a growing understanding of the basic principles of generation, emission, transport, transformation and deposition can provide guidelines for assessing airborne emissions from livestock and poultry production and manure handling and treatment systems and facilities.

General Air Resource Concerns

The NRCS air resource concern is focused on four components: particulate matter, ozone precursors, greenhouse gases and odors. Under the four components there are specific airborne pollutants of interest (Table 1). The amount and level of concern about each component depends in part on the range of impact. Greenhouse gases have a global impact. Ozone and secondary PM can have a regional or local impact. Odors generally have a local impact near the source.

Table 1. 
Specific airborne pollutants of interest in relation to the four components of the NRCS air quality and atmospheric change resource concern.

	Component
	Specific airborne pollutant of interest

	Particulate matter (PM) and their precursors
	Direct PM emissions in various aerodynamic size ranges including PM2.5 (Fine PM), PM10, and larger called total suspended particulate (TSP).
Secondary PM precursors
Sulfur oxides (SOx)2
Oxides of nitrogen (NOx)1
Ammonia (NH4)

Volatile organic compounds (VOC)

	Ozone (O3) precursors – ground level
	VOC
NOx

	Greenhouse Gases (GHG)
	Carbon dioxide (CO2), 

Methane (CH4), 

Nitrous oxide (N2O) 

	Odor
	VOC
NH4  

Sulfur compounds3 


1 Oxides of nitrogen include nitric oxide (NO) and nitrogen dioxide (NO2).

2 Sulfur oxides include sulfur dioxide (SO2), sulfur trioxide (SO3), and sulfuric acid (H2SO4).
3 Sulfur compounds of interest include sulfur compounds like hydrogen sulfide (H2S), dimethyl sulfide (CH3SCH3), methanethiol (CH3SH), ethanethiol (CH3CH2SH) and many others; compounds with sulfur in the reduced state with oxidation numbers of S-1 or S-2.

Five air resource concern compounds listed in Table 1 (i.e., PM10, PM2.5, O3, NO2 and SOx) are regulated by the US Environmental Protection Agency (US EPA) under the Clean Air Act through National Ambient Air Quality Standards (NAAQS). NAAQS are set to ensure basic public health and environmental protection from air pollution. The NAAQS for the six criteria pollutants (i.e. carbon monoxide, lead, PM10, PM2.5, O3, NO2 and SOx) are available on an US EPA website (51). There are primary and secondary national air quality standards. Primary standards set limits to protect public health, including the health of "sensitive" populations such as asthmatics, children, and the elderly. Secondary standards set limits to protect public welfare, including protection against decreased visibility, damage to animals, crops, vegetation, and buildings. 
Areas of a state, typically counties, which meet all of the NAAQS are designated as attainment areas. Areas which do not meet the NAAQS are designated as non-attainment areas. Non-attainment areas must develop a state implementation plan (SIP) to reduce emissions to bring the airshed into compliance. Emission sources in non-attainment areas may have restrictions on emissions and requirements for mitigation.

Specific Airborne Pollutants of Interest

Interest in specific pollutants depends in part on whether or not the emitting source is located within an airshed that is in attainment or non-attainment with regards to the NAAQS criteria pollutants. In addition, some states regulate hydrogen sulfide and odors, which need to be considered in any assessment.
Particulate matter

Particulate matter (PM) consists of solid- or liquid-phase particles whose settling velocity in air is too small to settle out in normal air currents. PM is categorized based on the aerodynamic equivalent diameter of the particulate matter. Subscripts associated with the particulate matter (i.e., PM10 and PM2.5) are used to indicate the aerodynamic equivalent diameter of the particulate matter in microns collected by air sampling equipment. For example, PM10 is defined as particulate matter with an aerodynamic equivalent diameter of less than 10 microns. Secondary PM is formed when NH4, NOx and SOx dissolve and combine chemically in the presence of water vapor. Secondary PM is typically fine PM (PM2.5) (8). 
PM from animal operations is a complex and highly variable mixture of materials including feed particles, dander, hair, feather parts, manure, bedding, soil, road dust, engine or boiler exhaust and bioaerosols. Bioaerosols can include viable bacteria, viruses, mold spores and other organic substances or components (8). Endotoxins are part of the outer membrane of the cell wall of Gram-negative bacteria. These cell wall elements, from dead cells, can be potent inflammatory agents that produce systemic effects and lung obstructions (24). Aerial particulate matter from animal buildings can affect the health and productivity of animals as well as pose health risks to workers and neighboring residents (23). 

Ground-level ozone

Ground-level ozone can cause human health problems and damage forests and agricultural crops. Repeated exposure to ozone can make people more susceptible to respiratory infections and lung inflammation. Ground-level ozone and fine PM form smog.
The main pollutants that react to form ground-level ozone are VOCs and NOx. They react in the low level atmosphere (troposphere) during hot sunny (i.e., summer) weather. It takes several hours after the VOCs and NOx get into the air for them to react. In many cases elevated ground-level ozone concentrations at a location are due to emissions upwind. Weather and topography (i.e., hills or mountains around a valley) impact ozone generation, concentrations and transport. When temperature inversions occur (air is trapped near the ground by a layer of warm air aloft) and winds are calm, high concentrations of ground level ozone may persist for days. As VOCs and NOx are added to the air and more ozone is formed, ground-level ozone concentrations get worse.
Greenhouse Gases
Greenhouse gases from livestock and poultry facilities include water vapor, carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). These and other gases in the earth’s atmosphere help retain solar radiation and warm the planet. Greenhouse gas concentrations in the atmosphere have increased during the past century and efforts are underway to reduce their emissions and concentrations. The impact of different greenhouse gases is described in terms of global warming potential (GWP) relative to carbon dioxide. Methane has a GWP of 23 times that of carbon dioxide and a residence time in the range of 8.4 years. Nitrous oxide has a GWP of 296 times that of carbon dioxide and an atmospheric residence time in the range of 100 years. The multiyear residence times that CH4 and N2O have make their impact worldwide (25). Greenhouse gases are emitted by the livestock and poultry and from their stored and land applied manures.
Odors

Odors from animal facilities and manure handling systems are comprised of mixtures of many gases. Over 330 VOCs and fixed gases were identified at swine facilities in North Carolina (43). Other lists include compounds from poultry and dairy manures (27; 38). Important odorous compounds include ammonia, volatile fatty acids (VFA), indole, skatole, phenols, alcohols and carbonyls (15). Generally odors from livestock and poultry facilities and their manures are considered unpleasant and can be a source of complaints when their intensity, duration and frequency are unacceptable to those who smell them. Stored feeds and feed processing centers can also be important odor sources. Odors can generate strong emotional reactions. Their impact is generally confined to local areas near the sources.

Ammonia

Ammonia (NH3) is an air pollutant of interest because it is a particulate matter precursor, contributing directly to the formation of secondary particulate matter (PM2.5) and an odorous compound. Ammonia has a sharp, pungent odor. After being emitted into the air, NH3 can be converted to ammonium (NH4+) and react with acidic compounds (i.e. nitric acid (HNO3) and sulfuric acid (H2SO4)). Ammonia and NH4+ reside in the atmosphere for about 14 to 36 hours so with transport by wind they can have a regional impact downwind from where they are emitted. Ammonia is deposited by both “dry” and “wet” deposition. Ammonia deposition impacts ecosystem fertilization, acidification and eutrophication, which can impact soil and stream acidity, forest productivity and ecosystem biodiversity. Most NH3 from livestock and poultry is emitted from fresh and stored manure. Ammonia is a by-product of urea and uric acid hydrolysis of recently voided feces and urine. Additional NH3 is generated by deamination of undigested proteins in stored manure.
Volatile organic compounds

Volatile organic compounds (VOCs) are a chemical classification that includes a large number of individual chemical compounds that contain carbon and come in different chemical classes or forms (i.e., volatile fatty acids (VFAs), indoles, phenols, and sulfur-containing compounds). VOCs are secondary PM precursors, ground level ozone precursors and important odorous compounds. Research studies have attempted to correlate select VFAs and volatile aromatic compound (ex. benzene, toluene and xylene) concentrations to odor (57; 58; 67). VOCs are produced during aerobic and anaerobic degradation of animal manures. Many feed materials emit VOCs. Many VOCs vaporize easily at room temperature. 

Sulfur compounds
Hydrogen sulfide (H2S) is one of many sulfur compounds produced by microorganisms under anaerobic conditions that have objectionable odors. Hydrogen sulfide has a characteristic rotten egg smell even at low concentrations. Extended exposure to H2S can lead to desensitization to the smell. Most atmospheric H2S is oxidized to sulfur dioxide (SO2) which is either dry deposited or oxidized to aerosol sulfate and removed, primarily, by wet deposition. The residence time of H2S and its reaction products is in the order of days, which suggests that its impact from AFOs is mostly local or regional. Other sulfur compounds include: dimethyl sulfide (CH3SCH3), methanethiol (CH3SH), ethanethiol (CH3CH2SH) and propanethiol (CH3CH2CH2SH). Anaerobically stored manures are the source of most sulfur containing air pollutants. 
Air Pollutant Formation

Animal manure is composed of feces, urine, bedding, wasted feed and wastewater (6). The feces and urine contain undigested diet components, excreted by-products of intestinal metabolism and bacterial cells from indigenous digestive tract micro flora. The feces and urine contain most of the nutrients in animal manure (50).
Many of the airborne pollutants generated in animal manure are the output of a series of microbial and enzymatic reactions that break down the organic matter and nutrients in the animal diet and voided manure. The type, amount and characteristics of the pollutants generated depend on the bioavailability of the nutrients and carbonaceous matter and the physical conditions of the manure (50).
Diet Effects on Air Pollutant Formation

The amount and composition of manure excreted varies by animal digestion (i.e. ruminants versus non-ruminants), diet composition, amount of feed intake, animal production level and water composition. Diet ingredients and their physical forms (ex. steam flaked, dry ground) affect nutrient bioavailability and absorption within the animal digestive system and nutrient excretion levels and chemical form. These in turn affect the nutrients available in manure and the airborne emissions from manure handling systems (34; 35; 50). 
Livestock and poultry digestive systems can be divided between ruminants (i.e. beef, dairy cattle and sheep) and non-ruminants (i.e. swine and poultry). Ruminant digestive tracts of cattle have a multi (4)-compartment stomach that contains microbial populations capable of digesting and releasing nutrients from highly fibrous feeds (i.e. forages) and digestible grains. The cattle use the nutrients and microbial by-products from the feeds and grains digested. Precise nitrogen formulation and utilization by ruminants is complicated because of the nitrogen needs of the microorganisms in the rumen. Non-ruminants have a simple (one compartment) stomach that does not efficiently digest highly fibrous feeds. Non-ruminants are fed highly digestible grains readily broken down by intestinal enzymes that release the nutrients for absorption and use. An understanding of animal digestion and the bioavailability of feed source nutrients is used to formulate livestock and poultry diets required by the animal for maintenance, growth, production and reproduction. Unused nutrients pass through the animals and are voided with the urine and feces. The amount and characteristics of nutrients in manure affects the amount, number and type of emissions from manure and manure systems (50).

One approach to reduce odor emissions by diet manipulation has focused on matching dietary protein levels more precisely to the animal’s need while maintaining production. The objective is to reduce the amount of nutrients excreted in the feces and urine available to be converted to odorous compounds. One method, reduces the protein content of the diet and adds amino acid supplements to more precisely provide the requisite nutrition. Another method, called phase feeding, involves feeding a number of successive diets, each differing in protein, energy or amino acid balance to match the nutritional requirements of the animals at different ages and weights. Phase feeding improved broiler weight gain and reduced nitrogen excretions (40). 
Water is an important element of animal diets. Water that meets EPA water quality standards can provide additional nitrogen (i.e. nitrate and nitrite) and sulfur (sulfate) to the manure, which can contribute to airborne emissions from the manure. 

Air Pollutant Formation during Animal Digestion

Volatile Fatty Acids (VFA)
Organic matter in feed, especially structural carbohydrates (ex. cellulose, lignin, and hemicellulose), is anaerobically fermented in farm animal digestive systems into VFAs, which are also VOCs. Most VFAs are absorbed into the bloodstream and metabolized by the animals. Carbon dioxide and methane are other gaseous products of anaerobic fermentation in animal digestive systems (32). 

Amino Acid Deamination and Decarboxylation

Protein, an important element of animal diets, is made up of amino acids which contain organic nitrogen and sulfur. In the digestive system, deamination is the major biochemical pathway for amino acid metabolism. Deamination breaks down ammonia-containing amino acids and produces VFAs, CO2, hydrogen and ammonia. Amino acid decarboxylation removes hydrogen and CO2 from the amino acid to produce amines, organic compounds that contain nitrogen (32). Many amines have very low odor detection thresholds; they can be smelled at very low concentrations.
Indoles and Phenols

Microorganisms produce indoles and phenols as by-products of amino acid metabolism (32). Indoles are a group of aromatic heterocyclic organic compounds that contain nitrogen (ex. skatole). Phenols are a group of chemical compounds with a hydroxyl group attached to an aromatic hydrocarbon group. Cresols (i.e., p-, m-, o-) are phenols that have a methyl group as well as the hydroxyl group. Indoles and phenols can be smelled at very low concentrations.
Sulfur containing compounds

Sulfur compounds are produced by anaerobic bacteria by both sulfate reduction and metabolism of sulfur containing amino acids (32). The sulfur containing by-products include hydrogen sulfide and numerous mercaptans, compounds that contain a thiol group composed of a sulfur atom and a hydrogen atom (-SH). Many sulfides and mercaptans have very low odor detection thresholds.
Enteric gases 
Gases generated during anaerobic microbial fermentation in the foregut of ruminants (i.e. cattle and sheep) and the hindgut of non ruminants (i.e., pigs and poultry) can be expelled through respiration and eructation. Gases expelled include carbon dioxide, methane, mercaptans and hydrogen sulfide (32). 

Air Pollutant Formation during Manure Degradation / Decomposition
Microbial and enzyme activity

Intracellular and extracellular microbial enzymes in stored manure are generally considered to be the main source of odorous gases generated in livestock and poultry manure emissions. Livestock and poultry manure when voided contain many different bacteria in large numbers. Microbial concentrations, growth rates and retention time impact generation and utilization. Microbial activity depends on nutrient availability, oxygen level (aerobic versus anaerobic), moisture content, temperature and pH. (12) 
The microorganisms in animal manure break down undigested diet carbohydrates, proteins and animal metabolic end products. Carbohydrate fermentation in cattle manure is an important source of VFAs (34; 35). Urea and uric acid excreted by livestock and poultry are important sources of nitrogen which can be rapidly hydrolyzed to produce ammonia. Undigested protein in manure contains organic nitrogen and sulfur. Microbial mediated biochemical break down of protein produces and releases many odorous compounds including ammonia, hydrogen sulfide, volatile fatty acids, and other nitrogen and sulfur containing compounds (4; 42). 

Urea and Uric acid break down
Nitrogen in the urine of cattle, sheep and swine is mainly excreted as urea (H2N-CO-NH2). In poultry, nitrogen is excreted mainly as uric acid (C5H4N4O3). Urease is an enzyme commonly found in cattle, sheep and swine manure that is able to break down the urea in urine into ammonia and carbon dioxide fairly rapidly (32). This enzymatic reaction plays an important role in ammonia emissions (49). Urease inhibitors can reduce ammonia volatilization by 58 to 82% from dairy floors in practical conditions (29).

In poultry manure, most uric acid break down is aerobic. The multi-step process produces urea, which produces ammonia (18). Bacterial decomposition of uric acid is favored when temperatures are greater than 20 C, pH is between 5.5 and 9.0 and litter moisture content is between 40 and 60% wet basis. Litter moisture management, to keep moisture less than 30%, is commonly practiced in poultry litter systems to reduce ammonia production and emissions (39).

Anaerobic degradation 

Many odorous volatile compounds are normal intermediate or end-products of anaerobic degradation of manure by anaerobic bacteria. Anaerobic degradation occurs in the absence of oxygen. The anaerobic degradation of the complex organic matter found in animal manures is a multistage process mediated by a complex of microbial species. In the acid-forming stage, polysaccharides, proteins and lipids are hydrolyzed and fermented to produce acids, alcohols, ammonia, sulfur (i.e., S-, S-2), CO2 and hydrogen. Many of the acids and alcohols are VOCs. Larger acids and alcohols are degraded further to produce products that methanogens, microorganisms that produce methane, can use (32).

Table 2 gives nine indigenous bacterial genera found in swine manure and potential odorous compounds they produce. Most of the genera in Table 2 are anaerobes (i.e. Bacteroides, Peptostreptococcus, Clostridium, Eubacterium, Propionibacterium, Lactobacilli, and Megasphaera). Streptococci are facultative anaerobes and Escherichia are aerobes or facultative anaerobes (65).  

Table 2. Indigenous bacterial genera in swine manure and their odorous compounds (65).

	Bacterial genera
	Potential odorous compounds

	Streptococcus
	formic, acetic, propionic and butyric acid; ammonia and volatile amines

	Bacteroides Peptostreptococcus
	formic, acetic, propionic, butyric, iso-butyric, valeric, caproic, iso-caproic, and iso-valeric acid; ammonia and volatile amines

	Clostridium Eubacterium Propionibacterium
	formic, acetic, propionic, butyric, iso-butyric, valeric, caproic, iso-caproic, and iso-valeric acid; indoles and phenols

	Esherichia Lactobacilli
	formic, acetic, propionic and butyric acid

	Megasphaera
	formic, acetic, propionic, butyric, iso-butyric, valeric, caproic, iso-caproic, and iso-valeric acid; volatile sulfur-containing compounds


Aerobic degradation

The end products of aerobic degradation (in the presence of oxygen) of livestock and poultry manure include carbon dioxide, water, nitrate, sulfate and other simple molecules. The nitrogenous and sulfur compounds, which are usually very odorous in anaerobic systems, are oxidized into odor-free compounds such as nitrite (NO2-), nitrate (NO3-), elemental sulfur, and sulfate (SO4-2) under aerobic conditions (30; 53). Ammonia is an intermediate in the formation of nitrite and nitrate and may be emitted to generate an ammonia odor around an aerobic system. 

Factors Affecting Air Pollutant Generation and Emissions
Gaseous Pollutant Generation and Emissions
After pollutants of interest are generated they need to be emitted and entrained into the air to become airborne pollutants. Factors that affect generation, volatilization, emission and entrainment include gas concentrations in the source material and the adjacent atmosphere, pH, temperature, chemical and microbial reactivity of the compound, diffusive and convective transport, and gas transfer characteristics at the interface between the emitting surface and the atmosphere.
Number and size of generating sources

The amount, number and type of airborne emissions from livestock and poultry production and manure handling and treatment facilities depend on the number and size of generating sources. Sources include the animals and their endemic emissions, manure covered floors and other surfaces, open feedlots, manure handling and treatment equipment, manure storage units and land application. Numerous studies suggest that emissions from these sources depend on the exposed surface area (17).

Time

Storage or treatment time impacts microbial generation. With limited retention time, microbial generation is reduced. Regular or rapid removal of manure from a building can reduce gaseous emissions within the building (ex. conveyers in poultry, pull-plug in swine) (4).
Moisture content 

Microorganisms require moisture for growth. Liquid manures or manure slurry systems have more than enough moisture for microbial generation. Freshly voided manure has moisture contents generally between 74 and 92 % wet basis (wb) (5). Wash water and waterer spillage add additional moisture to manure. Manures with moisture contents greater than 60 % (wb) are expected to support anaerobic microbial growth. Aerobic compost systems perform best with moisture contents between 40 to 60 % (wb) (37). 

pH

The pH of a solution is an indication of its acidity or alkalinity and corresponds to the concentration of hydronium ions (H3O+) in the solution. Solutions with a pH below the neutral value of 7 are acidic and those with pH values above 7 are alkaline. Most bacteria grow best between pH 6.5 and 7.5. 

Gas emissions also depend on solution pH, which affects the concentrations of the ionized and unionized forms of ionizable compounds. The aqueous unionized form is volatile and either leaves or enters the aqueous phase to come into equilibrium with the gaseous concentration (vapor pressure) in the adjacent atmosphere. Henry’s Law relates the compound’s vapor pressure fraction (concentration) in the atmosphere to the concentration in the aqueous phase. For example at pH levels above pH 8, hydrogen sulfide is highly ionized (i.e., HS-1 and S-2) making very little unionized hydrogen sulfide gas available to volatilize. On the other hand, ammonia is highly ionized (NH4+) at pH levels below pH 7 and retained in solution. The processes involved in ammonia volatilization from animal operations are well understood (4; 61).
Temperature 

Microbial growth rates depend on temperature. Microorganisms that grow well at cold temperatures (i.e., less than 50 F) are called psychrophiles. Microorganisms that grow well at temperatures between 50 and 105 F are called mesophiles while those that grow best at higher temperatures (i.e., 105 to 150 F) are call thermophiles. Many of the bacteria that grow in animal digestive systems are mesophiles, which corresponds to normal body temperatures for livestock and poultry. 

Temperature affects gas solubility in solution too. For most gases, solubility decreases with increasing temperature; so as solution temperature increases the gases in solution would be emitted.
Compound reactivity

Compound reactivity, a compound’s potential to chemically react or be transformed, affects a compound’s fate and airborne residence time. Highly reactive gases can react with other compounds within the manure, becoming bound and unavailable to volatilize. In the air, reactive gases can be adsorbed or react to form particulate matter or ozone.
Diffusion and convection

Gas emission rates also depend on diffusion and convection through both the liquid and atmospheric phases and the gas transfer characteristics at the interface between the emitting surface and the atmosphere. Gas and vapor diffusion through non-flowing fluids (e.g. water or air) depends on the gas concentration gradients with the gases diffusing from high concentration areas to low concentration areas. Diffusion rates depend also on the distance diffused and the diffusion coefficient. Diffusion coefficients depend on temperature, pressure and gas and fluid compositions.

Gas bubbles can form in the liquid phase and rise due to buoyancy to the surface and rupture releasing gases in the bubble into the atmosphere. Bubbles can be common at higher manure temperatures when biological gas generation is high (61). 


[image: image1]
Convective transport in the liquid phase due to mixing during manure pit agitation or aeration keeps gas concentrations in the slurry uniform and high at the liquid surface. Convective transport in the air above the slurry by wind or ventilation air will remove emitted gases and keep the atmospheric concentration low and enhance emissions from the liquid phase. 

At the gas liquid interface surface, Henry’s Law relates the liquid gas concentration to the equilibrium concentration in the air phase. At the liquid surface, as gases in the liquid near the surface emit into the atmosphere, the gas concentration at the liquid surface layer is reduced. Higher concentration gas deeper in the liquid must diffuse toward the surface to replace emitted gases as long as the liquid surface is below the equilibrium concentration with the adjacent air. Researchers have found ammonia stratification with depth and significant accumulation of ammonia in the lower layers of stored manure (61).

The presence of a permeable cover (i.e. geotextile fabric, floating straw, or scum layer) can restrict gas (mass) transfer from the liquid to the atmosphere (10; 13; 14). The cover permeability and thickness are important factors on mass transfer and the emission rate. 

An impermeable cover over a surface restricts atmospheric dispersion of odors (64). Odorous gases are emitted until they come into equilibrium based on Henry’s Law, which reduces future gas emission rates. Gas concentrations in the liquid and air under an impermeable cover increase until concentrations become toxic and restrict microbial generation. 

Total gas emission rates (e.g. kg/d) depend on the total emitting surface area, which is the number of emitting sources and the surface area of each source. Total emissions increase as the total emitting surface area increases as long as generation exceeds emission rate.

Particulate Matter Generation and Emissions
Coarse PM can be generated by mechanical processes including crushing, grinding, stirring, conveying, distributing of feed, bedding and feedlot surfaces. Fine particles can be generated by chemical reactions, oxidation or combustion. PM from animal operations tends to be dominated by coarse particles and generated by mechanical feed processing and delivery or hoof action on dry manure or soil (8).

Factors that impact PM emission rates from animal buildings include animal activity, moisture levels, ventilation rates, feed form (i.e., pellets, ground or wet) and content (i.e., fat level), and housing system. Increased animal activity can entrain settled PM and keep PM in the air airborne. Hoof or foot action can stir up dry bedding and manure from floors or litter surfaces. Ventilation rates impact dryness in the barn; increased ventilation leads to drier conditions which generally have more aerial PM. Ventilating air can also increase air velocities which entrain more PM. Ground feeds generally give off more PM than pelleted or wet feeds. Uncovered feeding systems can allow feed particles be become airborne. Fat added to feed reduces aerial PM (19; 33). Poultry raised in caged or perch systems generally have less aerial PM than floor systems (52).

Factors that affect PM emissions from open-lot operations include animal activity, corral surface conditions (i.e., moisture content, amount of pulverized dry manure) and wind speed. PM entrainment increases as animal activity increases and their hoof action stirs up dry, loose, pulverized manure and soil. Dry conditions lead to more airborne PM. Very dry corral conditions occur at dusk after the afternoon heat, wind, and solar radiation drive off moisture during the day (8). 

Particulate matter can adsorb odorous compounds and emit the compounds after being inhaled and warmed in the nasal cavity. As a result, dust control can help reduce perceived odor levels. 

Air Quality Implications of Select Alternative Manure Treatment Unit Operations
The air quality implications of manure treatment unit operations are difficult to assess because system layout, management and feedstock can be highly variable. In addition, many factors affect airborne emissions and changes to the manure due to unit operations, which can impact emissions from subsequent operations. A comprehensive literature review summarized research on airborne emissions from manure management systems and noted that many different measurement methods and equipment were used. In some cases odors were “measured” using select indicator volatile compounds. The different methods and indicator gases contribute to the variability found in the literature. Development of standardized methods and equipment was recommended. Additional laboratory research and field measurements will be needed to quantify the airborne emissions of manure handling and treatment operations (12).
Solid / liquid separation

Solid / liquid separation removes solids from a manure influent stream producing a liquid fraction and a solids fraction. Manure separation allows recycling of the water for flushing, reduces nutrient concentrations in the liquid fraction, recovers manure fiber or sand and allows handling of the nutrients in the solids separately from the soluble nutrients in the liquid fraction. Solid / liquid separation can be accomplished using sedimentation, mechanical separation, flocculation, or coagulation. 
Research studies assessing the effect of separation on odor emissions from the liquid fraction have reported that removal of very fine particles are needed for odor control (31; 63; 66). Both the liquid and solids fractions contain sufficient nutrients and moisture to support anaerobic decomposition and generation of important gaseous emissions and odors (63; 66). 
Even though quantitative information was lacking, research review authors recommended that solid-liquid separation processes be designed to remove fine particles (at least smaller than 0.25 mm) as well as coarse particles significantly reduce odor generation potential (63). One researcher study reported that most of the odorous compounds in the liquid fraction, using volatile fatty acid concentrations and biochemical oxygen demand as surrogates for odor, were contained in the solid particles less than 0.075 mm in size (66). Commercial mechanical separators cannot remove such small particles, meaning that they would not be effective for odor control. Another research study reported very small reductions in select odorous compounds between raw flushed swine manure before and after solid-liquid separation even though a great deal of solids material was removed in the separation process (31).
One research study recommended that separation of swine manure should be done within 10 days of excretion to improve separation efficiency. Delay in separation allowed more solids hydrolysis (66). 

Chemicals can be used to aid solid separation by either coagulation or flocculation. Little information is available on airborne emissions from separated streams after coagulation or flocculation. Researchers measured highly variable odorous gas concentrations (not emissions) in the composting solids after separation with and without alum (aluminum sulfate) (56). They reported no treatment difference in gas concentrations in the compost between alum treatments.
Anaerobic treatment/digestion
Anaerobic lagoons can be important sources of odor and ammonia emissions. Authors of an extensive literature review stated that the information on odor emissions from anaerobic digestion systems, including anaerobic lagoons, is fairly limited (12). 
Anaerobic treatment systems can be used to generate biogas and control odor. Such anaerobic digesters are enclosed or covered to capture the gas generated and keep out oxygen. Airborne emissions can occur from the raw feedstock before it is fed into the digester and from the digester effluent after leaving the digester. One research team reported that dairy manure treated in continuous stirred tank reactors (CSTR) with a 20-day hydraulic retention time (HRT) had mean odor intensity levels that were half that of the dairy manure feedstock (41). They also found that odor intensity of the 20-day HRT digester effluents were reduced as methane yield increased, indicating that concentrations of odorous intermediate compounds were reduced. Other researcher found that anaerobic sequencing batch reactors effectively reduced or eliminated odors from raw dairy and swine manure, as indicated by volatile fatty acid, hydrogen sulfide and methyl mercaptan concentrations (62). Another study reported a 94% decrease in flushed dairy manure odor after fixed-film anaerobic digestion using a three-day hydraulic retention time (54).
Anaerobic digesters produce biogas that contains methane and carbon dioxide. Both gases are important greenhouse gases so fugitive emissions should be avoided. Researchers reported that cattle manure stored after anaerobic digestion (mesophilic digestion, 30 to 40 HRT) still emitted CH4 and N2O. Total greenhouse gas emissions from the anaerobically digested dairy manure during storage were 40% that of the stored untreated control dairy manure (1). 
Casey et al. (12) summarized numerous research studies that reported gaseous emissions from anaerobic lagoons. Values for odor, ammonia, nitrous oxide, hydrogen sulfide, methane, and non-methane volatile organic compounds are summarized in Table 3. Additional quantitative emissions data from other manure treatment operations is needed to put these values in context.
Aerobic treatment
Aerobic treatment systems, both composting of solids and aeration of manure slurries or liquids, have a reputation for generating fewer odors than anaerobic treatment systems. Complete oxidation produces carbon dioxide, water, nitrate and sulfate. Intermediate products include ammonia, which can be emitted. Energy and space requirements for complete aeration can limit its adoption. 

Partial aeration of stored liquid manure for odor control reduces the release of VOCs and other odorous compounds (53). Researchers reported that four-day retention time of swine slurry at an oxidation-reduction potential (ORP) between 100 and 200 mV Eh (hydrogen reference electrode) reduced odor strength by 70% compared to untreated control slurries (47). Others suggested that nitrogen emissions at the four-day retention time were a combination of NH3 and nitrogen from denitrification while shorter retention times emitted only NH3 (53).

Table 3.
Flux rates from anaerobic lagoons summarized by Casey et al. (12).
	Component and Notes
	Flux Rate
	Reference

	Odor
	OU m-2 s-1
	

	“Standard” primary lagoons in Australia
	30
	(46)

	“Standard” secondary lagoons in Australia
	5
	(46)

	“Standard” swine lagoons, summer in Australia
	11
	(16)

	“Standard” swine lagoon, winter in Australia
	21
	(16)

	Heavily loaded swine lagoon, summer in Australia
	17
	(16)

	Heavily loaded swine lagoon, winter in Australia
	27
	(16)

	Ammonia
	g NH3 m-2 s-1
	

	
	4.4
	(26)

	
	0.4 to 2.7
	(20)

	
	0.19 to 6.0
	(21)

	
	0.4 to 5.8
	(2)

	
	77 to 94
	(59)

	
	15.8
	(60)

	
	9.6
	(36)

	Farrow to finish in Spring
	1.0 to 2.9
	(22)

	Farrow to finish in Summer
	2.9 to 4.3
	(22)

	Farrow to finish in Winter
	0.9 to 2.3
	(22)

	Farrow to wean in Spring
	0.6 to 1.3
	(22)

	Farrow to wean in Summer
	0.5 to 1.6
	(22)

	Farrow to wean in Winter
	1.2 to 1.8
	(22)

	Nitrous oxide
	kg N2O ha-1 d-1
	

	Farrow to finish
	0.3
	(22)

	Farrow to wean
	0.4
	(22)

	Hydrogen sulfide
	g H2S m-2 d-1
	

	Purple lagoons
	0.21
	(59)

	Non-purple lagoons
	0.28
	(59)

	
	0.63 to 1.82
	(60)

	Methane
	g CH4 AU-2 d-1
	

	
	0.1 to 50
	(44)

	
	173 to 188
	(59)

	
	69 to 140
	(60)

	
	19.2
	(36)

	
	0.5 to 11.5
	(45)

	Non-methane volatile organic compounds
	g VOC m-2 d-1
	

	Purple lagoons
	0.18
	(59)

	Non-purple lagoons
	1.5
	(59)


Nitrous oxide is emitted from manure treatment systems that use combined aerobic and anaerobic treatment. Studies have found up to 20% of the nitrogen removed from manure can be released as N2O (9; 11; 55).

Composting emits some odors, but actual emission rates were not reported. Composting studies have reported emissions of NH3, N2O, CO2, CH4, H2S and other sulfur compounds from composting livestock manure. Emission rates were variable, depending on temperature, aeration practice, and feedstock conditions (12). In laboratory composting studies using swine, researchers found concentrations of ammonia over 1,000 ppm NH3 (28). Methylmercaptan and dimethyl disulfide concentrations were over 10 ppm at times while hydrogen sulfide and methyl disulfide concentrations were less than 10 ppm, usually near 1 ppm or less. Another study measured emissions of NH3, N2O, and CH4 from composting cattle manure (48). Carbon dioxide was emitted but not measured. Amounts varied by treatment. 
Drying
Dry manure generates fewer odors due to reduced microbial activity. Fresh manure and manure solids after solid / liquid separation can be dried. Drying can be accomplished using natural air, forced-air, heated air, bio-drying or composting and desiccants. In arid regions, natural drying can be enhanced by harrowing open lots and corrals. Artificial heated-air drying is rarely practiced because of the energy requirements. 
Airborne emissions during drying can include volatile compounds initially in the manure and those produced by microbial and chemical reactions as the manure dries. To manage emissions, it may be necessary to capture and treat the exhaust air. Very dry manure can be a source of particulate matter that can become airborne by wind, animal activity or equipment.

Thermo-chemical Conversion

Thermo-chemical processes can be used to convert animal manure to energy. Thermo-chemical processes include direct combustion, gasification, pyrolysis and liquefaction. Some of the technologies are being commercialized while others continue to be developed. 
Airborne emissions can occur during manure collection, transport, tipping and storage prior to conversion. Emissions can include the entire range of gases that can come from animal manure and PM. Flue gases and other process by-products (i.e. ash) can emit PM, SOx and NOx. 

Practices used to manage emissions from a power plant using poultry litter include tightly covered containers for transport, negative pressure ventilation in the tipping and pre-conversion fuel storage area with air treatment (3). Flue gas cleaning and ash PM control can be used to manage emissions. 
Safety issue:

If covers or enclosed spaces are used in a manure treatment system, it is important to recognize the potential worker health and safety risk potential of entry into enclosed spaces. Oxygen concentrations can be reduced or gas concentrations of hydrogen sulfide, ammonia, carbon dioxide or methane can be elevated to levels that pose a worker health or safety risk (7). 

A Process to Assess Air Quality Impacts of Manure Management Unit Operations
1.  Diagram the system 

Diagram the manure management unit operations, processes and transportation beginning where the manure is voided to where it leaves the site or is land applied. This overall diagram will include processes and operations that may be beyond the manure management technology being assessed, but it gives a comprehensive picture of the potential air emissions of the operation. If diet manipulation is being practiced to reduce emissions it can be noted.
2.  Identify system components (unit operations and processes)
Identify system components (unit operations) and processes (i.e., continuous stirred-tank reactor model [CSTR], anaerobic digester, solid – liquid separation, settling, aeration, oxidation, mixing, filtering, composting, land application). Be sure to note when the manure is stored or held prior to entering a unit operation. Biological activity during short-term storage can generate volatile emissions. 
3.  Characterize the odor, gases, PM and bioaerosol generated 
Characterize potential emissions generated during and prior to operations where the treated manure is open to the air and there are air emissions. Use the previous generation information to characterize the gases and PM generated during each unit operation. 

4.  Identify emitting locations

Emissions can occur wherever manure or treated manure is open to the air or there are air emissions (exhaust fans). Gases generated during manure decomposition will move toward equilibrium with the air. As air is exchanged by natural convection (ex. wind) or by ventilation, the gases emitted from the manure volatilize. Consider the factors described previously that affect emissions wherever the manure emissions occur. Some unit operations may either enhance or restrict emissions. In many cases, emission rates will not be known. If possible calculate emission rates after measuring airflow rates and concentrations in the inlet and exhaust air.
5.  Identify and prioritize airborne emissions of concern. (i.e., odor, NH3, H2S, VOCs, PM)
Use gas generation information to assess the potential for airborne gaseous and particulate emissions. Consider the NRCS air resource components and prioritize the airborne emissions. Identify high priority emissions that may need to be addressed. In NAAQS non attainment areas agricultural operations may be required to reduce emissions of precursors and pollutants that contribute to exceedance of the NAAQS standards. In the future, pollution reduction credits may be sold and the funds used to pay for mitigation. Future efforts to cut GHG emissions may also provide an opportunity to sell pollution credits to pay for mitigation practices.

6.  Identify and prioritize potential mitigation practices
Numerous mitigation strategies are available. Identify practices to consider as options and assess them and prioritize the practices to consider implementing. Consider the impact of mitigation practices on manure management.
An Air Emissions Assessment Case Study

A dairy with a 750-cow milking herd is planning to install a plug-flow anaerobic digester for odor control and an engine generator for generating electricity and hot water for the milking center and barn. Manure is scraped from the barn and placed in the manure collection tank. Manure is pumped twice a day from the collection tank into the digester. The digested manure is pumped to a solid liquid separator. The solids are accumulated for a week before being sent for composting in windrows. The liquids are pumped to a long term storage unit until they are land applied with a tow-hose injector. A manure bypass is available when the digester is down for repair. Heat from the biogas engine generator is used to preheat the manure added to the digester and maintain the digester temperature. Heat and electricity are used in the milking center and elsewhere in the operation.

System Diagram


[image: image2]
Air Emissions Assessment

	Sources
	Emissions
	Open to emit

	Barn
	Ammonia from urea break down
Enteric emissions of VOCs, CO2, CH4 and odors
	Y

	Manure collection tank
	Odors, VOCs, CO2, CH4. Amount depends on the amount of time manure is stored and whether or not it is covered.
	?

	Digester
	Fugitive emissions of CO2 and CH4 are possible.
	N

	Liquid-solid separator
	Some odors VOCs, CO2, CH4 in the digester effluent probably will be emitted.
	Y

	Long term storage
	Odors VOCs, CO2, and CH4 but they will be less than a storage of manure without digestion
	Y

	Land application
	Some odors and volatile compounds
	N

	Composting site
	CO2 and NH3 likely. 
	Y

	Engine fed biogas
	Products of combustion, SOx, NOx, VOC and PM
	Y
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Henry’s Law 


Henry’s Law states that at a constant temperature, the amount of a gas dissolved in a liquid at steady-state is directly proportional to the partial pressure of that gas in equilibrium with that liquid. 





A common form of Henry’s Law is:





Pg  =  Kgl Cgl





Where:


Pg is the partial pressure of the gas g above the liquid (Pa)


Cgl is the concentration of the gas g in the solution l (mol L-1) 


Kgl is the Henry's Law constant for gas g in solution l (Pa L mol-1)  


g is a subscript identifying the gas (ex. ammonia, hydrogen sulfide)


l is a subscript identifying the liquid (ex. water)





Note that the units on Henry’s Law constants in the literature vary. Adjust the other units accordingly. Other units include L·atm/mol, atm/(mol fraction) or Pa·m3/mol. 
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