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Concentrated animal feeding operations (CAFOs) have led to environmental 
challenges, specifically waste management. Swine CAFOs generate large 
amounts of waste, requiring proper treatment to avoid air and water pollution. 
Conventional waste management technologies, such as lagoon and spray field 
systems, do not prevent air and water pollution impacts. Research for the past 
few decades led to recommendations for waste treatment technologies superior 
to lagoons and spray fields. Private environmental sustainability initiatives 
focused on reducing greenhouse gas emissions in the food supply chain have 
implemented biogas digester projects for capturing methane in covered swine 
lagoons to reduce greenhouse gas emissions. However, research indicates that 
methane capture alone does not solve the broader pollution issues associated 
with lagoon and spray field systems still in use at these CAFOs to dispose of 
digested effluents. The Environmentally Superior Technologies (EST) initiative 
in North Carolina set public standards to eliminate waste discharge, reduce 
atmospheric emissions, and control odors and pathogens. Research has 
confirmed that technologies coupling solids separation with water treatments 
to remove volatile organic carbon, pathogens, and reactive forms of nitrogen 
can meet EST standards. A designated EST—the Super Soil System—substantially 
reduced odor by 99.9%; pathogens by 99.99%, nutrients (phosphorus and 
nitrogen) by >90%, and heavy metals (cooper and zinc) by 99%. The ammonia 
emissions were reduced by 94.4% for the warm and 99.0% for the cool season 
with respect to a conventional lagoon system. Corresponding greenhouse 
gas emission reductions were 96.7%. Components of designated EST can 
be  applied to retrofit covered lagoons and anaerobic digestion systems with 
significant environmental benefits. Recommendations are proposed, based 
on the collective experience with EST and current trends in animal production 
concentration, for environmentally safe technologies to handle excess manure 
produced in the USA.
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Introduction

Raising farm animals for meat and by-products has become an 
integral part of agriculture in the USA. To increase economic 
efficiency, small-scale farm animal production systems have given way 
to larger operations under corporate production management 
systems. This transformation, most prominent in poultry and swine 
production, has resulted in environmental and air quality challenges 
(Domingo et al., 2021). In the USA, large poultry farms are spread 
throughout the southeastern states. In contrast, large swine farms are 
located in a few states, such as Iowa, North Carolina, Missouri, and 
Minnesota. These poultry and swine operations are housed in high-
density confined spaces called concentrated animal feeding operations 
(CAFOs).

A CAFO is defined to include waste management systems 
where animals are confined and fed for 45 days or more per year. 
The US Environmental Protection Agency defines swine CAFOs 
as an operation having over 2,500 pigs weighing more than 25 kg 
each, or an operation having over 10,000 pigs weighing less than 
25 kg each (Copeland, 2010; USEPA, 2004). Swine CAFO facilities 
are not permitted to discharge waste/wastewater directly into the 
water supply or allow the wastewater to come into contact with 
the water bodies. Swine CAFO facilities produce enormous 
amounts of animal waste- a mixture of feces, urine, water, and 
spilled feed. Swine barns at CAFO facilities commonly have a 
slotted floor that permits the passage of excreted waste into a pit. 
In each case, a large volume of swine waste is created which must 
be properly managed and treated to protect human health and 
the environment.

Swine CAFO facilities typically treat liquid waste using a deep pit 
or lagoon system. In the deep pit system, swine waste is stored and 
treated under the swine housing itself primarily through anaerobic 
digestion. In the lagoon systems, a shallow holding area under the 
slatted floor holds waste which is then flushed into lagoons. Swine 
lagoons have aerobic layers when exposed to oxygen and anaerobic 
layers at deeper levels where oxygen is unavailable. The primary 
treatment processes in the lagoon are a combination of anaerobic and 
aerobic decomposition of waste by microbes. In turn this 
decomposition creates gases including methane and volatile organic 
compounds. In lagoon and sprayfield systems, liquid waste is disposed 
of by land application on cropland for crops such as Bermuda grass or 
corn. Lagoon and sprayfield systems generate noxious air pollutants, 
particulates, suspended dust, pathogens, and odorous compounds 
(Aneja et al., 2008d; Aneja et al., 2009; USEPA, 2014). Land application 
of waste coupled with extreme weather, such as too much rain during 
hurricanes, has been found to degrade surface and groundwater 
quality (Mallin, 2000; Hooda et al., 2000). Additional waste treatment 
technologies are required to supplement lagoons and sprayfields to 
prevent air and water pollution from the lagoon and sprayfield systems.

The objectives of this work are to review the negative 
environmental impacts of the conventional lagoon-sprayfield system 
used to manage manure in swine CAFOs in southeastern USA, versus 
the environmental benefits of: (1) using a covered lagoon for biogas 
capture and greenhouse gas (GHG) reduction, (2) a designated 
Environmentally Superior Technology system without a lagoon, and 
(3) covered lagoon and biogas digesters coupled with waste treatment 
technologies that are environmentally superior to lagoons and 
sprayfields to protect human health and the environment. We also 

propose recommendations and policy changes to address 
these findings.

The negative environmental impacts of the anaerobic lagoon-
spray field system documented in this review for the southeastern 
USA are also of interest to other intensive swine production regions 
in the world that adopted the lagoon-spray field system, which was 
initially developed in North Carolina. The environmental benefits of 
Environmentally Superior Technologies, and their components or 
modules, developed in North Carolina 30 years later and documented 
in this review, should be of interest to all intensive swine production 
regions throughout the world that seek to reduce air and water 
pollution from manure management, especially concentrated areas 
that rely only on anaerobic digesters in their manure management.

Swine waste anaerobic lagoons create 
wastewater, sludge, and air pollutants

The United States Department of Agriculture’s Natural Resources 
Conservation Service has developed its Agricultural Waste 
Management Field Handbook (AWMFH) to provide guidelines for 
handling agricultural wastes, including animal wastes. The AWMFH-
Animal Waste Management guidelines provide tools to estimate 
manure production, animal waste storage needs, and design standards 
for various types of animal waste treatment facilities, including waste 
lagoons (USDA, 2018a). Eastern North Carolina’s swine farms are 
dominated by lagoon and sprayfield systems, where lagoons are built 
for the biological treatment of wastewater and consist of an excavated 
pit with an earthen embankment or levee (Miller and Longest, 2020; 
USDA, 2019). The liquid manure is transferred from the barn to the 
lagoon to reduce water pollution potential for nitrogen, phosphorus, 
and biological oxygen demand (USDA, 2019). Relying on settled 
manure to provide sealing of lagoons is ineffective in soils with low 
clay content. Therefore, as part of the design, state regulations require 
clay or synthetic liners to avoid polluting surface and groundwater 
with lagoon seepage (USDA, 2008). Anaerobic lagoons depend on 
physical, chemical, and biological processes, but biological processes 
play the most significant role in the anaerobic decomposition of liquid 
manure (Hamilton et al., 2006). Anaerobic lagoon systems store and 
treat liquid manure wastes with high loads of organic matter in the 
absence of oxygen. These processes decompose organic matter but less 
efficiently than aerobic ones per-unit volume. The extent of organic 
matter degradation depends on influent characteristics and microbial 
communities in the anaerobic lagoon (Hamilton et al., 2006). They 
transform large organic compounds into smaller, volatile organic 
compounds and manure proteins and urea into ammonia gas. 
Ammonia (NH3), reduced sulfur (e.g., H2S), and volatile organic 
compounds (VOCs) contribute to emissions of air pollution and odor 
impacts from the lagoons (Aneja et al., 2000; Blunden et al., 2008; 
Blunden and Aneja, 2008; Aneja et al., 2008d; Rumsey et al., 2014; 
Rumsey and Aneja, 2014).

While lagoon waste liquid volume is drawn down by land-
applying effluents during the crop season, lagoons must never become 
fully emptied—a minimum operating liquid level keeps biological 
degradation processes active in anaerobic lagoons (USDA, 2019). 
Specific lagoon design standards provide lagoon sizing with sufficient 
volume for sludge accumulation and waste treatment, plus volume for 
liquid manure storage and rainfall storage produced between 
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drawdown events (ASABE, 2011). Lagoon systems were designed to 
have several advantages over the land disposal of raw animal waste. 
Compared to handling raw manure and urine, lagoon systems reduce 
labor and operating costs for removing manure from barns by 
allowing regular flushing and emptying of animal waste from the 
barns without removing the animals.

To maintain lagoon treatment performance, anaerobic lagoon 
design standards require the removal of sludge solids before sludge 
fills up the treatment volume. This is done through agitation of the 
sludge or dredging plus dewatering (Owusu-Twum and Sharara, 
2020). However, the cost of removing sludge can become an economic 
challenge for the producers, especially when lagoon designs and wet 
weather create sludge management problems. Sludge management 
options in eastern North Carolina are limited since cropland areas 
near swine CAFO facilities have nutrient surpluses and the hauling 
costs associated with transporting the material to distant fields are 
large (Owusu-Twum and Sharara, 2020). The combination of sludge 
management challenges threatens the long-term use of lagoons and 
sprayfields as both contribute to the sludge management problem. 
Abundant nutrients from ongoing waste spraying reduces demand for 
sludge nutrients in nearby cropland, however, the use of lagoons 
increases sludge buildup over time.

Swine lagoon wastewater applied to 
sprayfields creates a pathway for 
water pollution

From the mid-1960s through the 1970s, researchers with 
backgrounds in agronomy and livestock management researched the 
impact of swine waste management on water quality (Humenik, 1972; 
Humenik et al., 1974). They identified several pathways for water 
pollution that needed to be addressed. When animal manure is land-
applied to crops through sprayfields, there are physical and biological 
processes that are sensitive to miscalculation, operator error, or 
equipment failure, leading to over-application of waste beyond the 
crops and soils’ ability to take up the waste. When over-application 
occurs, nutrients accumulate and then run off into the stream 
network, causing eutrophication. Therefore, if nutrient applications 
are not precisely aligned with crop needs, degraded water quality 
results. If manure is applied aligned with crop nitrogen (N) 
requirements, phosphorus (P) may be in excess (Mallin and McIver, 
2018). Because of the imbalance of N and P in animal manure 
(N:P < 4:1) relative to crop needs (N:P = 8:1), land application of 
lagoon effluents at optimal N rates for crop growth results in the 
accumulation of P in soils and insufficient use of plant nutrients by 
crops (Szogi et  al., 2015). Phosphorus enrichment contributes to 
eutrophication in P-sensitive ecosystems and has been linked to 
Pfiesteria piscida outbreaks—a toxic microorganism causing mass fish 
kills—in North Carolina waters (Burkholder et al., 2007).

Nitrates can also escape crop uptake on sprayfields leading to surface 
or groundwater nitrate pollution. Elevated nitrate in drinking waters 
from wells has been known to cause methemoglobinemia or blue-baby 
syndrome (Johnson and Bonrud, 1988). USEPA found that 29 states 
have identified AFOs (Animal Feeding Operations) as contributing to 
water quality impairment (Copeland, 2010). In 1995, 22 million gallons 
of liquid swine waste entered North Carolina’s Neuse River and its 
estuary due to a waste lagoon rupture (Aneja et al., 2001a,b). Similarly, 

major CAFO accidents have occurred in Iowa, Maryland, and Missouri 
(Thu and Durrenberger, 1998; Mallin, 2000). Miralha et al. (2022) have 
monitored CAFOs in 16 states across the United States for N and P levels 
relating to water quality. When manure was land applied, high levels of 
N and P were found in watersheds where clusters of CAFOs were 
present. The United States Geological Survey (USGS) has conducted 
studies on animal manure’s impact on water quality in southern US 
states, and their reports indicated significant levels of nutrients, 
pathogens, and pharmaceutical chemicals contaminating streams and 
rivers. Also, pollutants can enter the groundwater through leakage from 
poorly constructed manure-holding lagoons. These open lagoons are 
prone to overflow during unexpected high rainfall or hurricane events.

Veterinary pharmaceuticals (Boxall et al., 2004) and hormones 
(Kjaer et al., 2007; Shappell et al., 2007) have also been found in animal 
manure (Abrol et al., 2017). Once manure is applied to agricultural 
fields, these compounds can persist in soils for days to years. Shappell 
et al. (2007) found that estradiol (hormone) equivalents in a manure 
pit (washed manure from a farrowing swine facility) ranged from 843 
to 858 pM. Still, estradiol in lagoon wastewater levels ranged from 6.4 
to 11.5 pM (37pM = 10 ng). Kjaer et al. (2007) found that 17 beta-
estradiol (E2) and its degradation product estrone (E1) were 68.1 
2.5 ng/L, respectively, were found in leachates from the root zone to 
tile drainage system after 3 months of field application of swine manure.

At least 17 classes of antimicrobials are approved for use in animals 
raised in the United States to control diseases (Anderson et al., 2003). 
The use of antimicrobials in animal production is a significant concern 
because of the potential for developing antimicrobial resistance. Ibekwe 
et al. (2016) reported that E. coli bacteria in swine wastewater were highly 
resistant to tetracycline, erythromycin, ampicillin, and streptomycin.

Lagoon and sprayfield systems create 
a pathway for air pollution

In the mid-1980s, livestock management experts reported that 
storage of livestock feces and urine under swine confinement housing 
created toxic gasses and hazardous particulates and recommended 
ventilating these harmful air pollutants to the ambient environment 
to protect the swine and humans working in the confinement housing 
(Barker et al., 1986). Air pollutants are released in each of the swine 
waste management steps at swine CAFO facilities using a lagoon and 
sprayfield treatment system. Swine CAFOs generate noxious air 
pollutants such as ammonia (NH3), hydrogen sulfide (H2S), volatile 
organic compounds (VOCs), organic acids, particulate matter, and 
other gases (Aneja et al., 2000; Aneja et al., 2008c; Aneja et al., 2009; 
Heinzen, 2015). Swine waste also contains hormones, antibiotics, 
heavy metals, nutrients, solids, pathogens, and particulate dust 
(Scanes, 2018). The air around CAFOs can be contaminated with high 
concentrations of particulates or suspended dust, of which one-third 
is respirable (PM2.5 and PM10). Casey et al. (2006) described in detail 
the measurements of air emission methods and emission rate 
calculations from different animal facilities in different states.

Recent studies have used a mass balance approach to estimate NH3 
emission rates from liquid swine manure and have found that swine 
houses represent a more significant source than previously thought 
(Doorn et al., 2002). Based on a review of published data, the loss of 
NH3 from swine houses was estimated to be around 15% of the total 
N excreted (Westerman et al., 2000). This study (Westerman et al., 
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2000) also used a mass balance approach to estimate NH3-N emissions 
from different components of advanced manure treatment and lagoon 
spray technologies, as well as N excretion rates, based on swine 
population and feed data. Normalizing emissions by N excretion rate, 
percentage reductions in NH3-N emissions are determined for water-
holding structures, barns, and the whole farm for each Environmentally 
Superior Technologies (EST) facility from their estimated values for 
the appropriate Lagoon and Sprayfield Technology (LST) farm (Aneja 
et  al., 2008a,b,c). Aneja et  al. (2000) measured ammonia fluxes 
seasonally from a 2.5 hectares (ha) hog waste storage lagoon in 
NC. They found higher ammonia fluxes in summer (mean NH3 flux 
4017 ± 987 μg N m−2 m−1) followed by a decrease in spring, then fall 
followed by winter as 1706 ± 552 μg N m−2 m−1, 844 ± 401 μg N m−2 m−1, 
and 305 ± 154 μg N m−2 m−1, respectively. Griffing et al. (2004) used the 
mass balance method to estimate that approximately 80% of NH3 loss 
was due to volatilization from liquid waste storage systems. Szögi and 
Vanotti (2007) found that 80% of annual nitrogen loss was as NH3 
volatilization after anaerobic decomposition in lagoons.

The NH3 released from swine waste has a mean life in its gaseous 
state of about 14–36 h, depending on weather conditions. It reacts 
rapidly with acidic agents such as sulfuric acid, nitric acid, and 
hydrochloric acid to form fine-particulate ammonium (NH4) salts (i.e., 
PM2.5) (Renard et al., 2004; Wiegand et al., 2022). These NH4 salts are 
the main components of smog aerosols, causing visibility problems. 
These particulates linger in the atmosphere for days and can 
be transported hundreds of miles. Also, these fine particulates will lead 
to respiratory problems in humans. Ammonia is deposited by dry (wind 
drift) or wet (precipitation) mechanisms. When ammonia is deposited 
on soils, consequences include soil acidification, nitrification, NH4 
adsorption to the clay particles, and subsequent runoff along with soil 
particles. Nitrate from nitrification is soluble and contaminates ground 
water through leaching processes. Ammonia is also an important 
contributor to surface water eutrophication (Whitall et al., 2003).

In addition to NH3, other gases produced by manure 
decomposition create odor impacts on humans and other animals. 
Odor generation is a complex process that depends on feed types, 
manure storage method and length of storage, manure temperature, 
pH, and bacterial species. Bacterial species and communities act on 
manure and produce an extensive range of volatile organic compounds 
which are responsible for odors emitting from storage pits or lagoons 
(Aneja et al., 2000; Blunden et al., 2008; Rumsey and Aneja, 2014).

Hydrogen sulfide (H2S) is an air pollutant of great concern. It is 
also a toxic gas with a characteristic odor. It is produced in all anaerobic 
manure storage systems such as underground storage tanks and outside 
earthen manure-holding lagoons. H2S results from sulfur-containing 
proteins present in manure. Liu et al. (2014) measured H2S emitting 
from deep pits, recharge pits, and lagoons receiving wastewater from 
farrowing, gestation, and finishing houses. They found that farrowing 
houses showed higher emission rates of H2S (2.5 kg yr.−1pig−1) than 
other houses. Rumsey and Aneja (2014) measured H2S seasonally from 
swine lagoon at CAFOs and found that H2S fluxes were higher in 
summer (3.81 ± 3.24 ug m−2  m−1) and lowest in winter (0.08 ± ug 
m−2 m−1). After exposing subjects to either control or to diluted swine 
waste odorous compounds, Schiffman et al. (2005) found that test 
subjects were 4.1 (p = 0.001) times more likely to report headaches, 6.1 
(p = 0.004) times more likely to report eye irritation, and 7.8 (p = 0.014) 
times more likely to report nausea in the swine air (experimental) 
condition than in the control condition (Schiffman et al., 2005).

Lagoon and sprayfield systems create 
greenhouse gases from swine waste

Methane (CH4) is a potent greenhouse gas and the second most 
important GHG contributor to climate change following carbon 
dioxide (CO2). On a 100-year timescale, methane has 28–34 times 
greater global warming potential than carbon dioxide and is 84–86 
times more potent on a 20-year timescale (UNECE, 2024). Methane 
is oxidized to CO2 in the presence of water vapor. The emissions of 
CH4 occur when liquid manure is collected in underground pits in 
animal confinement operations in an anaerobic digester. During this 
period CH4 and CO2 emissions occur due to the organic matter 
decomposition. The rate of CH4 emissions depends on the type of 
manure (percent of volatile solids) and retention time in storage pits, 
tanks, or lagoons. Estimating CH4 emission rates in field conditions is 
difficult due to expensive equipment, environmental variables (wind 
speed, wind direction, temperature, pH), and seasonality. Therefore, 
highly variable rates may be  observed between farms. Methane 
emission rates from deep swine pits have been measured at 5.5 + 1.1 kg 
CH4 per finished pig (Liu et al., 2014), 0.24 to 63 mg m−2 min−1 (Park 
et al., 2006), and 15 mg m−2 min−1 by Zhan et al. (2001). An inventory 
of 15 different digestates showed an average residual gas formation of 
CH4 of 5 m3 ton−1 (range 1-10 m3 CH4 ton−1 digestate) for central 
manure systems (Van Lier et al., 2008). Methane emissions vary over 
the year, because methane production is exponentially related to 
temperature (Harper et al., 2014). Methane fluxes from an anaerobic 
swine lagoon ranged from 1 to 500 kg ha−1 d−1 and the average flux for 
the year was 52.3 kg of CH4 ha−1 d−1 (Sharpe and Harper, 1999). Biogas 
digester systems are touted for their ability to reduce CH4 emissions 
(Miller and Longest, 2020).

Nitrous oxide (N2O) is a significant greenhouse gas with 298 times 
more global warming potential than CO2 over 100 years (Ren et al., 
2017). N-containing substances in the manure are converted to 
ammonium (NH4) during the manure decomposition process. In 
aerobic conditions, NH4 is oxidized to nitrate (NO3), which can then 
undergo reduction to NO− N2O and N2 if anaerobic conditions exist. 
Nitrous oxide is generated during anaerobic digestion and manure 
application and in partially aerobic soil that has received swine 
manure slurry (Onema et al., 2005). Eighty-five selected publications 
and their meta-analytical results showed that animal manure 
amendments to agricultural soils have significantly increased N2O 
emissions from agricultural soils by 17.7% (Shakoor and Mehmood, 
2021), while Vac et al. (2013) concluded ~37% of global N2O emissions 
are from land application and storage of animal manure. Nitrous oxide 
(N2O) is a potent greenhouse gas and essentially an inert gas in the 
atmosphere. It has no significant sinks at the Earth’s surface and may 
be transported to the stratosphere (Muller, 2021).

Anaerobic digestion for biogas 
production and GHG emission 
reduction

Anaerobic digestion (AD) is a method for converting biomass 
into methane biogas, which can produce energy or bioenergy. 
Livestock manure is a commonly used biomass material to produce 
bioenergy. Many livestock (hog and cattle) manure treatment 
systems rely on open lagoons where the CH4, CO2, NH3, and other 
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gases, such as reduced sulfur compounds, and volatile organic 
compounds (VOCs), are emitted into the atmosphere. When these 
open systems are covered, gaseous emissions are reduced, which 
results in the effluent leaving the anaerobic digester, known as 
digestate, with a modified chemical content [e.g., total solids, carbon, 
ammonia, ammonium (NH4

+), and pH], relative to waste from a 
conventional open lagoon system. The digestate contains more NH4

+ 
due to a reduction in ammonia emissions from the anaerobic 
digester (i.e., covered lagoon) to the atmosphere and has less 
degradable biomass carbon than the substrate in an open lagoon 
resulting in changes in GHG and NH3 emissions (Clemens 
et al., 2006).

In 2017, the large retail superstore Wal-Mart launched Project 
Gigaton, an initiative of its corporate environmental sustainability 
commitments (Miller and Longest, 2020). Under this initiative, 
Wal-Mart has recruited its suppliers to reduce their greenhouse gas 
emissions in order to help Wal-Mart reach a Gigaton reduction from 
2017 levels by 2030 (Miller and Longest, 2020). One of Wal-Mart’s 
suppliers, Smithfield Foods, has implemented a number of swine 
waste biogas digester projects in North Carolina, seeking credit for 
greenhouse gas reductions by capturing methane that would otherwise 
escape from its swine waste lagoons (Miller and Longest, 2020). Since 
first announcing its commitment to Project Gigaton, Smithfield joined 
with the large energy utility Dominion in a commitment to invest 
more than $500 million to build biogas infrastructure and projects. 
Notably absent from these commitments were promises to reduce the 
impact of swine waste from noxious air pollutants, particulates, 
suspended dust, pathogens, odorous compounds, water pollutants, or 
groundwater contamination. Biogas digesters do not solve the 
pollution problems characteristic of the lagoon and sprayfield systems, 
as research conducted under the Smithfield Agreement demonstrated 
(Miller and Longest, 2020). Research has demonstrated that lagoons 
and sprayfields are inadequate to protect human health, especially the 
health of people who live nearby, and to protect the environment 
(Miller and Longest, 2020). Implementing biogas digesters should 
be coupled with waste treatment technologies that are environmentally 
superior to lagoons and sprayfields to protect human health and 
the environment.

Producer agreements funded research 
to replace lagoon systems with 
designated ESTs

New swine CAFO facilities using lagoons and sprayfields as their 
waste management systems were widely deployed across North 
Carolina. Between 1989 and 1995, vertically integrated corporations 
and their contract growers built 700 CAFO facilities in Eastern North 
Carolina while 7,000 smaller hog farmers went out of business (Miller 
and Longest, 2020). The number of swine being raised per farm 
increased dramatically while the total number of farms decreased just 
as dramatically. Subsequent policy-making attention was directed to 
environmental, social, and political issues related to this growth in size 
of operations and concentration geographically. Research agendas 
were developed to study the impacts of swine waste management 
systems on the total environment as well as systems and treatment 
technologies superior to the lagoon and sprayfield system 
(Longest, 2005).

Concerns were raised by North Carolina-based News and 
Observer in a series of articles captioned “Boss Hog” in 1995 
(Longest, 2005). These articles showcased how North Carolina’s 
environmental managers had allowed excess growth in the industry 
coupled with lax regulation. Following the publication of these 
articles, several lagoons and sprayfield systems experienced 
disastrous physical failures, including the Oceanview Farm spill 
estimated at more than 25 million gallons of swine waste spilled into 
a local waterway (Longest, 2005). Regulators inspected swine farms 
and legislators enacted restrictions on new farms, adding 
construction setback distance requirements to lagoon and spray 
field sites. Massive fish kills linked to nutrient overloads in coastal 
water basins prompted more stringent actions. In 1997, the North 
Carolina General Assembly enacted a moratorium on swine waste 
system construction while it studied the impacts of swine 
waste management.

On July 25, 2000, the Smithfield Agreement was signed between 
the Attorney General of North Carolina and Smithfield Foods as well 
as its subsidiary companies operating in North Carolina. The 
Smithfield Agreement provided resources from Smithfield for the 
implementation of innovative swine waste management systems and 
evaluation of “Environmentally Superior Technologies” (“EST”) 
through a framework led by a research team from North Carolina 
State University and other research universities (Agreement, 2000). A 
subsequent agreement was signed with Premium Standard Farms, the 
second largest producer, as well as an organization representing swine 
farmers (Longest, 2005). The “Designee” under the Smithfield 
Agreement, Dr. Mike Williams, led the effort to identify EST including 
research partnerships and stakeholder engagements (Williams, 2009). 
EST was defined by the Agreement as any technology or combination 
of technologies that is permittable by the appropriate governmental 
agencies, is determined to be  technically, operationally, and 
economically feasible, and meets the following environmental 
performance standards taken from the North Carolina General 
Assembly’s standards under the moratorium:

 1 Eliminate the discharge of animal waste to surface waters and 
groundwater through direct discharge, seepage, or runoff.

 2 Substantially eliminate atmospheric emissions of ammonia.
 3 Substantially eliminate the emission of odor that is detectable 

beyond the boundaries of the parcel or tract of land on which 
the swine farm is located.

 4 Substantially eliminate the release of disease-transmitting 
vectors and airborne pathogens.

 5 Substantially eliminate nutrient and heavy metal contamination 
of soil and groundwater.

In addition to the environmental standards, economic and 
operational feasibility criteria were considered in a process overseen 
by the Designee (Agreement, 2000; Williams, 2004; Williams, 2009). 
The Designee oversaw advisory board meetings, project operation, 
technology evaluation, and economic data review. Following this 
process, the Designee issued three technology determination 
reports with only one on-farm liquid waste treatment technology 
designated as meeting the EST process for new swine farms in 
North Carolina: the Super Soils Technology (Williams, 2009). 
Several technologies for processing separated solids were also 
approved. No biogas digester technologies met EST determination 
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on their own, but some anaerobic digester technologies were 
identified as needing additional treatment systems to meet the 
standards (Williams, 2009).

Following the issuance of the Phase Three Report from the 
Designee, Dr. Williams, some farms continued to develop 
improvements on their technologies. In 2007, the North Carolina 
General Assembly enacted Senate Bill 1465 (N.C. Sess. Law § 2007-
523) (General Assembly of North Carolina Session, 2007). Senate Bill 
1465 assisted farmers financially in installing EST systems while also 
making permanent the requirements that new swine farms and swine 
waste management systems meet the standards of the EST process 
(NC Legislature, 2007). It also established a swine farm methane-
capture pilot program. The outcome of the EST research initiative was 
recognized worldwide for its impact on engineering, air quality, 
animal science, food safety, and climate change (Vanotti M. et al., 
2009). But existing farms were allowed to keep operating indefinitely 
under the law without converting to technologies which met the EST.

Super Soils technology background

This was the only on-farm technology of 18 evaluated that met all 
the EST standards under the Smithfield Agreement. The Super Soils 
on-farm system treated the liquid waste stream from the swine using 
a solid–liquid separation and nitrogen and phosphorus removal 
processes that replaced traditional anaerobic lagoons with a system 
that produces a clean, deodorized, and disinfected effluent (Figure 1). 
Treated water was reused in the barns and as irrigation water. Solid–
liquid separation up-front in a treatment train allows recovery of the 
organic compounds that can be used for the manufacture of compost 
materials, peat substitutes, biochars, etc.

The liquid treatment begins with separating the solid and liquid 
portions of the waste stream. Solids separation is accomplished using 
polyacrylamide, a flocculating agent. The liquid portion of the waste 
stream goes to a nitrogen module where the liquid flows between 
tanks in a circulating loop undergoing denitrification due to anaerobic 
activity in one tank, and nitrification through the use of concentrated 
nitrifying bacteria in the second tank under aerobic conditions. 
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 during this process, providing a value-added product. 
During phosphorus removal, the pH of the liquid is raised to 9.5–10.5 
using lime, which precipitates the soluble P and disinfects the effluent. 
Roughly 80% of the liquid is recycled through the hog houses, while 
20% is used to irrigate crop fields.

The Super Soils project was completed with composting of the 
separated manure solids, which was done in a centralized facility in 
Sampson County, NC (Aneja et al., 2008b) that processed dewatered 
solids from the three full-scale projects. The composting process used 
a mixture of manure and cotton gin residue and produced class-A 
composts and value-added organic products for use in horticultural 
markets (Vanotti et al., 2006). The Super Soils compost system also 
met the environmental standards of an EST. Three other technologies 
that processed separated swine solids in centralized facilities also met 

EST requirements under the Smithfield Agreement: they used high-
solids anaerobic digestion or gasification processes (Williams, 2009).

First-generation Super Soils system 
was demonstrated to meet EST 
standards

Super Soils was the first on-farm system certified by the 
Designee as an EST due to its efficacy in reducing ammonia 
emissions, excess nitrogen and phosphorus, pathogens, odors, and 
heavy metals (Williams, 2009). It was invented by USDA and is 
covered by US Patents 6,893,567 and 7,674,379 (Vanotti et al., 2005; 
Vanotti et al., 2010) that are now available for public use. The first-
generation version of the Super Soils technology was first pilot-
tested for 2 years at the North Carolina State University’s Lake 
Wheeler Rd. Swine Unit (Vanotti et al., 2001). Subsequently, the 
same system was scaled up (125:1) for performance verification of 
EST. It was installed and demonstrated at full-scale for 2 years on 
Goshen Ridge farm, a 4,360-head finishing swine operation with 6 
barns in Duplin Co., North Carolina (Vanotti et al., 2007; Vanotti 
and Szogi, 2008). The manure was collected under the barns using 
slatted floors and a pit-recharge system. With the new treatment 
system, the flow of raw wastewater into the lagoons was discontinued; 
instead, all the raw wastewater was sent to the treatment plant 
(Figure 2).

The barn pits were flushed once a week as before, but the flushed 
manure (barns 1–6) was diverted into a homogenization tank that 
mixed the manure before the solid–liquid separation step. The 
separated liquid moved into the nitrogen module that contained 
polymer-immobilized nitrifiers. The nitrified wastewater was 
continually recycled into the DN (denitrification) tank using a 
Modified Ludzack-Ettinger (MLE) configuration. In the DN tank, 
suspended denitrifying bacteria used abundant soluble manure 
carbon and volatile odorous compounds in the separated manure to 
transform oxidized nitrogen into N2 gas. In the third step of the 
system—the phosphorus treatment/disinfection module—the soluble 
P was recovered as a calcium phosphate solid, and pathogens were 
substantially reduced by the alkaline environment (pH 10.5). A 
portion of the water after ammonia treatment was used to recharge 
the barn pits for flushing. The first-generation system removed from 
the wastewater 97.6% of the suspended solids, 99.7% of BOD, 98.5% 
of total Kjeldahl nitrogen (TKN), 98.7% of ammonia (NH4

+-N), 95.0% 
of total P, 98.7% of copper, 99.0% of zinc, 97.9% of malodorous 
aromatic compounds, and produced a sanitized effluent with a 
reduction in the number of pathogenic bacteria to non-detectable 
levels (Vanotti et al., 2007). According to Aneja et al. (2008b), the NH3 
emissions for this first-generation wastewater treatment plant were 
reduced by 94.4% for the warm season and 99.0% for the cool season 
with respect to a conventional lagoon system. In addition, the system 
transformed the old lagoon into an aerobic reservoir within a year and 
significantly reduced lagoon odor (Loughrin et  al., 2006). 
Recommendations were also made to evaluate an improved, 
redesigned second-generation version of the wastewater treatment 
system. Therefore, a lower-cost, second-generation treatment system 
was designed and demonstrated full-scale on B&B Tyndall farm, a 
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FIGURE 1

Schematic of the Super Soils system (Vanotti et al., 2005; Vanotti et al., 2010) applied to systems without lagoons and value-added products. The on-
farm system used three modules: the first to separate organic solids from the liquid manure, the second to remove the ammonia and odors, and the 
third to separate phosphorus and disinfect the effluent. A closed loop recycled treated water was used to recharge the barn pits. The organic solids 
were further processed off-farm in a centralized composting facility.

FIGURE 2

First-generation EST on-farm system using solid–liquid separation, nitrogen, and phosphorus modules treating all the animal waste from a 4,360-head 
swine finishing farm in Duplin County, NC.
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5,145-head finishing swine operation in Sampson County, 
North Carolina.

Second and third-generation Super 
Soils system was demonstrated to 
meet EST standards with reduced 
costs

The second-generation system (Figure 3 and Table 1) provided 
improvements while meeting EST standards (Vanotti M. B. et al., 
2009). Data in Table 1 shows the key contributions of each component 
of the technology toward the total efficiency of the system. Solid–
liquid separation with polymers was effective in separating suspended 
solids, oxygen-demanding organic compounds, and organic nutrients 
and heavy metals by capturing the suspended particles. This efficient 
removal of suspended solids early in the treatment train is a significant 
departure from treatment typically used in municipal wastewater 
systems because it recovers most of the organic carbon and organic 
nutrient compounds contained in the liquid manure, therefore 
enabling the conservation and generation of value-added products. 
The system recovered most (97 and 95%, respectively) of the organic 
phosphorus and nitrogen contained in the flushed manure, which left 
the farm and left the swine production farm and were incorporated 
into compost products. ICF International (2013) provided the total 
cost of the technology for a 6,000-head finishing farm in NC as well 
the various processes in the system: Total capital costs: (1) Waste 
evacuation: $20,000, (2) Solid removal module: $300,000, (3) Soluble 
N removal module: $180,000, and Soluble P removal module: $56,000, 
resulting in a total capital cost of $556,000. The yearly operations and 
maintenance costs were $ 58,000 total, separated as follows: (1) 
electricity: $12,000, Maintenance: $10,000, and all other costs: 
$36,000.

The third generation of Super Soils was designed to further reduce 
the cost of manure treatment through economies of scale by installing 
it on a larger farm and to test the adaptation of the system to farms 
using a flushing system (Barker, 1996a) that used flush tanks to 
evacuate manure from the barn several times per day, producing 
much-diluted manure, compared to pit-recharge systems (Barker, 
1996b) that evacuate manure from the barn once per week producing 
higher strength manure. The adaptation in the third-generation 
project consisted of pre-concentration of the diluted manure using a 
decanting tank before polymer application (Vanotti M. et al., 2013). 
The project sponsor was North Carolina’s Clean Water Management 
Trust Fund.

The third-generation technology was demonstrated full-scale on 
a 1,168,200 kg steady-state live weight (SSLW) Farrow-to-Finish farm 
that produced 30,450 hogs per year in Wayne County, North Carolina. 
The treatment system was operated by the farmer. The treatment 
system was contained in tanks and replaced two anaerobic lagoons 
(Figure 4). The system treated the waste stream from two operations: 
(1) a 1,200-sow Farrow-to-Feeder operation (Sow farm) that used a 
flushing system and generated 141 m3 of manure per day 
(TSS = 1.3 g/L), and (2) a 12,960 Feeder-to-Finish operation 
(Finishing farm) that used a pit recharge system and generated 157 m3 
of manure per day (TSS = 10.1 g/L). A decanting tank was added in 
this project to the flushing system waste stream (Sow farm) to 
pre-concentrate the manure before solid–liquid separation with 
flocculants. Highly efficient treatment performance was obtained in 
the 3rd generation Super Soils with both high hydraulic loads typical 
of flushing systems and high-strength wastewater typical of the 
pit-recharge systems (Vanotti M. et al., 2013). With regard to the 
solid–liquid separation process, the decanting tank was effective in 
concentrating the diluted manure in the flushing waste stream. It 
reduced the total manure volume processed by the solid separator 
press by 25,860 gal/day, and it increased polymer use efficiency 5.4 

FIGURE 3

Aerial picture of the second-generation EST on-farm system using solid–liquid separation, nitrogen, and phosphorus modules treating all the animal 
waste from a 5,145-head swine finishing farm in Sampson County, NC.
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times (from 52 to 279 g/g). This is one of the major advances of this 
project: It increased solid separator press capacity and lowered 
operating expenses. With regard to water quality performance, the 
system removed on a mass basis 98.6% of the total suspended solids 
(TSS), 98.1% of the COD, 99.3% of the TKN, 96.7% of the total N, 
100% of ammonia, 91.9% of total phosphorus, 95.4% of copper, and 
97.0% of zinc. With regard to killing pathogens, due to the high pH 

in the phosphorus module, the system was effective: it met the new 
Swine Waste Management System Performance Standards (15A 
NCAC 02T, 2010) for pathogens (Fecal coliforms <7,000 
MPN/100 mL) (<3.84 log10). With regards to odor standards, the 
treatment system removed 100% of odorous compounds in the liquid 
including skatole, phenol, total cresol, indole, and volatile fatty acids 
(acetate, propionate, isobutyric).

TABLE 1 Second-generation USDA technology using solid–liquid separation, nitrogen, and phosphorus modules for the treatment of swine manure 
(Super Soils system).a

Treatment step

Water quality 
parameter

Raw flushed 
swine manure 

(system influent)

After solid–liquid 
separation 
treatment

After ammonia 
treatment

After phosphorus 
treatment (system 

effluent)

System 
efficiency

---------------------------------- mg L−1 b -------------------------------- %

TSS 11,754 ± 6,417 1,254 ± 1,015 227 ± 199 325 ± 215 97.2 b

VSS 8,926 ± 5,103 891 ± 756 154 ± 129 142 ± 105 98.4

TS 30,065 ± 12,475 14,244 ± 5,104 9,824 ± 2,312 10,008 ± 2,495 67.7

VS 17,799 ± 8,725 5,322 ± 2,893 1,818 ± 827 1,738 ± 1,046 90.2

COD 22,204 ± 14,363 8,196 ± 5,286 1,058 ± 541 821 ± 405 96.3

Soluble COD 7,338 ± 6,012 6,073 ± 4,098 862 ± 393 684 ± 308 90.6

BOD5 7,364 ± 6,313 3,185 ± 2,692 62 ± 88 41 ± 61 99.4

TKN 2,054 ± 778 1,466 ± 600 138 ± 166 87 ± 130 95.7

NH4-N 1,290 ± 615 1,213 ± 451 124 ± 171 45 ± 92 96.5

Oxidized N 1.4 ± 4.6 0.2 ± 1.5 221 ± 179 162 ± 144 –

Organic N 739 ± 447 230 ± 290 33 ± 38 36 ± 51 95.1

Total N 2055 1,466 359 249 87.9

TP 492 ± 272 151 ± 79 83 ± 30 33 ± 23 93.3

Soluble P 94 ± 63 82 ± 42 76 ± 29 19 ± 17 79.8

Organic P 380 ± 259 62 ± 63 11 ± 12 12 ± 14 96.8

Ca 417 ± 196 106 ± 58 39 ± 18 90 ± 95 78.4

Mg 219 ± 110 44 ± 30 16 ± 7 12 ± 5 94.5

Zn 25.4 ± 12.6 2.9 ± 2.8 0.4 ± 0.4 0.3 ± 0.3 98.8

Cu 16.8 ± 11.1 2.0 ± 2.4 0.2 ± 0.1 0.2 ± 0.1 98.8

Fe 39.9 ± 21.3 4.81 ± 4.55 0.49 ± 0.40 0.39 ± 0.35 99.0

S 128 ± 60 49 ± 19 34 ± 8 31 ± 8 75.8

Alkalinity 7,027 ± 2,175 5,469 ± 1,505 1,422 ± 1,013 1,580 ± 835 77.5

ORP, mV −64 ± 72 6 ± 135 202 ± 177 ND –

pH 7.80 ± 0.35 7.78 ± 0.23 7.98 ± 0.50 9.72 ± 0.69 –

EC, mS cm−1 14.97 ± 4.36 14.09 ± 4.08 7.25 ± 1.91 6.58 ± 1.57 56.0

Odor compounds, (ng/

mL) c

71,269 ± 14,733 63,642 ± 12,366 40 ± 17 44 ± 11 99.9

Total fecal coliforms, 

(log10/mL) d

4.11 ± 0.19 3.47 ± 0.16 0.84 ± 0.23 0.17 ± 0.18 99.99

Performance by treatment step and overall system efficiency (Vanotti M. B. et al., 2009; Vanotti et al., 2018).
aData are means ± standard deviations of 122 samples during 2 years of continuous operation.BOD5, 5-day biochemical oxygen demand; COD, chemical oxygen demand; EC, electrical 
conductivity; ORP, oxidation–reduction potential; TKN, total Kjeldahl nitrogen; TP, total phosphorus; TS, total solids; TSS, total suspended solids; VSS, volatile suspended solids; 
Oxidized-N = NO3-N + NO2-N (nitrate plus nitrite); Total N = TKN + Oxidized-N.
bUnits are mg/L except for ORP (mV), EC (mS cm−1), pH, odor compounds, and pathogens. ORP values are standard hydrogen electrode (Eh); System efficiency (concentration 
reduction) = [(Influent Conc. – Effluent Conc.)/Influent Conc.] * 100.
cOdor compounds are the sum of concentrations of five malodorous compounds contained in the liquid (phenol, p-cresol, p-ethylphenol, indole, and skatole) that are characteristic of swine 
manure. Values are means (± standard error) of 15 monthly determinations.
dTotal fecal coliforms values are means (±standard error) of log10 colony forming units (cfu) per mL for duplicate samples of six monthly determinations.

https://doi.org/10.3389/fsufs.2024.1450649
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Aneja et al. 10.3389/fsufs.2024.1450649

Frontiers in Sustainable Food Systems 10 frontiersin.org

Animal health improvements 
documented with Super Soils system

Reusing cleaner, sanitized water (after ammonia treatment, 
Table 2) to refill barn pits reduced ammonia concentration in the air 
of the barns and improved the growing environment (Vanotti et al., 
2019). The recycled water in the barns had low ammonia, reduced 
total fecal coliforms (0.84 ± 0.23 log10 mL−1), and substantial oxidized 
N (211 ± 179 mg L−1) (Table 2, column “after ammonia treatment”). It 
replaced the dirtier lagoon liquid charged with ammonia used for 
flushing the barns under traditional lagoon management. The 
enhanced animal productivity was demonstrated in the second-
generation project by comparing five production cycles using 

traditional lagoon management (before conversion to the new system) 
and five production cycles after conversion to the new technology. 
Since the recycled wastewater was oxidized liquid low in ammonia, 
ambient ammonia levels in the barns dropped an average of 75 
percent. As a result, animal health and productivity were enhanced 
(Vanotti et al., 2019). Daily weight gain increased by 6.1 percent, and 
feed conversion improved by 5.1 percent. Animal mortality decreased 
by 47 percent, and cull weight was reduced by 80 percent. The farmer 
sold an average of 5,265 pigs per growing cycle, which resulted in a 
516,300-kg net gain per cycle. Using the second-generation system 
instead of the lagoon system, the farmer sold 28,100 kg more hogs—a 
5.8 percent increase—per growing cycle. Additional economic benefits 
from improvements in animal productivity and health were calculated 

FIGURE 4

Third generation EST swine waste treatment system (red circle) that replaced the lagoon system (existing lagoons shown above the barns) using solid–
liquid separation, nitrogen, and phosphorus modules. The new system provided treatment to all the manure from two operations: a 1,200-sow farrow-
to-feeder farm that used flushing (right), and a 12,960-head feeder-to-finish farm that used pit-recharge (left).

TABLE 2 Assessment of the relative magnitude of environmental benefits from alternative manure management technologies for NC swine farms.

Manure management approach Relative magnitude of environmental 
benefits (0–100%)

Comments

Lagoon and sprayfield Reduction of organic loads for land application

Covered lagoon and biogas capture with sprayfield GHG emission reduction

Complete environmentally superior technology (EST), 

Super Soils system without a lagoon (Figure 1)

Reduction of odor, ammonia emission, 

pathogens, heavy metals, phosphorus, and GHG 

emissions. Organic soil amendments. Clean water 

reuse and improved animal health. Lagoons 

eliminated.

Super Soils system applied to covered lagoons with 

biogas capture (Figure 5)

Reduction of odor, ammonia emission, 

pathogens, phosphorus, and GHG emissions. 

Clean water reuse and improved animal health.
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to $91,920 per year [$120.15/454 kg (1,000 lbs.) live animal weight/
year] (Vanotti and Szogi, 2007).

Greenhouse gas elimination 
demonstrated with Super Soils system

Although the greenhouse gas emissions of manure processing 
technologies are very important now, it was not an environmental 
standard under the EST designation process, which addressed only 
the elimination of pathogens, ammonia emissions, odor, heavy metals, 
phosphorus, and discharge to surface and groundwater. However, 
Super Soils System was demonstrated to be very effective in reducing 
methane emissions. Using protocols adopted through the United 
Nations Framework Convention on Climate Change (UNFCCC), 
Vanotti et al. (2008) estimated a 96.9% reduction in GHG emissions 
(CH4 and N2O) by replacement of the traditional lagoon-spray field 
technology with the cleaner, aerobic Super Soils technology (on-farm 
liquid treatment plus composting). The GHG emissions reductions 
due to the installation of this technology in a 6,000-head swine farm 
in NC were 6,732 tonnes of CO2-eq per year, valued at $26,930 per 
year from carbon offsets markets at the time of evaluation (Vanotti 
et  al., 2008). The solid–liquid separation alone and subsequent 
diversion of the separated solids away from the lagoon to other aerobic 
processes can reduce CH4 emissions from swine manure by 65.5% 
(Sohoulande et al., 2024).

Waste treatment methods to treat 
effluents from anaerobic digesters for 
biogas

A wide variety of waste treatment methods have been designed to 
improve swine waste management which can be used in conjunction 
with anaerobic digesters (AD) to reduce air and water 
pollution concerns.

The gas-permeable membrane process (Vanotti and Szogi, 2015) 
has been used for removing and recovering nitrogen from AD manure 
effluents. Gas-permeable membranes have effectively recovered more 
than 97% of NH4

+ from cover lagoon swine wastewater (Dube et al., 
2016). By coupling the ammonia recovery technology with anaerobic 
digestion, the methane yield increased by up to 28% (González-García 
et al., 2021).

Removal of N by nitrification/denitrification in aerobic/anaerobic 
conditions can effectively reduce N concentrations. However, 
removing N efficiently at high rates requires controlling pH, O2, 
temperature, nitrifying bacteria, and organic carbon at favorable 
levels. Cold temperatures slow nitrification, and to circumvent this 
problem, a high-performance nitrifying sludge (HPNS) has been 
introduced for treating swine wastewater (Vanotti M. B. et al., 2013). 
Using this system enabled the removal of >95% NH3 from swine 
wastewater containing 1,000–2,700 mg NH3 L−1 (Vanotti M. B. et al., 
2009). Nitrification–denitrification systems using continuous flow 
intermittent aeration (Hu et al., 2003) and sequencing batch reactor 
(Zhang et  al., 2006) removed N by 80 and 97.5%, respectively. A 
Solepur process has been developed to provide low-cost biological N 
treatment of swine effluents using the soil as a living reactor (Martinez, 
1997). Partial nitrification coupled with anammox (deammonification 

process) can reduce aeration costs 58% providing effective biological 
ammonia treatment with no carbon requirement (Magri et al., 2012) 
thus it is especially suited for anaerobic digestion effluents with low 
carbon remaining.

In order to meet the strict environmental performance standards 
of ammonia, phosphorus, odors, and pathogen elimination of an EST 
(Williams, 2009), the crucial modules of the Super Soils system are the 
nitrification and phosphorus modules (Vanotti et al., 2005; Vanotti, 
2010). Szogi and Vanotti (2009) used a nitrification module followed 
by a phosphorus module to efficiently remove ammonia and 
phosphorus and disinfect the effluent from anaerobic lagoon effluents 
in 10 diverse swine farms in North Carolina. These modules can also 
be applied to retrofit covered lagoons and anaerobic digestion systems 
(Figure 5) with significant environmental benefits (Table 2) to jointly 
remove odor, ammonia emission, pathogens, phosphorus, and GHG 
emissions, generating clean water for reuse, biogas, and phosphorus 
fertilizer. A management issue is the removal of the sludge solids from 
existing lagoons that have been covered. However, in Brazil, Cândido 
et al. (2022) developed a full-scale system comprised of an efficient 
first module for anaerobic digestion with biogas production using a 
continuous stirred tank reactor (CSTR) and covered lagoon 
biodigesters (CLBs), and the critical Super Soils modules: a nitrogen 
module using nitrification and denitrification (MLS configuration), 
and a phosphorus module with calcium phosphate recovery. It 
provided treatment to a farrow-to-wean swine farm with 6,655 sows 
and generated 1880 kWh d−1 of energy, removed 98.6% of nitrogen 
and 89.7% of phosphorus present in the manure, and produced a 
clean, disinfected effluent for reuse in the barns.

Recommendations and policy

Significant concerns about the impact of land-applied manure 
nutrients on soil and air resources in North Carolina arose during the 
late 1980s to mid-1990s due to the swine industry’s rapid growth 
within relatively small geographic areas (Williams, 2009). These 
concerns led to stricter pollution controls on swine and new 
performance criteria demanding that new farms use technologies that 
substantially eliminated ammonia, odors, pathogens, nutrient 
pollution, and heavy metals. The first generation of Super Soils farm-
tested technology met these standards and subsequent generations 
improved performance while reducing costs.

Along with the industry’s expansion in the USA, Federal and State 
governments’ environmental policies under the Clean Water Act 
supported required compliance with land application of treated 
wastewater or manure solids based on realistic crop yield expectations 
and nutrient loading rates through comprehensive nutrient 
management plans (CNMPs). However, nutrient assessment and 
geographic distribution of animal manure revealed that several 
counties had enough animal manure to exceed by over a hundred 
percent the nitrogen and phosphorus requirements of all non-legume 
agronomic crops and forages (Zublena and Barker, 1992). Information 
derived from this assessment served extension practitioners to educate 
producers on strategies to reduce environmental pollution due to land 
application of manure nutrients above cropland needs. These strategies 
included dispersing livestock operations to avoid localized nutrient 
saturation in soils, integrating manure into existing commercial 
fertilizer operations, or transporting manure long distances to solve 
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distribution problems of manure nutrients. None of these were 
attractive to pork producers and industry because of the high 
production and transportation costs for exporting nutrients in raw 
manure. No government policy in the United States has incentivized 
transporting nutrients from areas of surplus production such as 
eastern North Carolina to places with nutrient deficits, hundreds of 
miles distant. Policy directives from private firms, including Wal-Mart, 
are incentivizing more production of swine wastes processed through 
biogas digesters.

With the urgent need to address alternatives to lagoon treatment 
and land application of swine manure in North Carolina (the second 
largest swine-producing State in the USA), the North Carolina 
Attorney General started the “Environmentally Superior Technology” 
(EST) research initiative in 2000. The EST initiative propelled a more 
comprehensive policy as a strategy to reduce CAFOs’ environmental 
impacts. The new animal waste management methods developed 
under the EST protect the environment and allow manure 
management to switch to a current recycling view of manure handling 
within the food chain’s circular economy.

In the USA, cost-share programs are available through State and 
Federal agencies to help producers install conservation practices, 
including waste management in CAFOs. The Farm Bill provides 
financial and technical assistance to America’s agricultural producers 
addressing natural resource concerns and delivering environmental 
benefits, such as improved water and air quality through the 
Environmental Quality Incentives Program (EQIP) and 
Conservation Innovation Grants (CIG) (USDA, 2018b). These cost-
share and matching requirement programs award competitive 
grants to develop and implement new tools, technologies, and 
strategies in soil, water, and air conservation efforts. These programs 

could help implement proven ESTs or their components, 
contributing to greenhouse gas reductions and improved 
water quality.

The following recommendations are proposed, based on the 
collective experience with the EST in North Carolina and current 
trends in animal production concentration, for environmentally safe 
technologies to handle excess manure produced in CAFOs:

 1 Seek public policies and government programs to incentivize 
building new systems, like the Super Soil EST, to create 
manufacturing jobs for wastewater treatment equipment, 
construction, installation, and service maintenance, providing 
economic opportunities in rural communities (Gereffi 
et al., 2008).

 2 Establish a follow-up to the Smithfield Agreement so that 
technologies that have made engineering improvements may 
be evaluated.

 3 Biogas capture and sale offers opportunities for an 
unprecedented market of a by-product of the lagoon 
components—greenhouse gas emissions. Revenues from this 
market should be sufficient to pay for technologies added to the 
lagoon and sprayfield systems to substantially eliminate 
ammonia, odorous compounds, pathogens, nutrient pollution, 
and heavy metal contamination.

 4 New funding sources, such as the Farm Bill and Inflation 
Reduction Act in the USA, must take care to ensure that the 
biogas projects they promote do not ignore the problems posed 
by lagoon and sprayfield systems to human health and the 
environment. Instead, these biogas projects should be required 
to meet EST standards.
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FIGURE 5

Schematic of the Super Soils system (Vanotti et al., 2005; Vanotti et al., 2010) applied to systems with covered lagoons and value-added products. The 
on-farm system uses three modules: the first to separate organic solids from the liquid manure using anaerobic digestion (AD), the second to remove 
the ammonia and odors with biological nitrification/denitrification, and the third to separate phosphorus and disinfect the effluent. A closed loop 
recycles treated water to recharge the barn pits.
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