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Executive Summary
The use of biogas reactors as an alternative waste treatment is becoming increasingly
commonplace within the pork industry. Originally designed to prevent flooding and control odor,
biogas systems install a tarp over waste lagoons. The tarp prevents methane and other
pollutants like ammonia from escaping to the air. Although biogas systems represent an
improvement compared to conventional pit lagoons, they do not fully solve problems with
nutrient overload in the waste digestate. To address this, a capture system that recovers
ammonia and phosphate from the waste digestate was constructed and tested.

The novel ammonia-phosphate recovery system works in a two step process. First, ammonium
is captured by a pH adjustment and heat increase to convert the ammonia to gas. This step also
frees the phosphate from its solid form within the sludge and should increase the amount of
phosphate in liquid form as the sludge settles. Once the ammonia gas is captured, it is sprayed
with an acid mist to recapture it as a liquid ammonium solution. Next, the rest of the liquid
digestate is pumped to a mixing tank where magnesium chloride is added to precipitate out
struvite, which removes most phosphate and additional ammonium. The struvite settles quickly
and can be sold as fertilizer, and the rest of the waste can be released once the pH is adjusted
back to neutral.

The novel ammonia-phosphate recovery system includes numerous economic, environmental
and social benefits. By capturing the excess phosphate and ammonia present in the hog
manure, landfill and water spillovers are avoided and odor is drastically reduced. The phosphate
and ammonia collected can be sold in the commodity market for production of fertilizer and
industrial products. According to our 10-years financial projection, the novel
ammonia-phosphate recovery system can bring a profit of more than $1.5 million for a medium
sized farm operating a 5-acre waste lagoon. Finally, from cutting CO2 emissions associated with
producing new synthetic fertilizers and industrial ammonia solutions, a medium-sized hog farm
can save up to 2,652 kg of CO2e per year.

Introduction
With 9.2 million hogs, North Carolina has almost as many pigs as people (USDA, 2019).

The majority of these pigs are raised in confined animal feeding operations, or CAFOs. To
qualify as a CAFO, a farm must house 1,000 animal units on the property for 45 days or longer
(NRCS “Animal Feeding Operations”, n.d.). Additionally, any animal feeding operation with a
manure waste discharge system automatically qualifies as a CAFO (NRCS “Animal Feeding
Operations”, n.d.). CAFOs are subject to regulation by the Environmental Protection Agency
(EPA) under the Clean Water Act’s CAFO rule (US EPA “AFOs”, n.d.).

Although hog CAFOs are now found across the country, North Carolina was the
birthplace of industrialized hog farming. After watching how his neighbors raised poultry in
densely stocked barns, Duplin county farmer Wendell Murphy began applying the confinement



model to the hog industry (Furuseth, 1997). He created the modern CAFO system in 1979,
when he decided to split the hog raising process into three stages: breeding, weaning, and
slaughter grow-out (Freese, 2019). Instead of being raised in one location, the pigs are born,
weaned, and raised to slaughter weight on separate farms (Furuseth, 1997). Specialization
increased the efficiency of each farm, allowing for increased stocking densities and lower
production costs (Furuseth, 1997).

Propelled by low production costs and soaring profits, the CAFO model pioneered by
Murphy began to dominate the hog industry. Murphy’s new venture occurred during an era of
increasing consolidation and industrialization in American agriculture. Earl Butz, the Secretary of
Agriculture under Nixon, urged farmers to "Get Big or Get Out" (Philpoot, 2008). American
farmers followed suit. From 1992 to 1998, the number of hogs in North Carolina exploded from
2 million to more than 8 million (Furuseth, 1997). At the same time, the number of farms raising
hogs dwindled from more than 15,000 to less than 3,000 (Furuseth, 2001). The industry also
began moving to a contract-based model, where the barns are owned by the farmer but the pigs
are raised on contract for an outside company, such as Smithfield Foods (Key and McBride,
2007). For the top producers, intensive hog farming proved to be extraordinarily profitable. In
2000, Murphy sold his hog empire to Smithfield Foods for $460 million (Smithfield Foods, 2000).
Smithfield continues to own and operate many farms in North Carolina. Hog farming is a vital
component of North Carolina’s economy, generating billions of dollars of revenue each year
(National Agricultural Statistics Service, 2017.)

Hog CAFOs: An Environmental Injustice

Despite its importance to the state’s economy, hog CAFOs pose significant health and
environmental risks to neighboring communities. People living near hog farms had greater
overall mortality (Kravchenko et al., 2018). They also reported experiencing nausea,
headaches, and psychological distress as a result of the strong odors emanating from open
waste lagoons (Bullers, 2005). The airborne irritants in the emitted gases have also been found
to suppress the immune system (Avery et al., 2004). In addition to producing negative health
effects, living near hog farms lowers property values and reduces overall quality of life (Mirabelli
et al., 2005). Moreover, the impact of hog farms is disproportionately felt by low-income
communities and people of color. Black North Carolinians are 1.54 times more likely to live
within 3 miles of a hog farm than white residents (Earthjustice, 2014). Hog farms are also more
likely to be located in impoverished communities (Wing et al., 2000). Further compounding the
problem, many residents in rural, under-resourced areas depend on wells for drinking water,
making them particularly vulnerable to groundwater contamination from nearby hog waste (Wing
et al., 2000).

The CAFO system is responsible for most of these quality of life issues. CAFOs allow for
hogs to be raised at a density and scale that would be impossible to achieve in outdoor
operations. Because of their high animal populations, CAFOs produce an enormous amount of
waste in a concentrated area. On average, North Carolina’s hogs produce 10 billion gallons of
waste per year (EWG, 2016; Cooke, 2016). As a result, CAFOs require large scale waste



management systems (Furuseth, 1997). Most farms in North Carolina rely on open lagoons to
manage this waste. In a typical manure management system, waste is flushed from the barns
and collected in the open lagoons. When waste levels in the lagoon grow too high, the manure
is then sprayed onto farm fields (Key et al., 2011). Open air lagoons do little to control the
environmental and health risks of hog waste. The lagoons provide a rich environment for
antibiotic resistant bacteria to proliferate (Cassanova et al., 2020).

In addition to air and water pollutants, hog waste lagoons also produce greenhouse
gases. Nationally, swine waste releases an estimated 25 MMT of CO2 equivalent per year, with
bulk of those emissions in the form of methane and nitrous oxide (USDA Greenhouse Gas
Inventory, 2016). Methane and nitrous oxide are both highly potent greenhouse gases with
greater global warming potentials than carbon dioxide, making the impact of hog waste on
climate change particularly severe (IEA, 2021).

The Smithfield Agreement

In response to the health, environmental, and equity concerns raised by conventional
hog farming, environmental groups and environmental justice advocates began trying to reform
the hog industry. The first efforts to regulate hog farming arose from the aftermath of Hurricane
Floyd (Buford, 2018). Overwhelmed by extreme rain, many hog lagoons flooded, releasing
millions of gallons of waste into the Cape Fear River (Buford, 2018). Public outrage led to
demands for tighter regulations on hog farm waste (Deviney et al., 2020. The Smithfield
Agreement was born out of those demands. Signed in 2000, the agreement enacted a
moratorium on the construction of hogs farms in the state, which remains in place today (Buford,
2018). It also required Smithfield to fund the research and development of environmentally
superior technologies (ESTs) for waste management. As a result, Smithfield provided
researchers at NC State University with $15 million in seed funding to research ESTs (NCSU
“Smithfield Agreement”, n.d.).

In 2006, NC State published a report identifying five ESTs: nitrification-denitrification and
soluble phosphorus removal liquid treatment, composting swine waste with wood chips,
combustion with poultry litter, gasification of solids, and digestion in a high temperature
anaerobic biogas reactor (Miller, 2006). The report found that installing ESTs on existing hog
farms was cost prohibitive, but that ESTs were an economically viable option for new farms
(NCpedia, n.d.). Due to costs and the moratorium on new hog CAFO construction, very few
farms have implemented EST systems. The vast majority still rely on open lagoons for waste
control (Buford, 2018). As it approaches expiration in 2025, the Smithfield Agreement has
ultimately failed to achieve most of its stated goals (Buford, 2018).

In addition to the Smithfield Agreement, the state created an easement program to buy
out farms in flood plains after Hurricane Floyd (Kozak, 2014). Although 103 open lagoons were
closed under the program, the majority of waste lagoons in the state were still left uncovered,
increasing the industry’s vulnerability to future storms. The destruction caused by Floyd was
repeated 20 years later during Hurricane Florence (Halverson, 2018). The hog lagoons



overflowed once more, releasing 30 trillion liters of waste  into the surrounding waterways
(Gilbert, 2020; Buford, 2018).

Hog Farming After Hurricane Florence

The damage caused by Hurricane Florence reignited conversation about the role hog
farming should play in North Carolina's economy and culture. After Florence, Smithfield Foods
pledged to install tarps on more than 90% of its farms within the next 10 years (Kirwan, 2018).
Although this pledge is similar to the terms outlined in the Smithfield Agreement of 2000, several
factors are different that promise a higher likelihood of success.

First, Smithfield is facing several lawsuits from angry residents. Residents of Duplin
county sued Smithfield Foods in 2018, alleging that neighboring hog farms damaged their
quality of life (Robertson, 2020). The jury awarded them more than $500 million in damages
(Blest, 2020). Although Smithfield immediately appealed the decision, the 4th U.S. Circuit Court
of Appeals upheld the verdict and delivered a harsh rebuke of Smithfield’s actions (Sorg, 2020).
This and similar on-going lawsuits suggest that legal actions can be an effective means for
citizens to hold the pork industry accountable.

Second, hog biogas produced by anaerobic digesters are emerging as a viable
waste-to-energy pathway, as suggested by the NC state EST report. Biogas systems are
designed to mitigate the greenhouse gases and air pollutants released by hog waste. Compared
to an open lagoon system, farms with anaerobic digesters reduce methane emissions by around
85% (EPA “Market Opportunities for Biogas Recovery Systems at U.S. Livestock Facilities”,
2018). In a biogas system, waste is still flushed from the barns to lagoons, but the lagoons are
tarped with heavy-duty plastic instead of leaving them open to the air. Tarping the waste traps
methane and prevents it from escaping to the open atmosphere, creating an environment that
promotes anaerobic digestion (US EPA “Anaerobic Digestion”, 2019.). The trapped methane is
then siphoned off, where it can either be combusted onsite or prepared for transportation offsite.

Biogas, in the form of methane, generated by an anaerobic digester, however, is not
immediately ready for integration into the natural gas grid, since it is generally 40% carbon
dioxide and 60% methane with trace concentrations of hydrogen sulfide gas (Muller, 2007).
First, it must be purified and compressed using a gas clean-up system to eliminate the hydrogen
sulfide and extract the methane (Muller, 2007). Without a well-designed gas clean up system,
upgrading biogas into biomethane can negate the GHG savings, as a portion of the biogas
sometimes escapes into the atmosphere as methane off-gas (Paolini et al., 2018). If methane
slippage exceeds 4%, using hog methane instead of natural gas from other sources such as
hydraulic fracturing is no longer environmentally beneficial. Thus, using a system design that
incorporates an off-gas recapture system mitigates methane slippage and preserves the GHG
reductions generated by swine biogas. Once the biogas has been upgraded into biomethane, it
can be used and sold as an alternative to natural gas. Each unit of renewable natural gas
receives a renewable identification number, which allows it to be traded on the open market.
Renewable natural gas has a higher market value than natural gas because of federal and state
premiums for renewable fuel sources, making selling biomethane an attractive option for hog



farmers (US EPA “Renewable Natural Gas from Agricultural Based Systems”, 2020). Using
renewable swine natural gas instead of fossil-fuel derived gas significantly reduces the life-cycle
emissions associated with hog production (Tallasken et al., 2020).

In 2018, Smithfield partnered with Duke Energy and Dominion Energy to install biogas
reactors at several hog farms across the state. The Optima KV project, for example, is a
collaboration between Duke Energy and five Smithfield hog farms in Kenansville, North Carolina
(Cavanaugh Solutions, 2017). The waste from the farms in the Optima KV network could
produce enough power for 880 homes (Cavanaugh Solutions, 2017). Combining the biogas
output of several farms makes the operation more profitable and economically viable  by
reducing processing costs  (Cavanaugh Solutions, 2017). By piping the unprocessed biogas to
a central location, operators only need to build one processing refinery, instead of installing
refineries at each farm (Cavanaugh Solutions, 2017). Once it reaches the refinery, the biogas is
processed to 96% methane before it is added to existing natural gas pipelines. It is then used to
run combined cycle power plants (Cavanaugh Solutions, 2017). The commercial and
technological success of Optima KV led Smithfield to explore additional partnerships with Duke
Energy and Dominion Energy. In 2019, Smithfield announced a partnership with Dominion
Energy to build the Grady Road project, which aims to recover biogas from 19 hog farms
(Smithfield Foods, 2018; Oglesby, 2021). Both of the projects aim to help energy companies
meet the 0.2% swine waste-to-energy mandate set forth by North Carolina’s Renewable
Portfolio Standards (NC Clean Energy Technology Center DSIRE, n.d.).

Biogas: Too Good to Be True?

Despite the technological and commercial success of these two projects, biogas remains
highly controversial. Many of the odor problems and health risks of living near hog farms are still
present under existing biogas systems. While tarping does reduce odor compared to an open pit
lagoon, most biogas operations still utilize the lagoon spray-field system for final waste disposal,
meaning that they do not fully eliminate the odor and environmental pollution issues caused by
the waste digestate. Further compounding the problem, tarping can cause ammonia to
accumulate in the digestate, making the waste that is sprayed on the fields even more toxic than
that of an open pit system (Świątczak & Cydzik-Kwiatkowska, 2018). Some residents are also
concerned that demand for renewable natural gas from pig farms could cause the current
moratorium on construction of new farms to be lifted. Additionally, these projects often require
disruption to local communities to build pipeline infrastructure. The Grady Road project’s
proposal to lay 30 miles of pipeline, for example, has angered nearby residents (Oglesby, 2021).
Without improvements to system design and significant efforts to improve community relations,
simply adding a biogas reactor will not solve the problems posed by hog CAFOs.



Focus Statement
Hog waste, along with most other fecal waste, is primarily toxic to the environment due to
various biological compounds that need to be broken down, as well as high concentrations of
elements such as nitrogen and phosphorus. Anaerobic digestion utilizes four groups of
microbes to break down lipids, proteins, and carbohydrates into smaller components by
hydrolyzing polysaccharides into sugars, fermenting the sugars into acetate and other
compounds including CO2 and hydrogen, and finally, producing methane from the fermented
compounds. Often, mixed wastes can be co-digested to balance compounds that are frequently
found in each, and the tools to determine ideal co-digestion ratios are a main component of
current biotechnology research. In hog farms, only hog waste is digested, which creates an
excess of nitrogen and phosphate, even after anaerobic digestion.

Biogas capture in hog farms is a growing economic option, but while the anaerobic digestion
process breaks down some BOD and COD, there is remaining COD and high concentrations of
nitrogen and phosphorus. The nitrogen remains in the form of ammonium which seeps into the
air as ammonia gas. Excessive exposure to ammonia gas can cause lung damage, coughing,
burning of the eyes, nose, and throat, and has an unpleasant odor. High concentrations of
phosphate cause algal blooms in natural waters which depletes oxygen supply, killing off natural
aquatic life in the waters. Even though the waste is typically contained in lagoons, as mentioned
previously, these conditions are often still not ideal for the environment.

The objective of this project is to remove the toxic ammonium and phosphate from the
wastewater while creating valuable by-products to economically incentivize the changes.

Approach/Methodology

Technical Design

NP Removal (NPR)

In order to best meet the environmental needs of North Carolina, this project focuses on
ammonia and phosphate removal, first by gas capture of ammonia gas to a solution form, and
second by struvite precipitation for use as fertilizer.

Precipitation

Phosphorus and nitrogen are both components in many fertilizers, particularly in the form of
struvite, which is magnesium ammonium phosphate or calcium ammonium phosphate. Both of
these compounds can be removed from a liquid as a solid precipitant. They require a 1:1:1
molar ratio of the metal ion to phosphate to ammonium.



Gas Capture

Hog waste typically has a much higher ratio of ammonium to phosphate and can be anywhere
from 3:1 to 17:1 (Delgadillo-Mirquez, 2016). The system at Loyd Ray Farms had a ratio of
approximately 8:1 (Deshusses). Thus, much of the ammonium must be removed before
precipitation of struvite is likely to occur. In a waste system containing ammonium, raising the
pH and heating the system can help promote dissociation of ammonium to ammonia as the
positive hydrogen ions are removed (Jiang et. al., 2014). Consequently, the ammonia will
quickly be released as a gas that can be recaptured. Ammonia, in addition to being found in
fertilizers as ammonium, is also commonly used in cleaning solutions or as a refrigerant, and the
industry to produce ammonia from nitrogen gas each year accounts for approximately 17% of
the industrial energy sector, or 1% of the world’s energy use (Boerner, 2019). In order to capture
this ammonia gas, the proposed system will allow the gas to float into a chamber where it is
bubbled through cooler, slightly acidic water, in an attempt to convert the ammonia back into
ammonium. In the scaled-up iteration, this process has been changed to an acidic misting
process, though comparison with bubbling should be tested. This ammonium solution, along
with the ammonia vapor, can be sold as a sustainably produced cleaning product.

Additional Reactions

In traditional wastewater systems, ammonium oxidizing bacteria and nitrate oxidizing bacteria
are commonly found microbial components that use redox reactions to convert ammonia to
nitrate/nitrites and eventually to nitrogen gas. These microbial components are likely to be
present in the system or could easily be inoculated into the system to remove some additional
ammonia.

System Design

The ammonia gas capture system in other experiments, typically removed approximately 86% of
the total nitrogen in ideal scenarios. Since this would still leave the system with a higher ratio of
ammonium to phosphate than 1:1, the ammonia capture system is implemented before struvite
precipitation. An additional consideration that contributed to this decision is the fact that struvite
precipitation will require a purely liquid wastewater in order to capture the precipitant via a filter
to sell later. This will only be possible after settling. Since the lagoon infrastructure is already
present in many hog farms, the lagoon is likely to promote settling, and a struvite precipitation
structure within the lagoon will require less additional settling infrastructure. This step would
need to occur much later in the process, and ammonium should be captured quickly to reduce
air quality hazards. Finally, as mentioned above, the metals used to precipitate out phosphate
and ammonium may provide enough redox potential to encourage naturally-occurring bacteria
to oxidize ammonium to nitrogen gas, removing ammonium from the system without the
by-product. For these reasons, the ammonia gas capture system will be implemented
immediately after the anaerobic digestion and biogas capture, and the struvite precipitation will
occur after the wastewater has settled in the lagoon for a period of time.



Experimental Design

Struvite Precipitation

The first set of experiments were batch tests designed to test struvite precipitation via MgCl2,
CaCl2*2H2O, and Fe3O2*6H2O. Beakers were tested with the idealized amounts of ammonia
after ammonia gas capture (0.014 M NH4

+) and phosphate (5.26 mM PO4
3-) followed by

concentrations of  MgCl2, CaCl2*2H2O, and Fe3O2*6H2O. The iron experiments yielded no
precipitate, but the magnesium and calcium experiments yielded a precipitant. A pH adjustment
by 50 and 100 mM NaOH to raise the pH increased the speed of precipitation and the amount of
precipitant. Settling occurred much faster with the Calcium-based struvite, but the
Magnesium-based struvite yielded significantly lower absorbance in the remaining solution
indicating lower levels of phosphate. Additionally, both forms of struvite were more successful at
removing phosphate with a higher pH (figure 2). Based on results and the cost of calcium and
magnesium, magnesium chloride was chosen as the best input for the system for phosphate
removal by struvite precipitation. However, it should be noted that if settling proves to be too
difficult on a large scale with magnesium-based struvite, calcium chloride is a sufficient
alternative to remove high amounts of phosphate.

Figure 1: Experimental Results of Phosphate Removal. Calculated by absorbance spectrometry
at wavelengths of 420 nm and calibrated to synthetic wastewater.



Ammonia Capture
An ammonia capture batch test was designed with a beaker containing the initial concentrations
of ammonia (0.103 M NH4

+) and phosphate (5.26 mM PO4
3-) with different beakers stirred,

heated, and adjusted with NaOH to different extents. The gas captured from these batch
experiments would flow through a tube into an inverted graduated cylinder within a beaker of
water to assess the changes in pressure. However, these experiments were not performed due
to difficulty creating an airtight seal for the batch tests. As a result, an alternative method was
chosen to bubble the gas through a solution of acid. After 24 hours the pH change of the
solution was measured in order to make a rough estimate of the gas formed.

A pH change in solution of 1 to 3 was observed, indicating 78% recovery of all ammonia that
was initially present. These results were obtained from 24 hour heating at 50ºC with addition of
0.1M NaOH. While these results certainly do not align with literature reports of up to 89%
ammonia recapture, it still indicates that the capture system can effectively remove a large
extent of ammonia present in solution (Jiang et. al., 2014). Hence, the proposed methodology
for ammonia stripping and recovery still stands as being a cheap and effective method.

Prototype
To better model how the NPR system would work in real life, a prototype was constructed to
integrate the ammonia and phosphate removal components. The goal of the prototype was to
treat the waste as it flowed through a system of pumps and tanks, just as it would at a CAFO.
The general system outline is shown in Figure 2  below, and a more detailed picture is in
Appendix 1. The following descriptions of the prototype utilize the number references from the
diagram in Appendix 1.

Figure 2: General depiction of the prototype



Flow Description:
The waste begins in the Waste Feed Tank and gets pumped to Tank 2 for the ammonia reaction.
In Tank 2, NaOH solution gets injected as Input 1 from Tank 9 via a pump. The separated
ammonia gas leaves Tank 2 and enters Tank 7 along with an acidic solution from Tank 6 to
create an ammonium solution. The waste leaves Tank 2 and enters Tank 3 for the struvite
reaction. Magnesium chloride is mixed with the waste as Input 3 and is stirred. Once the
precipitate forms, the waste stream enters Tank 4 to settle. It is the goal that the struvite will
collect along the bottom and the treated waste will continue on to Tank 5. The three outputs of
the prototype are an ammonium solution, solid struvite, and the residual waste.

Construction:
The bill of materials is listed in Appendix 3. The main build for this system was the ammonia
trickling tank. The acrylic was laser cut into 6”x6” sheets and glued together using the
waterproof silicone sealant. The layers in the middle additionally had many small holes cut into
them to allow the ammonia gas and acidic solution to mix as they flow through the tank.

Figure 3: Partially constructed ammonia trickling tank with holes to allow acid and ammonia gas
to mix

Pumps, beakers, and tubing were then assembled in the order shown in the attached prototype
diagrams. The specialized masterflex tubing must be used in the peristaltic pumps, which was
then connected to the regular ⅜’ tubing using the plastic reducers. The final assembly is shown
in Figure 4.



Figure 4 : Experimental Lab Set Up for Phosphate Removal

Flow Calculations:
Maintaining the correct flow rates of waste and the various inputs is important for the overall
success of the prototype. The chemical processes involved are maximized at certain ratios of
concentrations and as the waste and inputs flow and mix, these ratios need to be maintained for
maximum phosphate and ammonia removal. This prototype used input concentrations of 1 M
and .06 M for the NaOH and MgCl2 solutions, respectively. However, concentrations required
for the chemical reactions required one tenth of those concentrations so the inputs flowed in at
approximately one tenth of the flowrate of the waste.

Experimental Results using NPR Flow Prototype:
Due to time constraints and difficulty with sealing the tanks, the ammonia trickling tank was not
able to be connected to the phosphate removal steps as originally intended. It is hoped that
further research can be carried out in the future to finish the assembly of the design prototype.
However, the flow through mixing system shown in Figure 4 successfully mixed inputs and the
production of struvite was qualitatively observed to resemble similar levels as in the batch
experiments. The struvite collecting in the settling tank is shown in Figure 5.



Figure 5: Struvite build up in the settling tank after mixing inputs with waste in the flow system.

Adjustments for Future Scaling:
After visiting a hog farm in the spring, it became clear that in order for the system to scale it
would need to be redesigned. Notably, the visit provided more information on the sources of
ammonium and phosphate. Phosphate compounds are primarily found in the solid sludge,
rather than the liquid waste. The original proposal used only the liquid waste and therefore
would be unable to capture most of the phosphate. Additionally, the preliminary experimental
results for ammonia capture indicated a time-scale of at least 12 hours.

To adjust for both of these factors, a new system (Figure 6) was designed. It has several key
attributes that improve on the existing lab prototype. By raising the pH immediately after the
mixed liquid and solid digestate comes from the anaerobic digester, in the ammonia capture
section, the phosphate is freed from the solid into the liquid so that it can be treated as liquid
waste with high concentrations of phosphate. The system also increases the residence time of
the ammonia capture by converting it to an add-on to the previously existing lagoon, rather than
an additional tank, which will decrease costs. The increased residence time for ammonia
capture with raised pH also allows the sludge to settle without the phosphate in the solids, which
eliminates the need for a solid-liquid separation system. The sludge is then pumped to the main
lagoon, and the liquid is pumped to the struvite precipitation and settling system, where struvite
will be the only solid.



Figure 6: Design of flow for implementation in an existing lagoon system

Cost-Benefit Analysis
This NPR system presents numerous economical, environmental, and social benefits as it
reduces the waste of the hog farming supply chain while producing new supply of struvite and
ammonia. While working in the lab, the number of inputs, selection of catalysts, and flow system
design was optimized to minimize expenditure and make the project economical and
self-sufficient. In this paper, both the profit potential of NPR and also the numerous non-market
benefits that can contribute to making this system more valuable for the environment are
highlighted. Performing both cost-benefit and economic analysis can provide timely and useful
information to address questions confronting farmers, investors, policymakers, and resource
managers. A thorough cost projection was performed to account for the returns of investment of
the farmers that decide to install and use NPR. A rough estimation of collective savings from
non-market was also estimated, although not included in the cash-flow projections.

Economic Analysis

Target Market Analysis
As of now, North Carolina alone is home to 4.06 million hogs which produce roughly 4.5
kilograms of waste per day. With just 1% market penetration, this hones in on 40,620 hogs



producing 402,000 pounds of waste per day. Despite a small market penetration, sufficiently
large amounts are available for fertilizer conversion, resulting in substantial profits.
Expansion to larger farms in the other five top-producing hog states such as Iowa, South
Dakota, Minnesota, Illinois, and Indiana; offer additional options for implementation. Larger
farms present the possibility of selling a conversion unit directly and converting waste on
location, to be shipped, packaged, and sold at a later date. Direct competitors of NPR are
fertilizer companies offering synthetic options and who have established a strong customer
base. To combat future threats, a proper pricing strategy and a robust marketing campaign must
be employed. The success and profitability of NPR rely on high fertilizer sales.
Currently, hog waste is disposed of over long periods of time with large, pungent lagoons. NPR
offers a solution to this odor-overwhelming problem through the marketing and construction of
the units and the application of organically derived chemicals. Waste will be converted into
odorless liquid or granulated fertilizers, customized with minerals, and resulting in a final product
of organic fertilizers

Business Plan
The business model will focus on phosphate and ammonia removal from hog waste, a service
which in itself may be sold for profit and drive a hog farm business forward. Phosphate and
ammonia are both used in agriculture as fertilizers and their wide industrial applications make
market space to new sources of supply. Due to the fluctuations in fertilizer prices, the
introduction of a cheaper, organic fertilizer could bring about wider usage of organic fertilizer
and an additional revenue stream for farmers. The presence of hog waste is very undesirable,
and in many cases constitutes a legal liability for hog farmers (Oza, 2010). Removal of the smell
will benefit the public of the surrounding area, and the production and use of organic fertilizer
will increase the amount of organic farming performed. The envisioned model gives farmers the
ability to directly supply phosphate and ammonia to fertilizer producers and sell them at market
price. Depending on the size of the farm, the owners could either decide to sell directly to the
commodity market or to bundle with other farmers and create a league of suppliers. To best
analyze the economics of a commodity business model, a closer look at the revenue-cost
projection for the production of both ammonia and phosphate is needed. Overall, the profit of
the business model comes from selling the fertilizer minerals at market price.
As shown in Table 1 , the production of struvite (from which phosphate is produced) leads to a
profit of about $0.37 per hog. Assuming the size of a medium-small hog farm such as the Loyd
Farm, recovering the struvite from the manure could bring an additional $228,805 of annual
revenues (not considering capital costs).



Table 1: Per unit economic analysis of struvite recovery
Struvite

PER UNIT COST MASS (g)
COST
(USD/g)

INPUT

Wastewater 0.1 0 TOTAL COST

MGCL 0.06 0.00013 0.0000078

OUTPUT TOTAL REVENUE

Struvite 0.21 0.00035 0.0000735

PROFIT

per liter of manure 0.000657

per hog 0.36792

per Loyd Farm (yearly) 228805.4299

As shown in Table 2 , the capture of ammonia from the wastewaters leads to a profit of about
$0.24 per hog. Assuming the size of a medium-small hog farm such as the Loyd Farm,
recovering the struvite from the manure could bring an additional $150,1522 of annual revenues
(not considering capital costs).

Table 2: Per unit economic analysis of ammonia capture
Ammonia

INPUT

Wastewater 1 0

NaOH 3 0.000125 TOTAL COST

hydrochloric acid 7.08 0.00003517 0.0006240036

OUTPUT ml USD/ml
TOTAL REVENUE
(USD/L)

Ammonia 6 0.000176 0.001056

Water 1 L 0.000088

PROFIT

per liter of manure
0.000431996

4

per hog 0.241917984

per Loyd Farm (yearly) 150446.1522

Following the preliminary per unit economical analysis, for each hog owned, the farmers will
make $0.61 by using NPR. However, such per unit economical analysis leaves out the capital
cost and additional operational cost of running the NPR system. To better capture the economic



potential of NPR, a 10-years financial projection of the profitability of NPR used in the Loyd
Farm (NC) was performed.

Table 3 presents a list of revenue streams including revenues coming from the sale of struvite
and ammonia and revenues coming from the sale of carbon credits. Specifically, carbon credits
are gained for saving emissions associated with fertilizer and ammonia production. The price of
each carbon credit is assumed to be $10 per ton of Co2 equivalent saved. Costs are divided in
capital cost (one time expenses to build and install the system) and operational cost (recurring
annual expenses for running and maintaining the system). Interest rate of 8% annually is
assumed to calculate the cost of a $500,000 loan to start off operations.

Table 3: 10-year financial projection
REVENUES

Sale of Struvite 228,805

Sale of 28% Ammonia Solution 150,446

Co2 offset for 1 year (struvite) 9951

Co2 offset for 1 year (ammonia) 1,6572

tot offsets for 10 years 26,521

Total revenue from offsets for 10 years ($10 per
offset) 265,206

Tot revenues 4,057,722

COSTS

Design and construction management 150,000

Total Capex cost 335,1003

Total interest at 8% over 10 years 227,9654

Average yearly operation and maintenance cost 150,0005

Total operation and maintenance cost for 10 years 1,500,000

Total system cost 2,363,065

Total system NET PROFIT (revenue- cost) 1,694,657

Annualized system net profit 169,466

As Table 3 shows, in 10 years the NPR is projected to bring to the Loyd Farm a profit of
$1,694,65. From this preliminary economic analysis, NPR is not only economically feasible but
can also represent an alternative source of revenues for farmers. The limitation of this model

5 based on comparables from biogas system cost estimations
4 based on monthly payment for a loan of 500,000

3 5 40,000 gallons tanks, 5 pump, piping, biogas burner for heating reaction, 2 tarps, 2 concrete walls for
a 5 acres lagoon

2 https://ammoniaindustry.com
1 https://edepot.wur.nl/417821

https://ammoniaindustry.com/ammonia-production-causes-1-percent-of-total-global-ghg-emissions/


lays in the ability of farmers to easily enter the market as commodities. Often the bureaucracy to
obtain seller certifications can present an obstacle for market penetration. Additionally,
containing carbon credits requires a thorough scrutiny process that can take many years. In
evaluating the economics of NPR, it is worth exploring the challenges associated with pivoting
from the classic hog farming business model. Nevertheless, the economic analysis only
captures the market benefits of NPR, only accounting for benefits that can be quantified in dollar
figures. However reducing hog waste pollutants implies many other environmental and social
benefits that improve water and life quality of the nearby communities. In the next session,
some of the non-market benefits are discussed.

Environmental and Social Benefits
Many of the co-benefits generated from the NPR system are non-market benefits, and tend to
be excluded in financial feasibility assessment. Non-market co-benefits considered in the
analysis include odor reduction and the associated potential of due diligence and liability suits,
crop nutrient value of spent digestate, reduced water contamination, and reduced consumption
of synthetic fertilizers.

Manure odor reduction
Odor from anaerobically digested manure was found to be half as offensive as undigested
manure in previous studies (Hjorth et al., 2008). Biogas refining eliminates odor from hydrogen
sulfide, and the additional ammonia removal by NPR is estimated to reduce the ammonia-based
odor nearly entirely by adding two additional steps for ammonia removal. Offensive odors and
surface and groundwater pollution resulting from farming are two of the most heightened legal
issues linked to agriculture (CAEEDAC, 1999). Location of livestock farms near residential
settlements can also affect air quality and, ultimately, real estate values and property rights
linked to nuisance law (Willrich and Miner, 1977). Ready and Abdalla (2003) reported that
livestock odour reduced real estate values within a 500 m radius by almost 7%, while there was
little or no decrease in value of residential properties located 1600 m from the livestock farm.
On-farm anaerobic digestion of manure can help reduce such nuisance concerns, and avoid
potentially huge legal fees (Mehta, 2002). Offensive odors from a hog farm resulted in a lawsuit
against a farmer under Canada’s nuisance law in Sullivan v. Desrosiers (CAEEDAC, 1999). The
proposed NPR system intends to increase odor removal even more.
Reducing odor also addresses one of the most pressing environmental justice issues of hog
farming. Hog CAFOs are disproportionately located in communities of color, meaning that the
negative health and wealth effects of hog farming are magnified in marginalized communities
(Son et al., 2021). People living near hog farms have also reported feeling a lack of control over
their daily lives, as the odor can prevent people from performing household activities like
hanging laundry outdoors or performing yard work (Bullers, 2005; Nicole, 2013 ). Controlling
odor via ammonia removal reduces the health and psychological impacts of living near hog
farms.



Crop nutrient value of spent digestate
Anaerobic digestion of swine manure improves nutrient bioavailability, making the spent
digestate more attractive as a fertilizer (EPA “Market Opportunities for Biogas Recovery
Systems at U.S. Livestock Facilities”, 2018). Using an N and P removal system separates out
agriculturally valuable fertilizers. Together, these processes moderate the total nutrient load of
the digestate. Separating out the majority of the N and P out reduces the nutrient content of the
digestate that is eventually sprayed on crop fields, which prevents excessive nutrient runoff
(Cerillo et al., 2014). The N and P removed from the waste can then be sold separately as
substitute for conventionally produced N and P fertilizers (Cerillo et al., 2014). Overall, the NPR
system allows for more precision in nutrient application by isolating high quality fertilizers from
the digested swine manure.

Reduced water contamination
Implementing an anaerobic digester with an NPR system would also improve local water quality.
The current open pit lagoons pose a significant threat to water quality. A 2015 study of streams
in eastern North Carolina found that nearly 60% of waterways near hog farms were in violation
of water quality standards (Heaney et al., 2015). The excess N and P flowing out of hog farms
causes algal blooms and eutrophication (Guidry et al., 2018). The proposed NPR system
addresses these concerns by extracting 91% of N and 96% of P from the digestate, which will
help reduce nutrient pollution. Additionally, putting covers on hog lagoons increases resilience to
extreme rain events caused by climate change, as tarps prevent the lagoons from overflowing
(EDF, 2018). Studies in the New England, Mid-Atlantic, Midwest, and Southeast regions have
demonstrated the impact of water clarity or direct water quality metrics such as pollutant
concentrations on property sales price. In New England, for example, a 1-meter difference in
water clarity is associated with property value changes up to $61,000 and in Minnesota,
property values changed up to $85,000 (EPA, 2015).

Reduced consumption of synthetic fertilizers
The final and least obvious effect of this project is displacement of the materials required to
produce synthetic fertilizers. Current production methods of synthetic fertilizers require large
amounts of mining for raw materials, namely phosphate rock and potash. These minerals are
limited in capacity and extremely greenhouse gas intensive to produce. Producing one kilogram
of ammonia releases 1.5 kg of CO2e, while producing one kilogram of phosphate fertilizer
produces around .5 kg of CO2e (Wood & Cowrie, 2004). Nutrient recycling from swine waste is a
sustainable method for fertilizer production that could conserve natural resources by reducing
mining and mitigate emissions by displacing the use of synthetic fertilizer. The proposed NPR
system can extract 91% of the ammonia and 96% of the phosphate.



Conclusions
This project offers a new perspective on treatment of wastewater at hog lagoons and includes a
broad range of environmental, social, and economic benefits for further testing and
implementation of the system. The results of the preliminary experiments are promising and
indicate that ammonia gas capture by pH adjustment and struvite precipitation within the lagoon
may be a viable option for hog farmers to economically treat their waste.

Recommendations for Future Work
Additional experiments should be performed to determine the efficacy of the ammonia capture
system and decide if bubbling over time or misting with an acid mist will capture more of the
ammonia solution in desirable concentrations. Furthermore, the presence of sludge settling at
the same time as ammonia gas capture should be tested to determine if the presence of solids
affects the ammonia capture rate. Finally, the amount of phosphate extracted from the solid into
the liquid should be measured in order to determine the appropriate amount of magnesium
chloride that should be added to the system. This should minimize the environmental damage of
the lagoon wastewater, but additional quantification and testing of the final digestate should be
performed if implemented on a larger scale.
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Appendix

Appendix 1: Flow System Design



Appendix 2: Tables with Descriptions of System Design

Table 2: Descriptions of connection types between tanks

Table 3: Descriptions of various inputs corresponding to labeling in Figure X.

Table 4: Descriptions of individual tanks corresponding to labeling in Figure X.



Appendix 3: Bill of Materials

4 Masterflex pumps*
~5 ft ⅛” Masterflex tubing
~8 ft ⅜’ regular tubing (will get specific name)
8 ⅜” to ⅛” plastic reducers
3 Beakers
2 Stir plates
2 3 L circular tupperware containers
1 long, skinny tupperware container (will get dimensions Monday)
4 ⅜” Bulkhead fittings*
⅛”  Acrylic
1 Tube of Acrylic Sealant
1 Rubber Stopper #8, 1-Hole
1 5 mm Diameter x 6” Long Glass Tube

*The current prototype setup intends to use all pumps between tanks and no bulkhead fittings.
This is to maximize control of flow for the inputs and outputs. The overflow weirs are more
realistic as the system scales and is more cost efficient as well.


