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Background and
Overview of the
Environmental-
Economic Benefits
Assessment

Brian C. Murray, Ph.D.

The July 2000 agreement between the North Carolina Attorney
General’s office and Smithfield Foods and its North Carolina
subsidiaries (the Agreement) allocates funds to be used for the
development of environmentally superior alternatives to the
anaerobic lagoon and sprayfield system for treating swine waste.l
The Agreement calls for the Designee? to evaluate the economic
feasibility of candidate technologies in determining whether the
technologies are acceptable for implementation pursuant to the
Agreement. The Designee has deemed that the economic feasibility
assessment must evaluate both the costs to the industry and
consumers of its products and the benefits to society of the
environmental improvements associated with adoption. The cost
and industry analyses are being led by a group of researchers from
North Carolina State University’s Agricultural and Resource
Economics (NCSU-ARE) department and will be reported in a
separate study to be released in mid-2004.3 This report focuses on

1The Agreement has since been joined by Premium Standard Farms and
subsidiaries, but it is often referred to as “The Smithfield Agreement.”

2The designee refers to Dr. C.M. (Mike) Williams of the North Carolina State
University Animal and Poultry Waste Management Center (APWMC), who has
been designated by parties to the Agreement to make the decision on which
technologies are considered “environmentally superior.”

3The co-Principal Investigators of the NCSU-ARE team examining technology costs
and industry impacts are Dr. Michael Wohlgenant and Dr. Kelly Zering.
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Benefits of Adopting Environmentally Superior Swine Waste Management Technologies in North Carolina:
An Environmental and Economic Assessment

the benefits of adopting alternative technologies, as assessed by an
interdisciplinary research team from RTI International .4
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1.1

THE ROLE OF ENVIRONMENTAL BENEFITS
ASSESSMENT

The environmental benefits analysis described in this report informs
the technology determination decisions facing the Designee by
producing the following types of information:

» identification of pathways by which environmental releases
from swine operations affect the environment,

» quantification of environmental improvements in different
media (air and water) from changes in swine waste
management practices across operations within North
Carolina,

» estimation of the monetary value of the quantified
improvements in environmental quality, and

» description and qualification of environmental effects that
are not easily quantified or monetized.

There are many reasons to identify, quantify, and monetize the
benefits of the technology adoption decisions. First among these
reasons is that the request for proposals issued for this study
required an estimation of the monetized economic benefits of
changes in environmental quality resulting from the adoption of
alternative technologies.> Such an integrated assessment of the
environmental and economic benefits provides rich insight into the
complex interaction of technological, economic, and natural
processes that determine the consequences of the technology
change. Additionally, different technologies will likely produce
different characteristics of environmental change. For instance, one
technology may be very effective at reducing the odor from swine
waste management but is less effective at reducing the level of
ammonia emissions or the nutrient runoff from the sprayfield
operations. Another technology may be very effective at reducing

4RTI International is the trade name for Research Triangle Institute, an independent
university-affiliated research institute headquartered in Research Triangle Park,
NC. For more information on RTI, see the web site (www.rti.org).

SRFP item C(5) called for the respondent to "estimate the economic (monetized)
benefits to North Carolina households arising from the change in emissions to
all environmental media due to the changes in all hog farm operations from
current waste management practices to each of the alternative ‘environmentally
superior’ technologies considered for the private cost estimates” (Williams,
2000).



Chapter 1 — Background and Overview of the Environmental-Economic Benefits Assessment

In terms of the economic
benefits generated,
technology alternatives that
reduce ammonia the most
compare favorably to other
technologies, all else equal.

ammonia emissions but is less effective at reducing odor and
nutrient runoff. The process of determining the aggregate effects of
these changes on environmental indicators in North Carolina and
placing these changes in environmental quality in a common metric
(dollar benefits) enables direct comparisons between the
effectiveness of alternative technologies. For example, the pollutant
reduction scenarios presented in Chapter 7 of this report suggest
that ammonia emission reductions may have the highest marginal
monetized benefit of any potential technology characteristic. In
terms of the economic benefits generated, technology alternatives
that reduce ammonia the most compare favorably to other
technologies, all else equal. As described in Chapters 3 and 6, the
benefits of ammonia reduction, however, rely critically on its
modeled relationship to the generation of fine particulate matter
(PMEine) and the corresponding health effects.

It is unlikely that a simple measure of net benefits (monetized
benefits—cost) will provide the perfect metric for choosing among
alternatives, because many of the benefits (and costs) may be
difficult to quantify or monetize. Moreover, those factors that can
be quantified and monetized are generally estimated with some
degree of uncertainty. As a result, our assessment presents, where
possible, ranges of estimates based on both variations in the
underlying assumptions used to generate the estimates and the
statistical properties of the estimates themselves. Additionally,
qualitative assessment of effects is provided when quantification is
not possible or when the quantified estimates are so small or
uncertain that clear, unambiguous empirical judgments are not
possible.

To summarize, estimates of the monetary value of environmental
benefits can provide useful information for comparing
environmentally superior technology alternatives. They allow one
to compare options that produce different arrays of environmental
effects to be placed on a comparable basis with each other and with
the cost of adoption. Yet the omission of some categories of
benefits and the uncertainty with which some of the included
elements are estimated suggest that monetized environmental
benefits should be employed with the normal cautions associated
with any quantitative assessment used for decision-making
purposes. These estimates should be combined with other

1-3



Benefits of Adopting Environmentally Superior Swine Waste Management Technologies in North Carolina:
An Environmental and Economic Assessment

scientific, engineering, and economic considerations in making a
fully informed determination of what constitutes an environmentally
superior technology alternative under the provisions of the
Agreement.
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1.2

1.2.1

SCOPE OF THE STUDY

The scope of the project is defined by the function it serves relative
to other research components funded by the Agreement, the factors
that are included and excluded from the analysis, and the
population of swine operations and households to which it applies.
Each of these scope dimensions is discussed in turn below.

Distinction from Other Assessments being Performed
under the Agreement

Figure 1-1 places the environmental benefits assessment in the
context of the overall assessment of the Agreement’s candidate
technologies. The process is driven initially by environmental
sampling of the different technologies’ pilot site operations being
conducted by a team of researchers from NCSU, University of North
Carolina-Chapel Hill (UNC-CH), and Duke University. That effort is
referred to as the OPEN (Odor, Pathogens, Emissions of Nitrogen)
team study.6 The OPEN team is conducting repeated sampling of
emissions and other environmental releases at the locations where
each technology is being pilot tested. The OPEN team data are
supplemented by data on nitrogen and phosphorous runoff from
sprayfield operations derived from data from the technology pilot
sites. When completed, these studies will collectively provide the
first direct estimates of the effectiveness of each technology in
reducing key residual loadings to the environment.

The research study described herein focuses on how the
technology-specific changes in swine-related environmental
residuals, as estimated by the OPEN team and supplemented by the
RTI research team, translate into economic benefits of the
corresponding environmental improvements. The two main
components of the study are environmental modeling and
economic benefits assessment. The results of the economic benefits
assessment can be used along with the cost study being conducted

6The OPEN team co-Principal Investigators are Dr. Viney Aneja, NCSU (emissions
of nitrogen); Dr. Mark Sobsey, UNC-CH (pathogens); and Dr. Susan Schiffman,
Duke (odor).
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Figure 1-1. Context of the Benefits Assessment Study
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Figure 1-2. Overview of Benefits Assessment Approach and Linkages to Environmental
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1. locating each potential source of environmental release

within the state using a database locating each swine

operation in the state layered upon a geographic information
system (GIS);

modifying the environmental releases, as indicated by the

technology adopted and the results of the OPEN team
evaluations; and

simulating the effect of the identified changes in swine-
related residuals on air and water quality measures within
North Carolina, using a combination of monitoring data,
process models, and statistical estimation methods
customized to the conditions of eastern North Carolina.

Several studies (e.g., North Carolina Cooperative Extension Service,
1995; Aneja, Chauhan, and Walker, 2000; Cochran, Rudek, and
Whittle, 2000; Palmquist, Roka, and Vukina, 1997) have identified
the following potential environmental consequences attributed to

the anaerobic lagoon and sprayfield system for swine waste
management:

» air and water quality degradation caused by the emission,

dispersion, and deposition of volatized ammonia (NH3) and
other gases into the atmosphere;
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» unpleasant odors emanating from the lagoons and fields;

» degraded surface water quality from runoff of unabsorbed
nitrogen from the fields;

» groundwater contamination through seepage of the waste
from the lagoon and fields; and

» introduction of health-harming pathogens.

Swine residuals, particularly ammonia (NH3) emissions, can affect
air quality in ways that lead to nitrogen being deposited on land and
in water bodies in areas surrounding the swine operations. This
land deposition can ultimately reach water bodies through runoff
and thereby combine with direct nitrogen deposition to water
bodies and degrade water quality. Sprayfield operations under the
current lagoon and sprayfield system can be the source of excess
nutrients (nitrogen and phosphorous), which can run off and
degrade surface water quality. And the combination of nitrogen
deposition and runoff could leach into groundwater and affect the
quality of drinking water in surrounding areas. Note that the
environmental quality issues referenced above are potential effects.
The objective of the environmental modeling component of the
study is to estimate the empirical magnitude and distribution of
these effects within the region of North Carolina directly affected by
swine residuals. The results of that analysis are presented in the
chapters that follow.

Another air quality factor to consider is the effect of odor on
surrounding human populations. The odor effects for each of the
candidate technologies are being directly estimated by the OPEN
team. No further environmental modeling was employed to
aggregate these effects across North Carolina (in contrast, say, to the
fate and transport modeling of ammonia emissions, nitrogen, and
phosphorous runoff just described). However, the economic
analysis described below does develop aggregate measures of the
benefits of odor improvements based on estimated point-specific
reductions in odor straight from the OPEN team estimates.

The modeling of pathogen effects remains largely outside this
benefits assessment study. At the time this study was proposed,
request for proposal (RFP) respondents were instructed to base their
methods on the current state of the science rather than to engage in
research to develop new science. At that time, little was known
about the fate and transport and health consequences of specific
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pathogens in the environment. Therefore, readers of this study
should consider any pathogen reduction results found in the OPEN
team research as (nonmonetized) supplemental benefits to those
monetized in this study.

Economic Benefits Assessment

The economic benefits assessment stage links the change in
environmental quality estimated in the environmental modeling
phase of the study with the economic value to those affected by the
environmental quality improvements. The basic steps of analysis
involve the following:

1. identifying the economic services affected by the changes in
air and water quality for the region of interest,

2. determining the appropriate measures of economic value for
these changes in environmental quality,

3. applying the economic value to the quantified projected
changes in environmental quality due to changes in swine
waste management (from the environmental modeling
stage), and

4. aggregating measures across all projected effects to estimate
total et_:onomic values of a given swine waste reduction
scenario.

Environmental quality affects human welfare in many ways, thereby
imparting economic value. It is beyond the current state of the
science or the resources available for this study to estimate
economic values for all potential sources of benefits. However,
based to a large degree on the results of the environmental
modeling outlined above, this study measures benefits in the
following areas:

» recreational benefits from improvements in water quality,
» aesthetic benefits from reduction in odor,

» health benefits from reduced exposure to certain air
pollutants, and

» health benefits from drinking water improvement.

Recreational benefits derive from the fact that people’s water-based
recreation choices are based in part on the water quality at the site
of interest. All else equal, people prefer to recreate in areas with
higher water quality as this may improve both the aesthetics and
other attributes such as the catch rate of fish. As demonstrated in
Chapter 6, we employ an economic model of recreation demand
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(Phaneuf, 2002) to estimate how water quality affects recreation
choices and the economic value of those visits.

Aesthetic benefits from odor reductions are primarily expected to
benefit residents living in near hog farms. People choose where to
live based on a wide range of characteristics of the housing such as
the number of bedroomes, size, age, acreage and other locational
attributes such as the quality of local schools, proximity of parks,
shopping opportunities, and other amenities. This represents the
hedonic model of consumer choice first introduced by Rosen
(1974). Numerous studies of housing demand have shown that
environmental attributes can affect the demand for and price of
housing, with negative disamenities such as landfills leading to
value reductions (see Smith and Huang [1995] for a review). Of
particular relevance for this study is a hedonic analysis by
Palmquist, Roka, and Vukina (1997), which found that proximity to
swine operations in North Carolina (particularly larger ones) can
reduce residential property values. Similar effects of swine
operations on property value have been found in other areas of the
country (Ready and Abdalla, 2003; Herriges, Secchi, and Babcock,
2003), and odors from the swine operations are asserted to be a
primary reason. Therefore, these hedonic findings provide a basis
for estimating odor reduction benefits for local residents.

Some of the health benefits associated with alternative waste
management techniques may result from improvements in air
quality. As indicated above, swine operations emit ammonia (NHy)
which can deposit to land and water surfaces in the surrounding
areas or be transformed to ammonium (NH,) based fine
particulates. Human exposure to fine particulates in the atmosphere
is associated with a number of potential health effects, as described
in Chapters 3 and 6. Reduction in ammonia emissions from swine
operations can reduce the generation of fine particulates and the
corresponding health effects, thereby benefiting those who might
otherwise incur the health effects and associated economic costs.

Other health benefits may accrue through improvements in drinking
water quality. Swine operations in North Carolina manage wastes
in part by spraying nutrient-rich (nitrogen and phosphorous) water
from the holding lagoons into surrounding fields for fertilization. If
some of these nutrients are not taken up in the plants, they can be
exported from the site and work their way into surface and

1-9



Benefits of Adopting Environmentally Superior Swine Waste Management Technologies in North Carolina:
An Environmental and Economic Assessment

Economic value
refers to the notion
that improvements
in the environment
enhance the well-
being of people in
ways that are, in
principle,
economically
measurable.

1-10

groundwater systems. The associated concern with groundwater is
that nitrogen loadings may contribute to elevated nitrate
concentrations in drinking water, which, if high enough, may be
considered unhealthy. In several economic studies, people have
demonstrated a preference for reductions in nitrate concentrations
in their drinking water (see Bergstrom, Boyle, and Poe [2001]).

Theoretically Consistent Economic Values for
Environmental Improvements’

Step 2, at the beginning of this section, identifies the need to
develop “appropriate” measures of economic value. Economic
value refers to the notion that improvements in the environment
enhance the well-being of people in ways that are, in principle,
economically measurable. The economic measures should reflect
how much people are willing to pay for given improvements in
environmental quality or how much they are willing to accept for
reductions in environmental quality. The idea is to evaluate how
people do or would choose between different situations that vary by
levels of environmental quality and monetary compensation.

In some cases, the referenced economic value can be estimated by
observing actual behavioral responses to changes in environmental
quality (e.g., recreational site choices, housing purchases, job
selection). These are referred to as revealed preference (RP)
approaches. RP approaches are, in some sense, ideal because they
are based on real, rather than hypothesized, behavioral responses.
However, RP approaches have some limitations, as summarized by
Henscher, Louviere, and Swait (1999):

» difficulty in valuing new attributes or features for which

there is no RP history, and/or for which one cannot safely
forecast by analogy to existing products or services;

» key RP explanatory variables may exhibit little variability or
applicability to the case being evaluated; and

» often RP data fail to satisfy assumptions underpinning
economic theory and/or contain statistical irregularities.
An alternative to RP approaches for economic valuation is the use
of stated preference (SP) methods, in which individuals are asked to
make trade-offs between changes in environmental quality and
monetary compensation. Examples of SP methods are the

7 Dr. F. Reed Johnson provided valuable comments in this section.
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contingent valuation method and conjoint analysis. SP methods
overcome some of the problems identified with RP above by
observing choices from statistically defined choice sets that
systematically vary all the current and future attributes of interest. In
contrast to RP data, collecting SP data also may require fewer
resources. However, experimental control over the SP choice
context may come at the expense of potential hypothetical bias.
Although SP data reflect trade-offs considered during the decision-
making process, there often is little basis for determining to what
extent SP subjects would actually do what they say they will do.
Some studies have observed discrepancies between stated
preferences and subsequent observed behavior (Morwitz, Steckel,
and Gupta, 1997). Although SP approaches are somewhat
controversial, economists have used them for more than 30 years,
and the methods have undergone substantial refinement in the last
decade to address problems such as hypothetical response bias, the
recognition of budget constraints, and other factors to impose more
realism on the economic choices. The analysis contained in this
report relies heavily on RP measures (i.e., through housing choices,
recreational choices, and labor choices) but also includes SP
measures when RP measures are either unavailable or
inappropriate.

This study examines these benefits and uses a combination of
original research and results from other studies to develop
empirically based, customized estimates of the benefits of reducing
environmental residuals from swine operations in North Carolina.
The methods used to estimate these benefits are based on
approaches that satisfy peer-review standards employed by
regulatory agencies of the federal government and are standard
operating practices in the environmental and natural resource
economics profession. However, the monetized estimates included
in this report are solely for the purposes of informing the technology
comparisons. Although these estimates have been developed using
rigorous methods applied to the best available data and can
therefore provide important information on the relative benefits of
technology alternatives, they are not intended to be, nor should they
be interpreted as, complete and precise monetized estimates of the
total benefits of reducing swine-related environmental residuals in
the state of North Carolina. In particular, these estimates should not
be construed as a monetized natural resource damage assessment
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(NRDA) of current practices.8 NRDA is typically applied as an
intensive study of a specific event at a specific location. That does
not match the scope, intention, or budget of this study, which is not
tied to any specific event and is broadly aggregated for a large area
in eastern North Carolina. Therefore, the monetized estimates
should be interpreted as rough indicators of benefits, rather than as
precise dollar values.

Affected Swine Operations

The Agreement specifically requires the adoption of
environmentally superior waste treatment technologies on swine
operations owned by Smithfield Foods and Premium Standard
Farms. An independent group of North Carolina swine operators
called Front Line Farmers has also agreed to adopt the approved
technologies on a voluntary basis. Together these groups constitute
a minority of the swine farms currently operating in North Carolina.
However, the Designee requested that this analysis evaluate the
potential benefits if essentially all swine operations in the state were
to adopt the technologies. Therefore, this analysis uses the
population of approximately 2,300 permitted swine operations
identified by the North Carolina Division of Water Quality (DWQ)
as the universe of potentially affected facilities. The environmental
benefits assessment model developed for this project and described
later in the report, however, does allow for the benefits assessment
to be confined to subsets of the universe of North Carolina swine
operations, as defined by facility type, size, ownership and
watershed location.

Figure 1-3 shows the location of all swine operations within North
Carolina as tracked by the DWQ database referenced above. The
concentration of hog producers in the eastern part of the state is
evident from the figure. Duplin and Sampson counties are the two
largest hog-producing counties in the country (Pork Facts, 2000),
and four of the top seven producing counties are in North Carolina.
Consequently, the environmental and economic impacts are

8In an April 30, 2002 meeting of parties to the Agreement and the RTI economics
team, James Gulik, Senior Deputy Attorney General for the Environment
Division for the North Carolina Attorney General’s Office indicated that any use
of the results of this study for purposes other than to inform the technology
assessment decision of the Designee would be considered a misuse of the
results.
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Figure 1-3. Locations of North Carolina’s Hog Producers

Source: North Carolina Department of Environment and Natural Resources (NCDENR). 2002. North Carolina Division
of Water Quality 1997 Survey of Animal Feeding Operations—Database. Raleigh, NC: NCDENR.

concentrated in this region as well. Reflecting this geographic
emphasis, the environmental fate and transport models and
economic valuation models are customized to the conditions in
eastern North Carolina.

1.2.4 Residual Reduction Scenario Evaluation

At this juncture, the Designee has identified 18 swine waste
treatment systems that are candidates for designation as
environmentally superior. Those technologies are listed in

Table 1-1. This report was originally intended to serve as a
comparative analysis of the environmental benefits of each of the
candidate technologies. However, at the time of this report, these
systems are in various states of completion, ranging from full steady
state operation to recent completion of construction to construction
not yet started. As a result, the availability of complete
environmental residuals data for all technologies is approximately 2
years away.? When the expected delay in technology-specific data
became apparent, the focus of the research effort shifted course in
response. After we consulted with the Designee, the environmental
benefits assessment project changed from a technology-by-
technology evaluation to the development of an automated
integrated benefits modeling system that is flexible enough to
evaluate the technology-specific environmental residuals inputs
when they do become available in the future. In the meantime, this

9The projected completion date for environmental residuals monitoring data for all
18 systems is middle to late 2005.
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Table 1-1. Candidate Technologies and Evaluation Setting

Evaluation
Technology Type?
1. In-ground ambient temperature anaerobic digester/energy recovery/greenhouse F
vegetable production system
2. High-temperature thermophilic anaerobic digester (TAnD) energy recovery system F
3. Solids separation/constructed wetlands system F
4. Sequencing batch reactor (SBR) system F
5. Upflow biofiltration system F
6. Solids separation/nitrification-denitrification/soluble phosphorus removal/solids F
processing system
7. Belt manure removal and gasification system to thermally convert dry manure to a P
combustible gas stream for liquid fuel recovery
8. Ultrasonic plasma resonator system P
9. Manure solids conversion to insect biomass (black soldier fly larvae) for value-added P
processing into animal feed protein meal and oil system
10. Solids separation/reciprocating water technology system S1
11. Micro-turbine cogeneration system for energy recovery S2
12. Belt system for manure removal P
13. High-rate second generation totally enclosed Bion system for manure slurry treatment F
and biosolids recovery
14. Combined in-ground ambient digester with permeable cover/aerobic blanket— S2
BioKinetic aeration process for nitrification-denitrification/in-ground mesophilic
anaerobic digester system (this project represents three farm sites)
15. Dewatering/drying/desalinization system P
16. Solids separation/gasification for energy and ash recovery centralized system (this S1
project represents three farm sites)
17. High solids high-temperature anaerobic digester system T
18. Solids separation/mesophilic anaerobic digestion/membrane filtration—reverse osmosis F
system
aKey:
F = Single farm-scale system
P = Pilot-scale unit process, evaluated in laboratory or field-site setting
S1 = Technologies 10 and 16 are combined as one complete system, evaluated at three farms
S2 = Technologies 11 and 14 are combined as one complete system, evaluated at three farms
T = Offsite waste treatment process
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tool can be used to evaluate scenarios defining ranges of possible
outcomes associated with adoption of environmentally superior
technologies. This scenario analysis is performed and described in
Chapter 7.

With this as background, the main objectives of the report are to

» describe the analytical approach, building on and
substantially expanding the methods described in our 2002
methodology document (RTI, NCSU-ARE, 2002);

» describe the scientific foundation, logical structure, and data
underlying the analytical models used to quantify the
environmental quality impacts and monetized benefits of
swine-related changes in residuals;

» in the absence of actual technology-specific data at this
time, evaluate a range of possible residual reduction
scenarios to estimate and report the corresponding
magnitude of changes in swine-related environmental
residuals on water and air quality measures, within the study
area of eastern North Carolina;

» estimate the monetized economic benefits of the changes in
environmental quality;

» describe how the integrated assessment tool developed for
this project can be used to estimate environmental quality
benefits when technology-specific data and Designee-
specified adoption scenarios become available in the future;
and

» discuss and address analytical uncertainties, gaps in the
analysis, future research needs, and other caveats in
interpreting the results of this analysis.

1.3 ORGANIZATION OF THE REPORT

The remainder of this report is organized along the lines of the
research activities and modeling components referenced above.
Chapter 2 describes the methods, data, and results of the ammonia
dispersion and deposition analysis. This process draws on a GIS-
based characterization of all swine facilities in the state and unitized
deposition factors to simulate the effects of farm-level changes in
ammonia emissions on aggregate deposition levels. Chapter 3
pivots off of the ammonia gas results in Chapter 2 by simulating the
interaction of ammonia gas that is not wet or dry deposited with
other atmospheric compounds to form aerosol particulates
(ammonium (NH4*) sulfate, ammonium bisulfate, ammonium
nitrate, and ammonium chloride). Chapter 4 presents the modeling
approach, data, results, and validation for the surface water quality
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modeling component of the study. That chapter quantifies the
impact of swine and nonswine sources on the nitrogen and
phosphorous loadings in the region’s surface water stream network.
Chapter 5 describes the empirical analysis of groundwater well
sample data used to estimate the magnitude of the effect of swine
operations on groundwater nitrate concentration levels in the study
region. The analysis employed different data sets, model
specifications, and estimation methods to examine these effects.
Chapter 6 presents the economic methods, data, and models used
to estimate the monetized value of changes in environmental
quality quantified by the environmental quality models of Chapters
2 through 5. These estimates are evaluated for a range of possible
residual reduction scenarios that could be engendered by adopting
environmentally superior waste management alternatives. The
report concludes with a chapter describing the development of an
integrated assessment tool that can be used to evaluate a wide range
of farm- and technology-specific residuals reduction scenarios.
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In this chapter, we present our approach for and results from
modeling the dispersion and deposition of ammonia (NH3) air
emissions from swine facilities onto a designated study area. To
estimate ammonia emissions, dispersion, and deposition under
baseline conditions and with simulated reductions in emissions
(addressed in Chapter 7), we used existing emission factors;
designed a variety of model units (e.g., lagoons) to accommodate
differing capacities and types of swine operations; and used an
existing, proven dispersion-deposition model. The estimated
deposition loading is integral to RTI’s evaluation of the expected
change in surface water nitrogen and phosphorus concentration and
loadings associated with swine waste management technologies
under study in eastern North Carolina (see Chapter 4).

This chapter presents RTI’s approach to estimating ammonia
emissions, the method used to model dispersion and deposition of
ammonia, results of baseline modeling, quality assurance measures
taken, and uncertainties associated with this component of the
overall environmental analysis.
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2.1

2.1.1

AMMONIA AIR EMISSIONS ESTIMATION

Measuring the change in ammonia emissions attained by
implementing alternative waste management technologies requires
establishing a standardized baseline. “Baseline” represents
ammonia emissions and subsequent ammonia deposition from
waste management processes and practices currently in use at each
facility in the study area. To establish the baseline, a profile of each
concentrated animal feeding operation (CAFO) was obtained using
the North Carolina database of approximately 2,295 swine
operations. We assigned each of the 2,295 operations to one of 12
model CAFOs (i.e., a CAFO representing one of three
meteorological regions in North Carolina with one of four model
acreages). RTI modeled each of the 12 model CAFOs to predict
atmospheric transport and deposition, using the U.S. Environmental
Protection Agency’s (EPA) Industrial Source Complex-Short-Term 3
(ISCST3) model, which assumed an emission rate of 1 mg
NHs/square meter/second from the CAFO property (commonly
referred to as a “unitized rate”). Based on the facilities’ type of
operations, each CAFO was further characterized by assigning it to
one of five growth stages (e.g., wean to feed, wean to finish). This
yielded a choice of 60 settings (12 model CAFOs x 5 growth stages)
to which each of the study’s CAFOs could be assigned and a unique
annual average emission factor could be applied. In the end, the
deposition (a.k.a. “loading™) over a 50 km radius for each CAFO is
represented as

NH3 Loading = Unitized Deposition Rate x Emission Factor x

CAFO Capacity. (2.2)

We expressed baseline ammonia emissions input data, in terms of
steady state live weight (SSLW). (This approach was consistent with
the NCSU-ARE research team estimating the cost of technology
adoption.)

The following sections describe how we collected and derived data
for modeling inputs and developed model CAFOs.

Data Collection

RTI collected data and developed the input parameters needed to
estimate ammonia dispersion and deposition from swine CAFOs in
the study area. The primary data sources are discussed in more
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detail in this section. We obtained data from existing databases,
other research projects, the literature, and other sources as
warranted. RTI used geographic information system (GIS) tools to
create the required data inputs for the dispersion and deposition
characterization and for the water quality modeling.

North Carolina CAFO Inventory/Study Area

The study area for the air dispersion/deposition analysis is defined
primarily by the water quality study area: Tar-Pamlico, Neuse,
Cape Fear, White Oak, and New River basins. This study area
contains 2,295 CAFOs as identified in North Carolina’s inventory of
swine operations (NCDENR, 2002) (see Figure 2-1).

Figure 2-1. Study Area and Distribution of CAFOs

Location of Study Area and Distribution of CAFC's

WA
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Emission Factors Selection and Derivation by Growth
Stage

Modeling the impacts of ammonia deposition from CAFOs requires
a measure of ammonia emissions from CAFO sources. This section
addresses the ammonia data available from CAFO monitoring
studies and the method of selecting emission factors from the data
set. We present recommended emission factors along with
associated uncertainties.

Operation Type. Swine operations were organized into the five
categories designated for the overall economic analysis:

» farrow to wean,

» wean to feed,

» farrow to feed,

» farrow to finish, and

» feed to finish.

Emission Sources. To the extent possible, RTI selected emission
factors specific to these animal feeding operations for the three
primary emission sources:

» animal confinement housing,

» lagoon, and

>» sprayfield.

Data Collection. RTI reviewed available data in the literature to
determine appropriate emission factors for these sources by
operation category. A recent EPA publication (EPA/ORD, 2002b),
which provides a comprehensive compilation of available emission
data, was used as the predominant literature for this analysis.
Emission data were available for the confinement housing for
different types of operations; however, only feed-to-finish or farrow-
to-finish data were available for lagoons. Nearly all “emission
factors” for sprayfields in the literature were developed using a mass
balance approach based on the ammonia-nitrogen of the excreted
waste, the emissions from the confinement housing and lagoon, and
an assumed fraction of ammonia released during spray application
and from the unabsorbed sprayfield residue after application. As
such, the reported “emission factors” for the sprayfields are
dependent on the emission factors assumed for the confinement
housing and the lagoon. Because each sprayfield emission factor in
the literature is mass balance derived from a unique CAFQO’s
housing and lagoon emissions, RTI did not use the factors reported
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in the literature for sprayfields (on a per-pig basis) directly. Instead,
we used the same mass balance approach applied in the literature
for each of the five operating categories’ housing and lagoon
emission factors. To apply this mass balance approach, data were
needed regarding the nitrogen generation rates for each of the five
swine operating categories.

Data Collected. Confinement Housing Emission Factors. The
emission factors collected for confinement housing from the EPA
(2002) literature review are summarized in Table 2-1. The units
used to express the emission factors vary considerably across the
literature. In attempts to put the emission factors in common units
of measure, emission factors reported on a per-pig basis were
converted to a per-mass basis (e.g., per 500 kg live weight and per
150 Ib “standard” pig). For the farrow-to-wean operations, an
average pig weight of 400 Ibs was used (presumably counting sows
only); for finishing operations, an average pig weight of 150 Ibs was
used (EPA, 2001).

From the analysis of the data in Table 2-1, RTI derived emission
factors for the five animal operation types as shown in Table 2-2.
These emission factors are treated as annual averages.

Comparison of emission factors derived from the literature to
monitoring results at the baseline operations. Over the course of
this research, the OPEN Team monitored ammonia emissions for
multiple seasons at two sites operating traditional confinement
houses, lagoons, and sprayfields (referred to as “baseline™).
However, no data were available for comparison in the Settlement
Agreement’s Third Annual Progress Report (http://www.cals.
ncsu.edu/waste_mgt/apwmc.htm) on ammonia emission monitoring
results for confinement housing at the two baseline operations of
Stokes and Moore operations.

Lagoon Emission Factors. The best data available for lagoon
emission factors were for finishing operations, where two
independent research teams (Aneja, Chauhan, and Walker, 2000;
Harper and Sharpe, 1998) conducted lagoon emission
measurements over the course of a year. One of these studies
(Harper and Sharpe, 1998) also reported measurements made for a
lagoon at farrow-to-wean operations. No data were available for
the wean-to-feed operations. The lagoon emission factors are
summarized in Table 2-3.
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Table 2-1. Confinement Housing Emission Factors

mg NH3/ kg NH3/ g
hr/500 Mg NH3/ 500 kg kg NH3/ NH3/pig/
Researcher Animal Type House Type kg lL.w. hr/pig Lw./yr pig/yr day
Farrow to Wean
Groot Koerkamp  Sows, litter England 744 303 2.65
etal., 1998 Netherlands
Denmark
Germany 3,248 1,298 11.37
Mean
Sows, slats England 1,049 503 4.41
Netherlands 1,282 535 4.69
Denmark 1,701 730 6.39
Germany 1,212 325 2.85
Steenvoorden et  Gestating sows— 1,3182 47923 4.2
al., 1999 standard
individual
confinement
Gestating sows— 7532 2742 2.4
narrow manure
gutter with metal
slatted floor
Farrowing sows— 2,6062 9472 8.3
standard fully
slatted floor
Farrowing sows— 1,2562 4572 4
shallow manure
pit with gutter
Mean 1,517 5.0764
(std. dev.) 812 2.6926
Median 1,234 441
Mean without 1,311 4.447
11.37 (std. dev.) 565 1.793
Farrows Without Sows (Wean to Feed)
Groot Koerkamp  Farrows, slats England 1,047 26 25 0.22
etal., 1998 Netherlands 786 27 272 024
Denmark 1,562 46 454 0.4
Germany 649 22 2.16 0.19
Mean Mean 1,011 0.26

2-6
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Table 2-1. Confinement Housing Emission Factors (continued)

mg NH3/ kg NH3/ g
hr/500 mg NH3/ 500 kg kg NH3/ NHs/pig/
Researcher Animal Type House Type kg l.w. hr/pig L.w./yr pig/yr day
Finishing (Farrow to Finish, Feed to Finish)
Groot Koerkamp  Finishers, litter England 1,429 108 0.95
etal., 1998 Netherlands
Denmark 3,751 394 3.45
Germany
Mean 2.2
Finishers, slats England 2,592 185 1.62
Netherlands 2,076 385 3.37
Denmark 2,568 319 2.79
Germany 2,398 308 2.7
Mean 2.62
Demmers et al.,  Finishing 1,980 270 47 2.36
1999
Steenvoorden et Finishing, 50% 2,093P 285P 2.5
al., 1999 slatted
Finishing, separate 1,507 205P 1.8
manure gutters
Finishing, 837b 114b 1
slopping floors
Harris and Finishing—Nov. 2,294 313P 2.74 7.5
Thompson, 1998 1997 ventilated
Finishing—Jan 3,968 5410 4.74 13
1998 ventilated
Finishing—May 2813bP 384b 3.36 9.2
1998 ventilated
Harris, 2001 Farrow to finish— 4,027P 549b 4.81
summer
Farrow to finish— 3,089b 421b 3.69
annual
1985 Emission 1,632b 223b 1.95

Inventory, annual
(Warn,

Zelmanowitz, and

Saeger, 1990,
EPA-600/7-90-
014—NAPAP
emission
inventory)

(continued)
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Table 2-1. Confinement Housing Emission Factors (continued)

mg NH3/ kg NH3/ g
_ hr/500 mgNH3/ 500kg kg NH3/ NH3/pig/
Researcher Animal Type House Type kg |.w. hr/pig L.w./yr pig/yr day
Asman, 1992; 2,110P 288P 2.52
annual (Euro.)
Battye et al., 1994; 3,3570 4580 4.01
annual
Van der Hoek 3,089P 421b 3.69
(European
Community), 1998;
annual
Harris, Shores, and 2,244P 306P 2.68
Jones, 2001; annual
Mean 2,493
Mean—U.S. only— 2,577
finishing

aConverted to a mass basis, assuming an average of 400 Ibs/pig (i.e., primarily sows).

bConverted to a mass basis, assuming an average of 150 Ibs/pig.
Note: Bold data are data as reported in the literature.

Table 2-2. Recommended Annual Average Emissions Factors for Confinement Housing

Emission Factor Emission Factor
Animal Type (mg NH3/hr/500 kg l.w.) (kg NH3/std.pig/yr)2
Farrow to wean 1,517 1.81
Wean to feed 1,011 121
Farrow to feed 1,517 1.81
Farrow to finish 2,493 2.98
Feed to finish 2,493 2.98

aStandard pig = 150 Ibs
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Table 2-3. Annual Average Lagoon Emission Factors

kg NH3/
operations/ kg NH3/ kg NH3/
Researcher Animal Type day pig/day pig/yr
Farrow to wean
Harper and Sharpe (1998), North Carolina  Farrow to wean 14.8 0.00272 0.972
Farm 20
Farrows without sows (wean to feed)
No data
Finishing (farrow to finish, feed to finish)
Aneja, Chauhan, and Walker (2000) Farrow to finish 66.8 0.0060P 2.19P
North Carolina Farm 10
Harper and Sharpe (1998) North Carolina  Farrow to finish 31.3 0.0028P 1.03P
Farm 10
Mean 49 0.0044 1.61

3Emission rate converted to an “equivalent” 150 Ib finishing pig. Farm 20 has 2,352 piglets (25 lbs) + 1,940 sows (400
Ibs) = 834,800 Ibs or 5,565 equivalent 150 Ib finishing pigs (834,800/150 = 5,565 equivalent finishing pigs).

bvalue treated as an “equivalent” finishing pig. That is, it presumes three finishing pigs = weight of one sow and
considers the weight of piglets negligible (0). Result: 7,480 finishing pigs + 3,636 equivalent pigs (i.e., 1,212 sows) =

11,116 equivalent finishing pigs.
Note: Bold data are data as reported in the literature.

Reviewing Harper and Sharpe’s (1998) results, there appears to be
no significant difference in the lagoon emission factors developed

for the farrow-to-wean and finishing operations. Furthermore, there
is more confidence in the lagoon emission factors developed for the
finishing operation because two independent measurements are
available. Therefore, we calculated the average emission factor of
the two long-term studies (Aneja, Chauhan, and Walker, 2000;
Harper and Sharpe, 1998) for the finishing operation and used this
emission factor for all operation types. The Harper and Sharpe
results indicate that this is a reasonable assumption for farrow-to-
wean operations. The applicability of this emission factor to wean-
to-feed operations is somewhat questionable considering the
anticipated nitrogen loading rates to the lagoon (as estimated in the
following section), but it is unavoidable because of the lack of
lagoon emission measurement data at wean-to-feed operations.

Comparison of emission factors derived from the literature to
monitoring results at two baseline operations. Over the course of
this Agreement’s research, the OPEN Team monitored ammonia
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emissions for multiple seasons at two sites operating traditional
confinement houses, lagoons, and sprayfields (referred to as
“baseline” operation). The monitoring results for the Stokes and
Moore operations’ lagoons are reported in the Settlement
Agreement’s Third Annual Progress Report (http://www.cals.
ncsu.edu/waste_mgt/apwmc.htm).

Modeling reported in this final report uses emission factors derived
from the literature. It was necessary to take this approach given that
monitoring data were not available in a time frame consistent with
contract milestones and completion.

The lagoon emission factors applied in the modeling were a mean
of the Aneja, Chauhan, and Walker (2000) findings and the Harper
and Sharpe (1998) findings. The OPEN Team states in the Third
Annual Progress Report that the “conventional statistical ammonia
flux model developed from the Stokes and Moore results was in very
good agreement with previous published analysis” (i.e., Angja,
Chauhan, and Walker [2000], p. 91).

The emission correlation presented in Third Annual Progress Report
was compared to the emission factor derived from the literature
data. This correlation is

Log1o (A flux/ton) = 3.8655 + 0.04491 T___—0.05946 D. (2.2)

lagoon

where
A flux/ton = emission rate (ug-N/min/1,000 kg live weight)
lagoon = temperature of the lagoon liquid (°C)
D = OwhenT,_ ., >T,andD=T, ~-T_  otherwise.

We assumed for this analysis that D = 0, which would provide a
reasonable but slightly high estimate of emissions, because D would
otherwise reduce the predicted emissions. The average annual
ambient air temperature for two of the three meteorological stations
is 15.5°C and the average annual ambient air temperature for the
third meteorological station is 17.5°C. The average annual lagoon
temperature can be estimated from these annual average air
temperatures. Therefore, Eq. (2.2) can be used to estimate the
annual average ammonia emissions factors appropriate for North
Carolina lagoons. For the two meteorological stations with annual
average temperatures of 15.5°C, the correlation predicts an average
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emission factor of 1.59 kg NH3/(150 Ib pig)/yr. For the one
meteorological station with annual average temperatures of 17.5°C,
the correlation predicts an average emission factor of 1.95 kg
NHs/pig/yr. The emission factor used in this analysis was 1.61 kg
NHs/piglyr, which agrees very well with these emission factors
calculated from the correlation presented in Third Annual Progress
Report.

Therefore, it is presumed that the model’s use of the mean of Aneja
et al. and Harper and Sharpe’s numbers approximates the emissions
from traditional North Carolina lagoons, with some possibility that
these numbers slightly underestimate emissions.

Sprayfield Emission Factors. Sprayfield emission factors are
generally developed using a fraction of nitrogen lost during and
after spray application and a nitrogen balance (amount of nitrogen
produced by the pigs less what volatilizes from the confinement
house and lagoon). Therefore, rather than directly using the
emission factors reported in the literature, RTI used this same
generalized mass balance approach for estimating these emission
factors. To accomplish this, we developed nitrogen excretion rates
for each operation type. RTI used the housing and lagoon emission
factors developed for those operations (as previously described) and
assumed that 100 percent of the nitrogen excreted is converted to
ammonia during storage and treatment. As described in Cure,
Southerland, and Wooten (1999), we assumed that 25 percent of
the ammonia remaining in the lagoon effluent is emitted during
spray application, and an additional 30 percent of the ammonia that
is applied during spray application subsequently volatilizes from the
soil surface (rather than taken up by the vegetation).

The State of North Carolina uses certain average pig weights and
production assumptions to estimate the SSLW on a per-sow basis for
operations with multiple growth stages (see http://www:.soil.
ncsu.edu/certification/Manual/a/chapter3A.htm#table3-1). The
North Carolina average steady-state live weight values for various
growth stages and for operations with multiple growth stages are
presented in Table 2-4. Nitrogen excretion rates used for this
analysis, as developed by EPA (2001), are also summarized in

Table 2-4.
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Table 2-4. Summary of Relevant Information by Animal Type

a. Data for specific growth stages

Animal Type Average Live Weight (Ib/pig)2  Nitrogen Excretion Rate (Ib/yr/1,000 Ibs)P
Sows (gestating) 400¢ 70
Sows (lactating) 400¢ 171
Farrow to wean 10d 219
Wean to feed 30 219
Feed to finish 135 153
Boars 400 55

b. Assumptions and data for multiple growth stages operations

Parameter/Operation

Type Average Live Weight (Ib/sow)2 Parameter Value?
Number of farrow/litter 10
Number of litters/year 2
Weanling age, days 21
Farrow to wean 433
Farrow to feed 522
Farrow to finish 1,417

8Values used by North Carolina in the North Carolina swine operation survey, unless otherwise noted.

by.S. Environmental Protection Agency (EPA). 2001. Emissions from Animal Feeding Operations Draft Report. U.S. EPA
Contract No. 68-D6-0011. August 2001. Table 8-8.

CNorth Carolina does not distinguish between gestating and lactating sows.
dNot reported by North Carolina. Used value reported in EPA (2001), Table 8-9.

To perform the nitrogen mass balance for operations with multiple
growth stages, we needed to assess the time-weighted average
mixture of hogs within each growth stage for that multiple growth
stage operation. For the most part, these values can be “back-
calculated” from the data in Table 2-4. Additionally, because
lactating sows have much higher nitrogen excretion rates, we also
needed to estimate the relative number of lactating sows to the total
number of sows on-site. Table 2-5 summarizes the assumptions and
calculations used to estimate the average number of hogs in a given
growth stage per 100 sows. The mixture of animals presented in
Table 2-5 yields the North Carolina average steady-state live
weights for multiple growth stage operations as presented in

Table 2-4.

2-12



Chapter 2 — Atmospheric Dispersion and Deposition of Ammonia Gas

Table 2-5. Average Number of Animals On-Site for a Farrow to Finish Operation

Average Number of

Animal Type Days/Event Head per 100 Sows
Gestating sows 2952 81b
Lactating sows 702 19
Boars 3652 5¢
Farrow to wean 21 1154
Wean to feed 55¢ 301d
Feed to finish 121¢ 6634

aDays/year. Sows and boars are assumed to remain on-site year-round. Sows are assumed to be lactating (or have
nitrogen excretion rates like lactating sows) for 35 days/litter with two litters per year.

bThere are 70/365 or 19 percent of sows lactating on average.
Cvalues selected to achieve North Carolina steady-state live weights values for multiple growth stage operations.

dcalculated based on two litters/year, 10 farrowsl/litter, and relative duration of growth stage on-site. Example, the
operation would produce 20 farrows/sow x 100 sows x 21/365 = 115 farrows on average.

The information in Tables 2-4 and 2-5 can be combined to
calculate the nitrogen excretion rates for each of the model
operation types. The results of this calculation are summarized in
Table 2-6.

Once the ammonia generation rate is estimated, the basic algorithm
to calculate the sprayfield emissions is as follows:

Sprayfield emissions = spray emissions + field emissions (2.3)

where

Spray emissions 25 percent of lagoon effluent rate

Lagoon effluent rate NH3 generation rate — Housing
emissions factor — Lagoon emissions

factor

Field emissions 30 percent of (lagoon effluent rate —

spray emissions)
(Note: All emission factors or rates are in units of Ibsyn,/yr/std.pig)
Applying these equations with the ammonia generation rates
(Table 2-6) and the selected emission factors for confinement
housing (Table 2-2) and lagoons (Table 2-3) for each of the five

operating categories yields the sprayfield emission factors presented
in Table 2-7.
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Table 2-6. Nitrogen and Ammonia Production Rates by Type of Operation

Average Nitrogen Excretion Rate Ammonia Generation Rate
Model Operation (Ibs/yr/klbs SSLW)2 (Ibs NHa/yr/std.pig)P
Farrow to wean 91 7.54
Wean to feed 219 18.13
Farrow to feed 113 9.37
Farrow to finish 138 11.45
Feed to finish 153 12.67

asSLW = steady-state live weight.

bAssumes 100 percent of the nitrogen excreted is converted to ammonia, assumes “standard pig” weight of 150 Ibs/pig,
and accounts for increased molecular weight of ammonia compared to elemental nitrogen.

Table 2-7. Annual Average Composite Emission Factors

Animal Operation Category Emission Factors
(kg NHs/std.pig/yr)

Farrow to Wean to Farrow to Farrow to Feed to

Emission Source Wean Feed Feed Finish Finish
Confinement housing 1.81 1.21 1.81 2.98 2.98
Lagoon 1.61 1.61 1.61 1.61 1.61
Sprayfield 1.96 7.27 2.83 3.26 3.84
Total—operation 5.38 10.09 6.25 7.85 8.43

Animal Operation Category Emission Factors
(kg NH3/SSLW/yr)

Total—operation 0.036 0.067 0.042 0.052 0.056

Comparison of emission factors derived from the literature to
monitoring results at two baseline operations. As included above,
the OPEN Team monitored ammonia emissions for multiple seasons
at two sites operating traditional confinement houses, lagoons, and
sprayfields. Inthe Open Team’s portion of the Settlement
Agreement’s Third Annual Progress Report (http://www.cals.
ncsu.edu/waste_mgt/apwmc.htm), they reported that ammonia
emission monitoring results for sprayfields at the two baseline
operations of Stokes and Moore operations measured ammonia at
nondetectable levels. The Team attributed this low level of
ammonia emissions to the fact that no spraying had occurred at the
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field for 1 month. Because a major component of sprayfield
emissions result while spray droplets are transported through the air
and from wastewater as it rests on the soil and plants, it is logical
that little emissions would be measured.

Model Operation Emission Factors. The emission factor for the
entire CAFO is simply the sum of the emissions factors for each of
the primary emission sources at the CAFO (i.e., the confinement
house, lagoon, and sprayfield). Table 2-7 presents the emission
factors for each of these three emission sources and the cumulative
(i.e., “composite”) emission factor for the CAFO for each of the five
operating categories.

Because the North Carolina Division of Water Quality (NCDWQ)
survey information on operating capacity is reported both in terms
of steady-state live weight and on the number of head (sows) on-
site, the total model operation emission factors presented in

Table 2-7 were also converted and presented in terms of steady-
state live weight. These emission factors (in terms of steady-state
live weight) can be used directly with the NCDWQ survey
information to calculate the total ammonia emissions from each
operation.

Uncertainties Encountered in Emission Factor Derivation. The
following is a list of sources of uncertainty encountered in
developing ammonia emission factors:

1. Lack of data led to the assignment of one category’s lagoon
emission factor to all operational categories as a default.

2. In some circumstances, not all categories had available
emission data. Therefore, emission factors were assigned
from a known category that was more similar in animal
weight (e.g., for confinement housing, the farrow-to-finish,
and feed-to-finish categories were considered similar in
average weight per animal on-site, so these two categories
used the same emission factors).

3. Confinement housing factors varied in part due to housing
design variations (i.e., waste collection designs varied). A
portion of the emission factors also was available from
European operations, which may not be most representative
of U.S. operations.

4. Sprayfield emissions are based on mass balance with the
assumption that nitrogen released is 100 percent ammonia;
therefore, emissions may be overestimated. Data on
nonammonia nitrogen composition were difficult to
determine.
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5. Some assumptions were needed to estimate the nitrogen
production rate. The primary assumption needed was the
relative time in which a sow was lactating (or had nitrogen
excretion rates similar to a lactating sow). Other
assumptions were also needed for this calculation; however,
these assumptions were bounded by the fixed steady-state
live weights for multiple growth stage operations. As such,
these assumptions should add very little uncertainty to the
calculated nitrogen production rates or the final ammonia
emission factors.

Meteorological Regions Selection and Data
Processing

Three national weather service (NWS) meteorological stations were
selected for the air modeling analysis in this study. They are Raleigh-
Durham, North Carolina; Wilmington, North Carolina; and Norfolk,
Virginia. Greensboro and Charlotte NWS meteorological stations are
also in the study area but are located close to the edge of the study
area. Only a few swine operations are located in the Greensboro
and Charlotte area. The windrose from Raleigh-Durham shows
similarity to those from Greensboro and Charlotte. Therefore,
Raleigh-Durham’s meteorological data were used to represent the
Greensboro and Charlotte area due to project budget limitations.

The next step was to divide the study area into three subareas. Each
subarea is most similar in meteorological conditions to those
measured at the meteorological station. In general, the primary
delineation of areas is based on geographic features affecting
synoptic winds, including mountain ranges and plains. The
secondary delineation is based on features affecting mesoscale
(several hundreds kilometers) winds, including coastal regions and
basic land cover classifications of forest, agriculture, and barren
lands. Because the study area is located in the eastern North
Carolina plain and its size ranges about several hundreds of
kilometers, the features that affect mesoscale winds should be
considered.

The North Carolina Department of Environment and Natural
Resources (NCDENR) provides its recommendation on what NWS
meteorological station should be used for ISCST3 modeling for each
county of North Carolina. The recommendation is listed in

Table 4-2 of “Guidelines for Evaluating the Air Quality Impacts of
Toxic Pollutants in North Carolina” (NCDENR, 1999). In this
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analysis, we carefully examined NCDENR’s recommendations and
decided to adopt NCDENR’s station assignments.

Because we decided to use Raleigh-Durham’s NWS stations for the
Greensboro and Charlotte areas, those counties that were assigned
to use Greensboro and Charlotte data by NCDENR were assigned to
use Raleigh-Durham’s data. Two coastal counties, Tyrrell and Dare,
were not assigned to any NWS by NCDENR, so RTI chose to use
Norfolk’s data because their surrounding counties were assigned to
Norfolk. Figure 2-2 shows the area covered by each meteorological
station.

Figure 2-2. Meteorological Station Designation by County
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To compute deposition by each facility in the study area, we
established the following steps:

1. Assign the facility to one of three meteorological stations:
Raleigh, North Carolina; Wilmington, North Carolina; or
Norfolk, Virginia.
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2. Assign the facility to an acreage category.

3. Assign the facility to a growth stage.

Swine are managed at numerous levels that are driven by growth
stage and optimum combinations of growth stages for growers.
Because 19 unique combinations of growth stages were reported on
North Carolina’s CAFO Survey database, it was necessary to
condense the number to a size that is manageable for modeling.
We reduced the list of 19 to 5 combinations (for which emission
factors were available) and assigned each of the 19 combinations to
the most representative of the five categories below:

A. Farrow to wean

(1)
(2)
(3)

gilts
farrow to wean, gilts
boar, stud

B. Farrow to feeder

(1)
(2)
(3)
(4)

wean to feed, farrow to wean, gilts
wean to feed, farrow to wean
farrow to wean, farrow to feeder
farrow to feeder, gilts

C. Farrow to finish

(1)

2
3

Q0 N O O b~

(
(
(
(
(
(
(
9

)
)
)
)
)
)
)
)

wean to feed, feeder to finish, farrow to wean, boar stud
or gilts

wean to feed, feeder to finish, farrow to wean
farrow to feeder, feeder to finish

feeder to finish, farrow to feeder

feeder to finish, farrow to finish

farrow to wean, farrow to finish

farrow to wean, farrow to feeder, farrow to finish
farrow to feeder, farrow to finish

feeder to finish, farrow to wean

D. Wean to feeder

E. Feeder to finish

(1)
(2)

wean to feed, feed to finish
feeder to finish, boar stud

Once operations were assigned to one of five growth stage
categories, growth stage-specific emission factors were applied to
each operation:
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farrow to wean
farrow to feeder
farrow to finish

A wWw DN PR

wean to feeder
5. feeder to finish

There are a total of 60 combinations of representative
meteorological locations/operation sizes (12) and operating
categories (5).

Thus, Eq. (2.4) computes emission rates per CAFO:

(Emission factor x no. head)

Emission rate = acres (expressed as meter square) (2.4)
In summary, RTI performed the following tasks:

1. Labeled each CAFO as 1 through 12 to reflect the

appropriate model CAFO:
Meteorological
Station 50 Acres 100 Acres 260 Acres 500 Acres

Norfolk 1 2 3 4
Wilmington 5 6 7 8
Raleigh 9 10 11 12

2. Assigned each CAFO to one of five production (growth
stage) categories.

3. Identified the emission factor for that production
category.

4. Computed the emission “rate™:

Emission Factor X No. Head Pigs for Each CAFO
Assigned Model Acreage

Model CAFOs Development

Selection of Acreage to Apply to Model Swine
Operations for Ammonia Dispersion and Deposition
Modeling

Acreage Assumptions. The goal of this modeling exercise is to
estimate the amount of ammonia deposited onsite and within a 50
km radius of the swine facility’s boundary based on a unit emission
rate of 1 mg/s/m2. The ISCST3 model requires that site acreage be
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selected to represent the extent of the area emission source (i.e., the
facility and its waste management operations).

In this section, we describe the development of assumptions used
for acreage from which the unitized emission rate emanates. We
reviewed readily available North Carolina information sources to
determine the average number of acres in a North Carolina swine
CAFO (described below).

North Carolina Division of Water Quality Information. North
Carolina DENR’s DWQ maintains a database of swine operations;
however, the database does not contain information on the acreage
of each swine operation in North Carolina. Therefore, no statistics
could be computed on the range of acreage relative to swine
population on North Carolina sites.

RTI telephoned the NCDWQ to learn about any information on
average swine CAFO acreage and confirmed that no such data were
recorded. However, based on his experience and discussion with
an industry representative, the DWQ representative determined that
42 to 52 acres is a reasonable range of acreage for a 3,000- to
3,500-head swine CAFO in North Carolina. (These CAFOs were in
operation prior to North Carolina’s adoption of buffer requirements
[Ramsay, 2002]). Therefore, we chose one of the model facility
sizes to be 50 acres for a 3,000-swine operation.

North Carolina Agriculture Census Data. The North Carolina
Agricultural Census (NCDA&CS, 1999) reports acreage ranges for
swine operations but does not relate the acreage to number of
swine. (See Table 2-8 [Table 4-9 of the 1997 Agricultural Census]
[NCDA&CS, 1999].) However, the Agricultural Census does
quantify the number of swine CAFOs by swine population grown.
(See Table 2-9 [Table 31 of 1997 Agricultural Census].)

From the distribution in Table 2-8, RTI selected three model
acreages from which to emit the unitized emission factor:
» 100 acres  (50th percentile)
» 260 acres  (75th percentile)
» 500 acres  (90th percentile)
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Table 2-8. Number and Acreage Range of North Carolina Swine Operations

Cumulative Number of Percentile

Acre? Number of Operations? Operations (Number of Operations)
1-9 255 255
10-49 609 864
50-69 224 1,088
70-99 238 1,326 50th (1,333 operations)
100-139 267 1,593
140-179 159 1,752
180-219 120 1,872
220-259 101 1,973 75th (1,999 operations)
260-499 300 2,273 90th (2,300 operations)
500-999 226 2,499
1,000-1,999 114 2,613
> 2,000 53 2,666
Total 2,666 2,666

aNorth Carolina Department of Agriculture & Consumer Services (NCDA&CS). 1999. “1997 Census of Agriculture—
North Carolina.” <www.agr.state.nc.us/stats/census/htm>. See Table 49 of 1997 Census of Agriculture—Volume 1:
North Carolina, State and County Tables.

Conclusions Based on DWQ and Census Data. We concluded that
four model acreages are representative and appropriate for
conducting the ISCST dispersion and deposition model:
» 50 acres (Ramsay [2002] recommendation for 3,000 to
3,500 head CAFO)

» 100 acres  (50th percentile of 1997 North Carolina
Agricultural Census)

» 260 acres  (75th percentile of 1997 North Carolina
Agricultural Census)

» 500 acres  (90th percentile of 1997 North Carolina
Agricultural Census)

We believe that, by applying these acreages to the model, suitable
emission rates can be estimated for each of the five, population-
based categories designated for analysis:

» 0 to 500 animal units (AU) 0 to 1,250 hogs

>» 500 to 1,000 AU 1,251 to 2,500 hogs
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Table 2-9. Population and Number of North Carolina Swine Operations

Number of Head of Number of Operations Cumulative Number Percentile
Hogs and Pigs in 1997 of Operations (Number of Operations)

1-242 944

25-492 170

50-992 125

100-1992 72

Subtotal 1,311

(without 1-24 head = 367)

200-499 77 77

500-999 132 209 25th percentile
(418 operations)

1,000-1,999 236 445 50th percentile
(837 operations)

2,000-4,999 648 1,093 75th percentile

(1,507)
5,000 and more 582 1,675
Total 2,986P 986b

8Rows excluded because fewer than the 250-head trigger for North Carolina Department of Environmental and Natural
Resources (DENR) permitting.

b2 986 operations is 320 greater than the 2,666 in Table 49 (NCDA&CS, 1999). 320 operations is comparable (less than
15 percent difference) to the 367 unregulated small operations in Table 31’s subtotal (NCDA&CS, 1999).

Source: North Carolina Department of Agriculture & Consumer Services (NCDA&CS). 1999. “1997 Census of
Agriculture—North Carolina.” <www.agr.state.nc.us/stats/census/htm>. See Table 49 of 1997 Census of
Agriculture—Volume 1: North Carolina, State and County Tables.

>» 1,000 to 1,500 AU 2,501 to 3,750 hogs
>» 1,500 to 2,0000 AU 3,751 to 5,000 hogs
» 2,000 to 2,500 AU 5,001 to 6,250 hogs

Alternative Approach: Selecting Model CAFO Acreage Based on
Reported Number of Animals. Neither the North Carolina
inventory of swine operations nor the North Carolina Agricultural
Census (NCDA&CS, 1999) contains a comparison of acres to
number of animals grown. In the absence of such data, the only
source available was the DENR/industry opinion that 42 to 52 acres
is a reasonable range of acreage for a 3,000- to 3,500-head swine
CAFO in North Carolina. Presuming a linear relationship in
population and acreage would mean that a 21,000-head CAFO
would be approximately 350 acres. However, no data are readily
available to support the presumption of a linear relationship.

Testing the Acreage Against Sprayfield Size Requirements. Based
on a review of literature, RTI considered the minimum area required
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for a 3,000-head CAFO sprayfield to be 20 acres. This assumption
is supported by data presented in Tables 2-10 and 2-11 for grasses
such as fescue, Carolina Bermuda, and hay. Applying a general rule
that houses, lagoons, and sprayfields occupy approximately equal
areas at a CAFOs (i.e., each consuming one-third of the total CAFO
area), a 3,000-head CAFO would be about 60 acres in size (within
20 percent of the 50-acre model size recommended), and a 21,000
head CAFO (requiring a minimum 140-acre sprayfield) would be
about 520 acres in size (within 5 percent of the 500-acre model size
that represents the 90th percentile based on Agricultural Census
data).

Recommendations. Given the lack of information relating swine
populations to swine CAFO acreage, we recommend relying on
North Carolina Agricultural Census data relating the number of
swine CAFOs to acreage in conjunction with estimated population-
based acreage needs for sprayfields. The only exception is the
solicited expert opinion of the North Carolina DWQ in conjunction
with representatives of the swine industry, which relates an average
North Carolina swine operation acreage for an average North
Carolina swine operation. Thus,

» If 0to 3,750 hogs, assign 50-acre model
(Source: North Carolina DWQ)

» If 3,751 to 6,250 hogs, assign 100-acre model
(Source: North Carolina Agricultural Census supported by
sprayfield acreage needs)

» 1f 6,250 to 21,000 hogs, assigh 260-acre model
(Source: North Carolina Agricultural Census supported by
sprayfield acreage needs)

» If greater than 21,000 hogs, assign 500-acre model

(Source: North Carolina Agricultural Census supported by

sprayfield acreage needs)
This approach is reinforced by testing the reality of acreage
assumptions using general acreage demand assumptions for
sprayfields based on swine population size. Where application of a
model acreage appears unrepresentative due to population- and
crop-based acreage requirements for spray application, the acreage
assumption was not applied to the population category for the
modeling analysis. For example, it appears unrepresentative for a 0
to 1,250-swine operation to require a 500-acre facility size to
function.
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Table 2-10. Acreage Requirements for Animal Waste Application

Acres
Finishing Only Per Head | Farrow to Feeder per Sow | Farrow to Finish per Sow
(135 Ibs) (522 Ibs) (1,417 Ibs)
Anaer_obic Lagoon Carolina Carolina Carolina
% Nitrogen Loss Fescue Bermuda Fescue Bermuda Fescue Bermuda
20% 0.05 0.03 0.18 0.12 0.33 0.17
50% 0.03 0.02 0.11 0.08 0.31 0.21
75% 0.15 0.01 0.06 0.04 0.16 0.10
85% 0.01 0.0062 0.03 0.02 0.09 0.06
Mean 0.0263 0.0165 0.095 0.065 0.222 0.13

80.006 ac per head of finishing pig x 3,000 head per CAFO = 18 acres.

Source: Barker, J.C. 1980. “Land Area Guidelines for Livestock Waste Application.” AG-199. North Carolina
Agricultural Extension Service.

Table 2-11. Acres Under Application by North Carolina Swine Producers

Number of Swine Under Contract
Less than

Crop 250 250-999 1,000+ Yes No
Corn 42 37 39 32 44
Soybeans 11 19 19 16 16
Hay or alfalfa 17 25 40 40 20
Other crop(s)+ 40 50 42 46 43
Mean acres under application 25 67 66 67 45
Median acres under application 10 20 35 24 20
Number of respondents 65 72 70 83 129

Note: Asked only of those who apply waste to their land.

Source. Hoban, T.J., and W.B. Clifford. 1995. “Managing North Carolina’s Livestock Waste—Challenges and
Opportunities.” Raleigh, NC: North Carolina State University.

Capacities

RTI applied the set of model CAFO SSLW categories that was
developed for the NCSU-ARE cost analysis (see Chapter 1) to the
emission modeling. As shown in Table 2-12, these model CAFOs
are intended to represent the variety of operations growing most of
the pigs in North Carolina.
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Table 2-12. Standard Swine CAFO Types and SSLW Categories Used in This Study

Swine CAFO

Type

Swine CAFO SSLW Capacity (1,000 Ibs)

0-500

500-1,000 1,000-5,000 1,500-2,000 2,000+

Farrow-Wean
Farrow-Feeder
Farrow-Finish
Wean-Finish

Feeder-Finish

Note: Grey-shaded area indicates CAFO categories that are not represented in the population and that were not

analyzed.

In summary,

» If an operation’s SSLW capacity was 19,440 to 499,230 Ibs,
it was modeled as a 50-acre CAFO.

» If an operation’s SSLW capacity was 500,400 to 996,960
Ibs, it was modeled as a 100-acre CAFO.

» If an operation’s SSLW capacity was 1,005,750 to 1,986,300
Ibs, it was modeled as a 260-acre CAFO.

» If an operation’s SSLW capacity was 2,030,400 Ibs to
10,182,400 lbs, it was modeled as a 500-acre CAFO.

2.2 AMMONIA AIR DISPERSION AND

DEPOSITION PREDICTION

This section describes how RTI modeled ammonia emissions’
dispersion and deposition in the study area. Figure 2-3 depicts how
available emission factors from traditional housing, lagoon, and
sprayfield technologies were modeled to predict ammonia’s
dispersion and deposition (up to 50 km radius from the edge of the
facility). The deposition from each facility in the study area was in
turn mapped and incorporated in the surface water quality model.

The following subsections describe our unitized deposition
modeling, post-processing to apply modeling results to the study
area’s 2,295 CAFOs, GIS applications, and deposition modeling
results for the study area.
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Figure 2-3. Ammonia Atmospheric Dispersion-Deposition Modeling Approach
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2.2.1 Unitized Deposition Modeling by Model CAFO

Application of the ISCST3 Model

The modeling effort described in this section characterizes the
dispersion and deposition of ammonia as a gas. (Gaseous ammonia
deposits faster [nearer field] than other ammonia species, such as
fine particulate ammonia sulfate that may form following ammonia’s
release to the atmosphere.) The model runs assume that the
emission rate is 1 mg per second per square meter (a unit emission
rate) and the chemical composition is 100 percent ammonia.

RTI used ISCST3, version 02035, to model the dispersion and
deposition of ammonia. This model is a standard, EPA-approved
model for predicting atmospheric dispersion and deposition of
specific chemical species (up to about 50 km from the source).
Figure 2-4 shows the components of the system and the approach
RTI used to estimate ammonia deposition on swine operations.
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Figure 2-4. Approach to Estimating Total Ammonia Deposition from Swine Operations
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The inputs depicted in Figure 2-4 require a variety of data. These
requirements and the data sources are presented in Table 2-13.

To compute dispersion and deposition, we first assumed that a
model swine facility contains three ammonia-emitting sources:
animal houses with their waste collection systems; waste lagoon(s);
and sprayfield(s) emitting 24 hours per day, 365 days per year. It is
understood that these units do not operate full time. In some cases,
lagoons may be temporarily closed for sludge removal. Given the
variability in facility dimensions and layout across the state, we
chose not to locate and model each emission source on the facility
site individually. Rather, the model facility was treated as a single-
area emission source. RTI also assumed that the area emission
source was located at ground level, which is characteristic of swine
waste management operations such as lagoons and sprayfields. The
selection of the model CAFOs was described in previous sections.
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Table 2-13. Overview of Primary Data Requirements

Data Type

Data Description/Specification

Data Source

ISCST3 Data
Chemical modeled
NH3 dry deposition
velocity

NH3 scavenging rate
coefficient

Meteorological station
data (5 years of data)

Setting

Site shape
Site receptor grid

Site sizes

Site emission character
Operating time
Land use

Post-processing Data

Swine operation’s
location, type, capacity
Growth categories

Emission factors

ISCST3 version 02035
Ammonia (NH3)
1cm/s

6E-5 hour/(mm-s) for liquid
precipitation
2E-5 hour/(mm-s) for frozen
precipitation

Raleigh, North Carolina
Wilmington, North Carolina
Norfolk, VA

(each operation assigned to one
of three stations based on
location)

Average land use in each
meteorological station region

Circular

Onsite: 3 concentric receptor
rings with 108 receptor points
Offsite: 27 concentric receptor
rings up to 50 km from edge of
site boundary

50 ac

100 ac
260 ac
500 ac

Area source
24 hr/d, 365 d/yr

Farrow to wean
Wean to feed
Farrow to feed
Farrow to finish
Feed to finish

Derived for each growth category
where possible

EPA (19953, 1995b, 20024a)

Median of two sources Hov and Hjollo
(1994) (0.6 to 5 cm/s); Sutton, Moncrieff,
and Fowler (1992) (4 to 5 cm/s)

Default value of HNO3 in CALPUFF model.
Jonson and Berge (1995) also show the wet
scavenging coefficients for HNO3 and NH3
are the same. EPA suggests that frozen
precipitation is one-third of the liquid
value.

National Weather Service

RTI

RTI
RTI

RTI derived from Agricultural Census Data

RTI

Geographic Information Retrieval and
Analysis System (GIRAS) (USGS, 1990)
converted into ARCINFO GIS (EPA, 1994)

NCDWQ

NCSU APWMC (2002) recommended for
economic analysis

Literature and ongoing NCSU studies
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Once all inputs for the ISCST3 unitized model were prepared, the
model was run to predict the dispersion and deposition of

1 mg/s/m?2 of ammonia of 12 model CAFOs. The results of this
“unitized modeling” are presented in Table 2-14 and Figures 2-5
through 2-7.

Table 2-14. ISCST3 Unitized Ammonia Deposition Results for Each Model CAFO2

12 Model CAFOs

NWS Station (represents Total Deposition  Dry Deposition ~ Wet Deposition

meteorological region) CAFO Acreage (Mg/yr) (Mg/yr) (Mg/yr)
Norfolk, VA 500 33,522 33,177 345
Raleigh, NC 500 39,956 39,566 390
Wilmington, NC 500 36,846 36,360 486
Norfolk, VA 260 17,531 17,390 142
Raleigh, NC 260 20,916 20,756 161
Wilmington, NC 260 19,286 19,083 202
Norfolk, VA 100 6,823 6,784 39
Raleigh, NC 100 8,155 8,110 44
Wilmington, NC 100 7,517 7,460 57
Norfolk, VA 50 3,457 3,441 16
Raleigh, NC 50 4,138 4,120 18
Wilmington, NC 50 3,813 3,790 23

NWS = National Weather Service
aAssumes source’s emission rate of 1 mg/s/mZ2.

2.2.2 Post-ISC Site-Specific Data Processing

Once we completed the unitized modeling, we applied a post-
processing program that multiplies an annual average composite site
emission rate by the unitized deposition rate. To develop a
composite baseline site emission rate, we reviewed the literature to
find annual emission factors for each source (house, lagoon, and
sprayfield) (see Section 2.1.1). We used the sum of the three
emission factors as a single “composite” emission factor for the
entire facility site. The composition of that area emission source
was designed so that emission factors for individual sources could
be adjusted or substituted based on alternative technology scenarios
at a later time. (Chapter 7 discusses RTI’s method for computing
impacts of emission reduction scenarios.)
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Figure 2-5. Maximum ISCST3 Unitized Ammonia Deposition Rate at Downwind Distances for
the Raleigh Durham Meteorological Region
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Figure 2-6. Maximum ISCST3 Unitized Ammonia Deposition Rate at Downwind Distances for
the Norfolk Meteorological Region
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Figure 2-7. Maximum ISCST3 Unitized Ammonia Deposition Rate at Downwind Distances for
the Wilmington Meteorological Region
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Post-processing
computed the
predicted actual
deposition on and
around each swine
operation (up to 50
km from edge of
operation) in the
study area.

2.2.3

Post-processing estimated the actual deposition on and around each
swine operation (up to 50 km from edge of operation) in the study
area. To perform this estimation, RTI calculated the total deposition
at each receptor point in the facility’s modeling grid. Using the
550+ watershed boundaries provided from water quality modeling,
we computed the total load of all operations within each watershed.
If a 50 km radius covers more than one watershed, the deposition
crossing the watershed boundary was accounted for in that adjacent
watershed. If the 50 km radii of two or more facilities overlap in a
watershed, the total load of the facilities in the overlapping area was
computed. RTI’s air modeling team presented GIS-formatted
deposition by watershed to RTI’s water quality modeling team for
input in their modeling analysis.

GIS Application Approach

A GIS was used to model the ammonia deposition for all 2,295
CAFOs in the study area. The ISCST3 air modeling program
produced air dispersion rate files for 12 different deposition
scenarios. RTI modeled four swine operation sizes (50, 100, 260,
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and 500 acres) for three meteorological regions (Wilmington, North
Carolina; Raleigh, North Carolina; and Norfolk, Virginia) for a total
of 12 combinations (model CAFQs). Thus, each CAFO was
assigned to one of the meteorological regions based on its
geographic location and to one of the CAFO sizes based on the
number of head and growth stage of its livestock.

Once RTI assigned each CAFO to a “model CAFO type,” we
calculated the actual amount of dry, wet, and total ammonia
deposition at each point. This was done by creating Thiessen
polygons around each modeled deposition point. Because the
value produced by the ISCST3 model was a deposition rate based
on a unitized emission factor, the actual deposition amount was
calculated by multiplying the area of the Thiessen polygon by the
emission factor assigned to the CAFO by the unitized emission rate.
This resulted in a total for each Thiessen polygon in grams/year for
total, dry, and wet deposition. These totals were then calculated
back onto the point contained within the Thiessen polygon.

Each air dispersion file contained Cartesian coordinates for each of
the 1,087 modeled deposition points. Each CAFO had a geographic
location (latitude and longitude) for its origin. Once we assigned a
given CAFO to a model CAFO type, we placed the deposition
pattern on the ground (georeferenced) using the latitude and
longitude of the origin. Each model operation was placed in turn
until all 2,295 swine operations (each with 1,087 points) had been
georeferenced to the earth’s surface. This resulted in a very large
point coverage of 2,494,665 individual deposition points.

RTI then overlaid this large point coverage with the hydrologic unit
(a.k.a. HUC) boundaries for those HUCs in the study area. The 14-
digit HUC ID that each point fell into was transferred to each of the
2,494,665 points. RTI calculated summary statistics for total, dry,
and wet deposition on a HUC-by-HUC basis.

Deposition Results for the Study Area

Results of baseline modeling showed that, when accounting for
deposition only in the 50 km radius of each CAFO, about 34,000
megagrams (over 37,000 short tons) of 2,295 CAFOs’ ammonia
emissions were deposited in the study area in 1 year. These CAFOs
deposited an additional 7,800 megagrams (about 8,600 short tons)
of ammonia outside the study area where some CAFOs’ 50 km radii



In total, the model
predicted the 2,295
CAFOs deposited
approximately
43,000 megagrams
of ammonia. These
values represent the
sum of each of the
2,295 CAFOs’
deposition within a
50 km radius of
each CAFO,
excluding any
ammonia that
transports and
deposits beyond the
50 km radius.
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crossed over the study area boundary. In total, the model predicted
the 2,295 CAFOs deposited approximately 43,000 megagrams of
ammonia. These values represent the sum of each of the 2,295
CAFOs’ deposition within a 50 km radius of each CAFO, excluding
any ammonia that transports and deposits beyond the 50 km radius.
As mentioned before, this modeling exercise presumes ammonia
remains gaseous throughout its atmospheric dispersion within a 50
km radius. However, a fraction of ammonia may convert to an
ammonium salt that is an aerosol (fine particulate). We address the
destiny of aerosol ammonium in Chapter 3.

Figures 2-8 and 2-9 depict the range of deposition by county and by
hydrologic unit, respectively. (There are over 550 HUCs [or small
watersheds] in the study area.) The greatest deposition occurs in
Sampson and Duplin counties. The 10 HUCs estimated to have the
greatest ammonia deposition are all within the Cape Fear River
basin (see Table 2-15). These 10 HUCs are highlighted in

Figures 2-8 and 2-9. The 10 HUCs total about 5,700 Mg/yr of
ammonia deposition, which is about 17 percent of the study area’s
total annual ammonia deposition.

The ranking of counties and HUCs is a function of animal density
and the density and proximity of CAFOs to one another. As

Figure 2-8 demonstrates, when CAFOs are located near one
another, the ammonia deposition for each CAFO’s 50 km radius can
overlap with another CAFO, thus multiplying the ammonia
deposition/loading to HUCs.

RTI used this baseline ammonia deposition data in the
Environmental Benefits Assessment Model described in Chapter 7.
These baseline data are reduced according to an alternative waste
management scenario’s effectiveness in reducing CAFO ammonia
emissions.

2.3

DATA AND MODEL QUALITY ASSURANCE

As indicated above, ISCST3 is a standard, EPA-approved model for
predicting unitized atmospheric dispersion and deposition of
specific chemical species. Below is a list of the QA/QC activities
associated with the application of the ISCST3 modeling effort:
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Figure 2-8. Modeled Ammonia Gas Deposition from 2,295 Swine Operations (by County) in
Grams per Year Normalized by Area?

i e i T mhmmmﬁamemmwﬂﬁ"“
-- LS Hl:rrrllll.n-:l Barea ]
. by e LA

o wrma T § g Py
v e
o T B

B s . 6 .

— EIE NE

_SE N E ]

= B e
LY i W i BT L]
E [ k i . ='.:...- i
o . h 1!.__,. - 3T AN
T 4 =P

a8Modeling used the NCDWQ survey (of swine operations) database, NCDA&CS 1997 Ag Census data and published
emission factors in conjunction with EPA’s ISCST3 model, and NWS meteorological data for three North Carolina
regions.

Figure 2-9. Modeled Ammonia Gas Deposition from 2,295 Swine Operations (by 14-digit HUC)
in Grams per Year Normalized by Area?
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aModeling used the NCDWQ survey (of swine operations) database, NCDA&CS 1997 Ag Census data and published
emission factors in conjunction with EPA’s ISCST3 model, and NWS meteorological data for three North Carolina
regions.
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Table 2-15. 10 HUCs Modeled as Receiving the Greatest Ammonia Deposition

Total NH3 Dry NH3 Wet NH3

HUC Deposition (Mg/yr) Deposition (Mg/yr) Deposition (Mg/yr) River Basin
3030007050010 722 689 32 Cape Fear
3030006110040 694 665 29 Cape Fear
3030007090010 685 659 26 Cape Fear
3030007010020 642 616 25 Cape Fear
3030006110010 602 580 23 Cape Fear
3030006090060 509 486 23 Cape Fear
3030006110020 508 485 23 Cape Fear
3030006090040 464 450 22 Cape Fear
3030007020010 455 434 22 Cape Fear
3030006100020 437 428 22 Cape Fear

Verify for each site that clipped area land use/cover codes
match the original data set, areas in 3 km radius add up to
the total area, and predominant land use/cover code as
reported in the spreadsheet is the predominant land
use/cover code in the original data set.

Check that the Anderson-type land use code corresponds to
the correct PCRAMMET code for the three meteorological
stations using data provided by GIS to ensure programs are
functioning correctly.

Check the extracted data against the original data on a
SAMPSON CD to ensure the data-extracting program is
functioning correctly (randomly selected lines of data from
first three pages of the printout for each site). Verify all
columns are correct. Verify all 5 years of data are included.
Once surface data are downloaded, run a data QA/QC
program (SQAQC) to identify missing data.

Check to make sure that the missing data were filled in
correctly.

Check the PCRAMMET input files against input data tables
to make sure the data were transferred correctly.

Check the PCRAMMET warning and error files to make sure
there were no error and warning messages.

Check all modeling options and parameters in the input
files.

Conduct a reasonableness check to make sure the results
make sense.
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Once we completed the unitized modeling, we applied a post-
processing program that multiplies an annual average composite site
emission rate by the unitized deposition rate. A GIS was used in the
post-process. Below is a list of the QA/QC activities in the post-
processing step:

» Check that the ammonia deposition rates at each geographic
coordinate matched those in the ISC output files.

» Check that the correct model CAFO was applied to each
swine operation.

» Check that the correct emission factor was applied to each
CAFO.

» Check that the total ammonia deposited at a point
representing the surrounding Thiessen polygon equaled the
deposition rate per square meter X number of square meters
in the Thiessen polygon.

» Check that the total ammonia deposited reported by HUC
agreed with manual calculations. RTI selected all deposition
points within a HUC and summed them using the statistics
tool in ArcGIS.

» Check that all CAFOs within 50 km of the study area were
included in the total ammonia deposition calculations.
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2.4 MODELING ASSUMPTIONS AND

UNCERTAINTY

Because of the complexity of this study as well as data and resource
limitations, there are inevitable sources of uncertainty in the air
dispersion and deposition analysis described above. As a result, the
analysis requires a number of modeling assumptions and
simplifications. Below we highlight five key sources of model
uncertainty and explain default assumptions for these areas.
Proposed sensitivity analyses are also described, so that one can
examine how model results are influenced by these default
selections.
1. Land use—RTI used the average land use for each of three
meteorological regions (Raleigh, Wilmington, and Norfolk).
This assumption could be tested by selecting a smaller, more

specific area’s land use versus the average of a
meteorological region.

2. Meteorological station—Some sites in the meteorological
North Carolina Piedmont region could have been assigned
to a Greensboro meteorological station; however, these
were consolidated with Raleigh because of the similarity in
weather patterns.
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3. Ammonia transformation—ISC does not compute chemical
transformation, for example, from ammonia gas to
ammonium sulfate fine particulates. Particulates are known
to transport farther than ammonia gas before deposition.
Information on this transformation rate was found. A
conservative approach was to assume 100 percent ammonia
available for dispersion and deposition. The impact of this
assumption could be tested by assuming a select percentage
reduction in available ammonia due to transformation (e.g.,
20 percent conversion to ammonium sulfate).

4. Circular site—This assumption could be tested by assuming
the model site is another shape (e.g., square, rectangle, or a
randomly selected irregular shape).

5. Flat terrain—The ISC program models an area source as flat
terrain. It does not account for elevated receptors.

More detailed descriptions of modeling assumptions for CAFO
acreage assignment and emission factors are in the respective
sections of this chapter.
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3.1

BACKGROUND

Ammonia, as a gas, is known to dry deposit efficiently to wet
surfaces and vegetation. Ammonia gas that is not wet or dry
deposited is available for reaction with sulfuric, nitric, and
hydrochloric acids present in the atmosphere to form ammonium
(NH4*) sulfate, ammonium bisulfate, ammonium nitrate, and
ammonium chloride molecules. These molecules exist in the
atmosphere as aerosol particulates. The dominant inorganic
secondary aerosols species in the atmosphere comprise a fraction of
PM> 5 (also known as PMEjne, @ particulate matter with aerodynamic
diameter less than 2.5 pum) and include sulfate, nitrate, and
ammonium (Ansari and Pandis, 1998). The presence,
concentration, and physical form of atmospheric ammonia are
important given the health concerns regarding exposure to fine
particulate matter. Limited data suggest that PM> 5 is more toxic to
humans than the larger particulate species (PM1g) (Lippmann,
1998).

As shown in Chapter 2, implementation of environmentally superior
swine waste management technologies may reduce ammonia and
subsequently reduce the potential for ammonium salt aerosol
formation (i.e., PMgjne). Implementation of environmentally
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superior technologies would, therefore, not only benefit water
quality via reduced atmospheric ammonia gas deposition but also
human health via reduced levels of PMfjne. In the spring of 2003,
the Smithfield-Premium Standard Settlement Agreement’s Technical
Advisory Panel requested that RTI compute a general estimate of the
benefits achieved by reducing the atmospheric ammonium salt
concentration (PMEine) in the study area. To accomplish this, we
first needed to estimate the baseline level of ammonium PMEjne that
CAFOs may generate. With that estimate, we can perform a
benefits analysis.

This chapter addresses how the PMEjne estimate was calculated and
the outcome of modeling in the study area.
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3.2

3.2.1

INITIAL ASSESSMENT

RTI reviewed a significant amount of literature to identify a
conversion factor for ammonia gas to ammonium salt aerosol. We
also contacted U.S. Environmental Protection Agency (EPA) experts
regarding this matter, but, because of the complexity of the
atmospheric chemistry of ammonium formation, a simple
conversion factor was not available. (See Dennis [2003]; Edney
[2003]; and Gipson [2003].) In the end, we arrived at an estimate
that was based on two measurements from studies conducted in the
North Carolina study area: Baek and Aneja (2003) and Robarge et
al. (2002). Both studies suggested ammonia gas (NH3) comprises
more than 70 percent of total ammonia (NHy) (i.e., NH3 gas plus
NHj* salt aerosol in the atmosphere during all seasons).

Ammonia to Ammonium Conversion

Gas-to-particle conversion can be accomplished by condensation,
which adds mass onto pre-existing aerosols, or by direct nucleation
from gaseous precursors that form aerosols (Baek and Aneja, 2003).
Gas-to-particle conversion strongly depends on the concentration of
acid gases and water vapor in the atmosphere. Ammonia reacts
with sulfuric, nitric, and hydrochloric acid gases to form aerosols
such as ammonium sulfate, ammonium bisulfate, ammonium
nitrate, and ammonium chloride. Ammonium salts formed by these
reactions can exist as solid particles or liquid droplets depending on
the amount of water vapor in the atmosphere. Ammonia
preferentially reacts with sulfuric acid (H2SOg4) to form ammonium
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bisulfate (NH4HSO4) and ammonium sulfate ([NH4]2SO4) through
the process defined by Egs. (3.1) and (3.2):

NH3 (gas) + HoSO4 (liquid) > NH4HSO4 (liquid) (3.1)
NH3 (gas) + NH4HSO4 (aq) = (NH4)2SO4 (solid or liquid) (3.2)

Ammonia can also undergo an equilibrium reaction with gas-phase
nitric acid (HNQOg3) in the atmosphere to form ammonium nitrate
(NH4NO3) as shown in Eq. (3.3):

NH3 (gas) + HNO3 - NH4NO3 (solid) or (liquid) (3.3

The low vapor pressure of sulfuric acid (H2SOy4) allows it to
condense easily on particle and droplet surfaces. Because the rate
of condensation depends on the amount of water vapor in the
atmosphere, sulfuric acid is seldom found in the gas phase.
However, nitric acid is much more volatile than H,SO4 and not
likely to form particles by homogeneous or heteromolecular
nucleation. Therefore, because of its volatility, particulate nitrate is
believed to be lower in concentration than sulfate (Seinfeld and
Pandis, 1998; Pacyna and Benson, 1996). However, particulate
nitrate can be the dominant species in fine particulate matter when
in sulfate-limited regimes.

Ammonium Concentrations in the Study Area

The measurements conducted by Baek and Aneja (2003) consisted
of two measurement sites at a commercial swine operation in
eastern North Carolina. The north site was located approximately
50 meters northeast of the swine waste storage and treatment
lagoon, and the south site was located approximately 400 meters
south-southwest of the waste lagoon. Both measurement sites were
either on the farm or very close to the farm. Samples were collected
using the annular denuder systems (ADS) from April to July 1998 at
the north site and from April 1998 to March 1999 at the south site.
The measured data were not only used for analyzing the general
characteristics of ammonia, sulfuric acid, and nitric acid, but also
for examining the gas-to-particle conversion between ammonia and
acid gases.

Annual average ammonia concentration at the south measurement
site was 17.89 pg/m3. Annual average ammonium concentration at
the same site was 1.64 ug/m3. This shows that ammonia comprises
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more than 90 percent of total ammonia (NHy) at or near the farm.
From seasonal variations, the measured particulates (e.g.,
ammonium) showed larger peak concentration during summer,
suggesting that the gas-to-particle conversion was efficient during
summer.

The measurements by Robarge et al. (2002) were taken at the
Clinton Horticultural Crops Research Station located approximately
5 km north and east of Clinton, North Carolina. Three swine
production facilities are located between 1.5 and 3.2 km to the
east/northeast and east/southeast of the site. In addition, three
swine production facilities are between 3.2 and 5 km northwest of
the site. Chemical and meteorological measurements were
collected from October 1998 to September 1999. Chemical species
were collected using an ADS, which was similar to what Baek and
Aneja used in their measurements.

Unlike the measurement by Baek and Aneja at the swine operation
site, Robarge’s measurements represent a more ambient condition.
Ammonia concentrations observed in this study follow a log normal
distribution, with an annual mean ammonia concentration of 5.55
pg/m3. Ammonia comprises more than 70 percent of the total
ammonia NHy during all seasons. The annual mean ammonium
concentration from this measurement site was 1.44 pg/m3.

The two studies show the sensitivity of the conversion rate of
ammonia to ammonium in that the rate increases with the increase
in ammonia concentration and the distance from the swine
operation. Both measurements show ammonia and ammonium
display seasonal cycles with higher concentrations occurring during
the summer for both species. The ratio of ammonia to total
ammonia (NHy) from Robarge’s ambient measurements) was greater
than 70 percent, while the same ratio from Baek and Aneja’s
measurements (adjacent to the swine operation) was greater than
90 percent. This suggests more ammonia was converted to
ammonium during its transport in atmosphere.

34

3.3

APPROACH FOR ESTIMATING PMEine
EFFECTS IN STUDY AREA

The ISCST3 model run by RTI for gaseous ammonia deposition
analysis generated unitized ammonia gas air concentration (post-
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deposition) at 1,080 discrete X,Y locations for each of 12 model
farms (see Figure 3-1). There were four CAFO sizes (50, 100, 260,
and 500 acres) at three different meteorological regions (Raleigh,
Wilmington, and Norfolk) resulting in the 12 model CAFOs. (See
Chapter 2 for further details.) One of the model CAFOs was
assigned to each of the approximately 2,295 swine operations in the
study area and placed at the actual geographic coordinates of the
operation. The actual ammonia gas concentration value at each of
the 1,080 X,Y locations was calculated by multiplying the unitized
concentration by the emission factor for the CAFO. The ambient
ammonia gas concentration remaining at each deposition point was
calculated after the unitized deposition value at that point was
subtracted.

Figure 3-1. Raster Grid Cell with Contributing CAFO Points

Note: Each point location from each CAFO contains an ammonia concentration value. A representative value is
computed for each cell for each CAFO, and then the concentrations from all CAFOs are added together.

Once the actual ambient ammonia air concentration value was
computed, a Triangular Irregular Network (TIN) was created for
each CAFO using a geographic information system (GIS). This TIN
was converted to a raster dataset (cell based) with the value field
containing the ammonia concentration value. Each rasterized
CAFO was then added to a master raster dataset, so that the
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ammonia concentration value was additive for each cell. Summary
statistics (such as the mean) of ambient ammonia gas concentrations
emanating from swine operations were then generated for the
master raster dataset on a county-by-county basis (see Table 3-1).
Based on measurements from the two studies previously discussed,
RTI decided to apply Robarge’s ambient monitoring findings and
assume that ammonia gas comprises 70 percent of total ammonia
species and that ammonium salt (NH4*) comprises 30 percent of
total ammonia species in this analysis. With this 30 percent value,
we calculated a county annual average ammonium salt (PMEine)
concentration by multiplying the county average of ambient
ammonia gas by 30 percent.

It should be noted that this exercise estimates only ammonium salt
PMEine resulting from swine operation emissions. It does not
estimate background ambient PMEjne resulting from other emission
sources.
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3.4

PMgine ESTIMATION RESULTS

Table 3-2 lists the estimated baseline ambient ammonium (NH4")
concentrations attributable to swine operations for each of the
counties in the study area. These data serve as input to the
integrated benefits analyses described in Chapters 6 and 7.

The average ammonium concentration inside the study area was
estimated as 0.592 pg/m3. The county with the maximum estimated
annual average ammonium salt PMEje concentration was Duplin
County at 3.576 ug/m3.

(For a point of reference, North Carolina’s PM> 5 (or PMFine)
standard is 15.0 pg/m3 [NCAC 2D.410(a)]).

Table 3-2 also compares the modeled ammonium PMg;,e
concentration to the ambient PM;,. measured by North Carolina in
its monitoring program from July 1999 to December 2001. Duplin
County’s averaged monitored Pmg;, for that period was 12.6
pg/m3, implying that ammonium PMg;,,. originating from swine
operations may comprise 28 percent of the county’s ambient
PMgjne- Duplin County’s monitored ambient concentration of 12.6
ug/m3 is below the 15.0 pg/ms3 standard.
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Table 3-1. Estimated Average Annual Swine-Generated Ammonia Gas Concentration (ug/m3)
Remaining after Deposition before the Gas Reacts to Form Ammonium Salts (descending

order)2

Estimated Average Estimated Average

Annual Swine- Annual Swine-
Generated Ammonia Generated Ammonia
North Carolina Study Gas (NH53) North Carolina Study Gas (NH3)
Area County Concentration (ug/m3) Area County Concentration (ug/m3)
Duplin 11.919 Randolph 0.345
Sampson 10.382 Franklin 0.324
Greene 6.904 Warren 0.303
Wayne 6.383 Person 0.288
Lenoir 5.169 Moore 0.272
Bladen 4.071 New Hanover 0.170
Jones 3.049 Tyrrell 0.164
Johnston 2.175 Wake 0.158
Pitt 2.150 Montgomery 0.129
Pender 2.074 Lee 0.125
Cumberland 2.044 Vance 0.110
Edgecombe 1.623 Rockingham 0.100
Onslow 1.475 Pamlico 0.072
Wilson 1.360 Hyde 0.072
Harnett 1.083 Guilford 0.063
Robeson 1.075 Chatham 0.062
Halifax 0.946 Orange 0.051
Nash 0.920 Alamance 0.036
Craven 0.756 Granville 0.027
Beaufort 0.638 Carteret 0.023
Washington 0.561 Caswell 0.018
Martin 0.554 Forsyth 0.014
Columbus 0.529 Durham 0.013
Brunswick 0.497 Dare 0.002
Hoke 0.475

aEstimates are based on results of modeled ammonia gas deposition as reported in Chapter 2. That modeling effort used
the NC DWQ Survey (of swine operations) database, NCDA&CS 1997 Ag Census data and published emission factors
in conjunction with the US EPA’s ISCST3 model, and NWS meteorological data for three North Carolina regions.
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Table 3-2. Estimated Average Annual Ammonium (NHz*) Concentration (pg/m3) for Counties in the Study Area (descending order)

North Carolina Study

Estimated Average
Annual Swine-
Generated
Ammonium (NHz*)
Concentration 2

Weighted Annual
Arithmetic Mean
Ambient
Concentration from

North Carolina Study

Estimated Average
Annual Swine-
Generated

Ammonium (NHz%)

Concentration

Weighted Annual
Arithmetic Mean
Ambient
Concentration from

Area County (ug/m3) All SourcesP (ug/m3) Area County (ug/m3) All Sourcesb(ug/m?’)
Duplin 3.576 12.6 Randolph 0.104 NA
Sampson 3.115 NA Franklin 0.097 NA
Greene 2.071 NA Warren 0.091 NA
Wayne 1.915 15.3 (S) Person 0.086 NA
Lenoir 1.551 12.3 (S) Moore 0.081 NA
Bladen 1.221 NA New Hanover 0.051 NA
Jones 0.915 NA Tyrrell 0.049 NA
Johnston 0.652 NA Wake 0.047 15.3
Pitt 0.645 13.7 (S) Montgomery 0.039 NA
Pender 0.622 NA Lee 0.038 NA
Cumberland 0.613 15.4 (S) Vance 0.033 NA
Edgecombe 0.487 NA Rockingham 0.030 NA
Onslow 0.442 12.1 Pamlico 0.022 NA
Wilson 0.408 NA Hyde 0.022 NA
Harnett 0.325 NA Guilford 0.019 16.3
Robeson 0.323 NA Chatham 0.019 13.4 (S)
Halifax 0.284 NA Orange 0.015 14.3
Nash 0.276 NA Alamance 0.011 14.6 (S)

(continued)
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Table 3-2. Estimated Average Annual Ammonium (NHz*) Concentration (ug/m3) for Counties in the Study Area (descending order)

(continued)

Estimated Average
Annual Swine-

Weighted Annual

Estimated Average
Annual Swine-

Weighted Annual

Generated Arithmetic Mean Generated Arithmetic Mean
Ammonium (NHz*) Ambient Ammonium (NHz%) Ambient

North Carolina Study Concentration 2 Concentration from North Carolina Study Concentration @ Concentration from

Area County (ug/m3) All Sourcesb (ug/m3) Area County (ug/m3) All Sourcesb(ug/m3)
Craven 0.227 NA Granville 0.008 NA
Beaufort 0.191 NA Carteret 0.007 NA
Washington 0.168 NA Caswell 0.005 14.5 (S)
Martin 0.166 NA Forsyth 0.004 16.1
Columbus 0.159 NA Durham 0.004 15.3
Brunswick 0.149 NA Dare 0.001 NA
Hoke 0.142 NA

8Estimates are based on results of modeled ammonia gas deposition (as report in Chapter 2) in conjunction with the findings of Robarge et al. (2002) which led to an
assumption that ambient air in eastern North Carolina has a 70% ammonia (NH3) gas to 30% ammonium salt aerosol ratio.

bsource: North Carolina Division of Air Quality’s ambient PM2.5 ambient monitoring data analysis for the period from July 1999 to December 2001. The state is
monitoring PM2.5 to determine if a county exceeds the new 15.0 pg/mg ambient standard, signifying nonattainment. The notation “S” indicates that the mean is
suspect (albeit valid) because at least one calendar quarter had less than 75 percent of the expected number of valid samples.
http://dag.state.nc.us/monitor/datapm2ppt5.

NA = Not available.
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Counties in the study area monitored at nonattainment with the new
standard are Wayne, Cumberland, Wake, Guilford, Forsyth, and
Durham. Wayne County is ranked fourth in the modeled swine-
generated ammonium PMg;,., Which is estimated to comprise

12 percent of the ambient PMg;,,. concentration. Cumberland
County (ranked eleventh in modeled swine-generated ammonium
PMEine) is estimated to comprise 4 percent of the county’s ambient
PMEgine CONcCentration.

Among the 11 counties ranked by modeling to contribute the most
swine-generated ammonium PMg;, in the study area, five have
ambient PMgj,e monitoring data available. Data indicate the
following:

Percentage of swine-generated
ammonium contribution to

County ambient PMEjne concentration
Duplin 28%
Wayne 12%
Lenoir 13%
Pitt 5%
Cumberland 4%
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3.5

QUALITY ASSURANCE/QUALITY CONTROL
AND VALIDATION

The final product of this step was a series of ammonia concentration
values (and, therefore, PMg;,e concentrations) by county. These
results were verified by conducting the following activities:

» Comparing the concentration values of the X,Y locations in
the ISC output files with the concentration values in the GIS
point coverages.

» Checking that the correct emission factor was applied to
each CAFO.

» Comparing the rasterized concentration values against the
concentration values at the X,Y locations in the GIS point
coverages.

» Making sure that all raster cells within the study area were
given a value (making sure there were no no-data cell
values).

» Spot checking to make sure that the values of the summed
grid cells were equal to the contributions of all the
individual CAFO grid cells.
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» Checking that the mean ammonia concentration values by
county agreed with the values calculated when doing the
mean by hand. The grid cells that fell within the county
were selected, and then the mean was calculated using the
zonalstats command in ArcGIS. Values were randomly
sampled to make sure that the mean was in the correct
range.

» Comparing the modeled ammonium concentrations to the
measured concentrations. The county-wide average
modeled ammonium concentration was about 3.11 pug/m3
for Sampson County if we assume ammonia comprises 70
percent of NH,.. Measurements were taken at the Clinton
Horticultural Crops Research Station in Sampson County.
The measurement site is located 1.5 km to 5 km from a few
swine production facilities. The measured concentration
was 1.44 pg/m3. The modeled and measured
concentrations are roughly the same magnitude.
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