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Abstract 

Atmospheric ammonia emissions from nonpoint agricultural sources cause considerable 
environmental, property, and health damages while posing significant monitoring and regulation 
challenges.  This dissertation explores the externality of ammonia emissions from the Iowa hog 
industry and investigates the possible impact of voluntary environmental policies (VEPs) to 
encourage ammonia control technology adoption. Mixed methods, including spatial and 
statistical analysis, expert interviews, and simulation modeling were used to estimate the 
potential benefits of reducing industry ammonia emissions; identify barriers to ammonia control 
technology adoption; model farmers’ ammonia control technology adoption decision-making; 
identify promising incentive strategies to motivate higher levels of ammonia emissions 
reduction; and compare incentive strategies’ real-world performance in existing VEPs focused 
on agricultural externalities.  

Estimating pollution damages suggests that even a ten percent decrease in ammonia 
emissions from the hog industry would lead to substantial annual benefits in Iowa.  Incentive 
bundles including awareness and outreach, willingness to pay for environmental values, and 
either financial or administrative assistance resulted in higher rates of ammonia emissions 
reduction in simulated conditions supported by examples of higher participation in existing 
VEPs.  The findings suggest that voluntary approaches are unlikely to lead to more than 4-7 
percent reduction in ammonia emissions from the Iowa hog industry.  Offering financial 
incentives, incorporating flexibility into a policy’s technology standard, and interacting with 
farmers through local service providers may help increase voluntary participation.  Negotiating 
with stakeholders may help develop more binding policies to which farmers are willing to 
submit.  Despite the limited reduction in emissions VEPs are likely to generate, voluntary policy 
approaches may still be worthwhile given this study’s estimated value of ammonia emission 
reduction.  
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Executive Summary 

Atmospheric ammonia emissions from nonpoint agricultural sources such as animal feeding 
operations (AFOs) causes significant pollution that is not directly regulated at the federal level.  
Government agencies have encountered difficulty trying to monitor or regulate agricultural 
ammonia emissions and states have implemented a variety of regulatory and voluntary policy 
approaches, despite a scarcity of program evaluation evidence for the latter.  To the author’s 
knowledge, no study has been reported in the literature that establishes a way to evaluate or 
compare the potential performance of voluntary policy strategy options beyond impact on 
economic feasibility, or that uses a simulation to predict how voluntary incentives might affect 
agricultural adoption rates of different ammonia control technologies.   

This dissertation evaluates the need for nitrogen and ammonia controls at hog operations and 
the efficacy of encouraging significant mitigation through voluntary actions given the constraints 
on and concerns of hog operations.  This work examines the characteristics of the industry 
related to ammonia emissions, estimates pollution damages for the industry’s emissions within 
the state, and explores the potential for different voluntary environmental policy (VEP) 
approaches to encourage ammonia abatement in the Iowa hog industry.   

Characterizing the Iowa Hog Industry’s Ammonia Externality 

The design of the analysis steps in this study is informed by a review of the peer-reviewed 
literature on livestock industry emissions, ammonia pollution damages, governance and policy 
option comparisons for agricultural emissions, and VEPs.  Literature review finds that livestock 
industry concentration intensifies pollution concerns due to potential runoff, leaching, or 
volatilization of nitrogen.  Studies show that each kilogram of nitrogen released as ammonia 
leads to nonnegligible environmental and human health damages, but ammonia control policy 
development faces challenges due to the nonpoint nature of agricultural ammonia emissions, 
political, and economic considerations.  Nonpoint emissions from hog production present 
difficulties for monitoring the source or fate of ammonia-related pollution.  Regulations and 
voluntary policy motivated by water quality concerns focus more on runoff from fields than 
atmospheric emissions from animal housing or waste storage despite some evidence that 
ammonia deposition contributes to total nitrogen loads comparably to fertilizer use.   

Spatial analysis of characteristics of the Iowa hog industry is carried out using data from the 
Iowa Department of Natural Resources (Iowa DNR)’s AFO database.  This study visualizes the 
Iowa hog industry geographically by creating county-level heat maps of hog production, manure 
storage types, and existing permit coverage, finding geographic clusters of intense production, 
clusters of similar manure storage systems, and widespread exceptions to some rules.  The first 
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two observations suggest that policy efforts to address ammonia emissions may increase 
efficiency through geographic targeting and the latter reflects odor and nutrient conservation 
rules heterogeneously applied to hog industry facilities.  The operators of older or smaller AFO 
facilities which are exempt from permitting regulations may receive less exposure to information 
about ammonia concerns and available resources related to ammonia control options.   

Since environmental policies are often made or enforced at the state level, it is important to 
estimate the damages from ammonia emissions from the hog industry within the state of Iowa.  
To quantify the implications of geographically clustered, intense hog production for ammonia 
pollution damages in the state, statistical models are applied to relate hog production at the sub-
county or county level to measures of human health, residential property value, and 
environmental quality.  Local models for ammonia’s impact on human health and property value 
are available from the literature but a new model is necessary to estimate the impact of hog 
emissions on Iowans’ valuation of environmental quality.   

A structural model based on mediated fixed effects regression is created to estimate the 
correlation relationship between hog production at the county level and annual lake visitation at 
Iowa lakes, mediated by the relationship between the rate of hog production emissions and lake 
water quality.  The data to build the model comes from 130 lakes included in the Iowa Lakes 
Information System and the Iowa Lakes Valuation Project surveys, partnerships between the 
Iowa DNR and Iowa State University, as well as the Iowa DNR’s AFO database.  The indirect 
impact of county level hog production characteristics on annual lake visitation in the same and 
neighboring counties are estimated via mediating correlations with water quality variables in a 
fixed effects regression.  Results show that neighboring county hog production intensity and the 
number of mid-size hog operations in a county are negatively related to people’s enjoyment of 
lakes through effects on water quality.  The following table presents the median expected 
increase in annual visits to a lake after a ten percent decrease in hog emissions from neighboring 
counties or small, medium, or large operations in the same county. 

Estimates of median [1st and 3rd quartile] increase in lake visits due to 10 percent decrease in 
emissions from hog industry facilities by size, per lake 

County AFO variable Additional household visits per lake per year * 
Neighboring county production [No. animal units] 48.3 [23.1, 79.1] 
No. small operations [<500 animal units] 4.0 [-1.2, 8.1] 
No. mid-size operations [500<x<1000 animal units] 14.6 [7.5, 23.8] 
No. large operations [>1000 animal units] -8.3 [-14.8, -4.9] 
Total 56.4 [22.4, 99.4] 

*Calculated as if industry production were to continue normally except for the water quality mediator variables, 
which would react to a 10 percent change in industry emissions rate from neighboring counties, small operations, 
mid-size operations, large operations, or all hog production, respectively. 
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The statistical model for lake visitation is then applied alongside models from the literature 
(Sneeringer, 2009; Isakson & Ecker, 2008) for the relationship between hog production 
emissions and infant mortality and the relationship between hog production emissions and 
residential home values to estimate the potential benefits of reducing hog production emissions 
in Iowa counties.  The county-level birth rate data used to run the infant mortality model was 
obtained from the Iowa Department of Education.  Data on the locations and values of residential 
property were obtained from the State Data Center of Iowa and the Iowa Department of 
Transportation’s GIS Services.  The results suggest that a 10 percent decrease in annual 
ammonia emissions from the hog industry would lead in Iowa to about 10,000 more recreational 
visits to lakes annually, 2-3 avoided infant deaths annually, and an increase to residential 
property values between 80 and 400 million dollars ($ 2014).  Some of the annual county-level 
infant mortality or annual lake-level environmental costs may be capitalized into the property 
value impact within a 5-mile radius of hog AFOs, so these are not presented as additive effects. 

Evaluating the Potential Impact of VEPs 

After predicting considerable benefits to ammonia control, the remaining analysis identifies 
and assesses ways that voluntary policy might incite Iowa hog AFO operators to adopt ammonia 
control technologies.  From interviews with hog industry experts and literature review, this study 
identifies four potential barriers to ammonia control technology adoption: awareness of 
ammonia’s environmental impact and potential solutions, technology costs, perceptions of 
benefits or negative impacts to production, and the administrative burden of overseeing 
technology implementation or changing farm procedures.  These barriers are related to risks and 
potential incentives related to ammonia control technology adoption.  To predict how successful 
voluntary policies addressing these barriers might be at encouraging ammonia control 
technology adoption, an ammonia control technology adoption model is constructed for the Iowa 
hog industry.   

A simulation model of ammonia control technology adoption in the Iowa hog industry is 
constructed by expanding the ammonia emission pathways model from the EPA’s National 
Emissions Inventory (2004) to include ammonia control technologies and their experimental 
costs and effectiveness.  Experimental values for the ammonia control technologies are obtained 
from the literature and from the AMPAT tool from Iowa State University Ag Extension (Maurer, 
et al., 2016).  High and low boundary estimates on technology costs and effectiveness as well as 
different manure nitrogen values provide sensitivity ranges on model outcomes.  Cost-
effectiveness optimization ignoring individual incentives and barriers suggests that it would be 
relatively inexpensive for the Iowa hog industry to abate ammonia emissions by 5-20 percent.  
The cost-effective investment curve for ammonia control technology in the Iowa hog industry is 
shown in the following figure. 
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Investment in ammonia control technology, optimized for cost-effectiveness 

 

This figure shows the maximum ammonia emissions reduction possible for the Iowa hog industry under the level of 
investment denoted by the horizontal axis under the high and low technology scenarios with zero manure value and 
with base manure value per hog $11.43 ($ 2016). Technology costs are considered over a 5-year planning horizon. 

The study also simulates how farmers might choose among the technologies under different 
scenarios of the four expert-identified barriers to ammonia control technology adoption.  The 
farmer decision-making process is characterized in the simulation model based on published or 
best estimates of parameter values for risk and cost-benefit thresholds related to the identified 
barriers.  The model captures heterogeneity due to herd size, manure storage structures, and 
willingness to accept risk but lacks data to capture individual preferences or other sources of 
heterogeneity among farmers.  The model runs over varying parameter value scenarios for 
sensitivity analysis and to explore the relative impacts of different levels of potential voluntary 
incentives.  

When simulating individual farmer decisions under adoption barriers, the highest performing 
bundles of moderately sized voluntary incentives lead to only 4-9 percent abatement overall.  
The high performing incentive bundles that are robust to bounding scenarios for technology cost-
effectiveness and manure nitrogen value combine raising awareness of ammonia concerns and 
control options, willingness-to-pay (WTP) for environmental values, and either administrative or 
financial assistance or both.  A simulated single strategy of raising ammonia awareness reduces 
industry emissions as much as 13 percent but only at the least expensive boundary on technology 
cost.   
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After determining potentially promising voluntary incentive strategies in the simulation, state 
government websites, literature search, and web queries were carried out to identify examples of 
VEPs and other environmental policy strategies focused on agriculture in the real world.  
Academic literature, VEP program materials, and policy administrator interviews provide 
information to investigate the performance of these VEP designs, compare to the simulation 
findings, and discover other characteristics related to successful voluntary policy 
implementation. 

Among a set of 26 environmental policies selected to represent of the range of voluntary and 
regulatory policies implemented in agricultural settings, this study finds that few report any data 
on environmental impact.  There are a handful of existing VEPs applicable to ammonia 
emissions from Iowa hog AFOs but the scant available evidence suggests that few participate in 
most of them.  Six of the nine public voluntary programs for which the statistic could be 
calculated report more than one percent participation among eligible groups and of these, the 
average participation rate was about ten percent. The VEPs with higher participation rates offer 
financial assistance or resemble the simulated robust incentive strategies, require participants to 
meet a technology standard with some flexibility, and/or deliver policy incentives or other 
services through local providers to build trust and communication between participants and the 
government agency sponsor.  The resemblance of some of the VEPs with higher participation 
rates to the high performing incentive strategies supports the simulation results and the 
importance of financial assistance suggests that financial incentives may be more attractive than 
portrayed in the simulation model. 

Results and Policy Implications 

This dissertation aims to motivate and make recommendations for future policy action to 
address airborne emissions from agriculture.  The considerable benefits available from ammonia 
emissions reductions from the Iowa hog industry may help bring policy attention to this issue.  
The research also discovered the following insights into the potential performance of voluntary 
environmental policies for ammonia control technology adoption in the hog industry.   

 The benefit-cost ratio for property value in Iowa if the hog industry were to invest $10 
million cost-effectively in ammonia control would exceed 8. 

 VEP incentive offerings that combine raising awareness, willingness to pay for 
environmental values, and either financial or planning assistance may lead to some 
emissions reductions.   

 If ammonia control technology can be implemented inexpensively, raising awareness of 
the technology and its benefits alone may lead to emissions reductions.   

 More farmers may participate if the VEP establishes a baseline with some flexibility in 
technology choice. 
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 More farmers may participate in the VEP if policy incentives and services are delivered 
through a local provider.   

Local estimates of air pollution impacts from nonpoint sources may help raise awareness of 
pollution concerns in the community and help inform future policymaking at the state or local 
level.  Whether or not residents care about local ammonia pollution damages, they have a right to 
know, so that they may choose to try to influence state policy or take individual mitigation 
actions.  Since environmental policy is often made or enforced at the state and local levels, 
developing local estimates of pollution damage may be more influential than estimating the 
national impact of a pollutant like ammonia.   

The results from the simulation analysis and the analysis of existing VEPs will help 
stakeholders, environmental advocates, and policymakers develop future VEPs with 
characteristics likely to improve their performance in terms of participation in general and cost-
effective technology choice for ammonia control in the hog industry.  The results will also help 
Iowa groups form expectations for the level of ammonia control adoption that might be achieved 
under various VEP design options.  VEP approaches are likely to have much lower participation 
rates than regulatory approaches, but small gains in pollution reduction may still be worthwhile, 
especially if regulatory processes seem imminently unlikely.  This accumulated evidence could 
be used by environmental advocates or state or local government groups such as the Iowa DNR 
to justify consideration of voluntary policy options for ammonia control.   
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Chapter 1 Introduction 

Agriculture in the United States has undergone an industrial revolution since the Second 
World War.  Technological advances have enabled rapid intensification of production per acre of 
land.  Animal feeding operations (AFOs) and concentrated animal feeding operations (CAFOs)1 
for hogs have a production advantage over traditional farms in terms of economies of scale in 
labor, land, and other input costs (Iowa State, 2002).  However, increasingly concentrated 
production creates increasingly large amounts of animal waste, increasing the risk of 
environmental impacts.  Intensification of livestock farming strains the ability of land to absorb 
the chemical and biological impacts of animal waste in the regions where AFOs are located.  
Odor from the pork industry affects neighbors.  Ammonia releases from animal waste contribute 
to particulate formation and respiratory ailments in vulnerable elements in the population.  
Airborne ammonia redeposits to the earth contribute to nutrient runoff and eutrophication of 
lakes, streams and rivers (Iowa State, 2002).   

Atmospheric ammonia emissions from nonpoint agricultural sources causes significant 
pollution that is not directly regulated at the federal level.  The hog industry in Iowa contributes 
to concentrated ammonia emissions that cause environmental, health, and property value 
damages in the state.  There are currently no laws aimed at limiting ammonia emissions from 
hog production in Iowa, but there are voluntary initiatives which might encourage emissions 
reductions.  The impact these or other voluntary initiatives are likely to have on the rate of 
ammonia emissions is as yet unknown. 

This dissertation explores both the need for nitrogen and ammonia controls at hog operations 
and the efficacy of encouraging significant mitigation through voluntary actions rather than 
regulation given the constraints on and concerns of hog operations.  These two threads of inquiry 
intertwine through the work, using ammonia emissions and the Iowa hog industry as a lens to 
compare and assess voluntary policy designs.   Iowa contains more hogs and emits more 
ammonia from livestock waste than any other state besides California (NEI, 2014).  The state 
level is also where environmental policies are implemented and enforced. Together these 
analyses could serve as a bridge to modeling pollution policy options in other industrialized 
agriculture sectors as well.   

This section introduces the context, major concepts, and policy relevance of this dissertation.  
It begins with a description of the pollution problem that serves as the major focus for analysis in 
later chapters, then uses that context to explain why policymakers and other stakeholders might 
                                                 
1 Legally, a CAFO is a form of AFO that either contains more than 2,500 hogs over 55 pounds, 10,000 hogs under 
55 pounds, or has manmade drainage carrying manure or wastewater to surface waters, or animals come into contact 
with surface waters traveling through the confinement area, or is otherwise deemed a significant contributor of 
pollutants (U.S. EPA, 2017). 
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consider regulatory and voluntary policy alternatives.  The last part of the introduction explains 
how this dissertation contributes to the body of scientific commentary on voluntary 
environmental programs. 

The Challenge of a Regulatory Approach to AFO Emissions 

Environmental law has developed around three categories of pollutant sources: stationary 
“point sources,” like factories and wastewater treatment plants which emit pollution from an 
outlet or pipe; “nonpoint sources,” like diffuse runoff or leaching of nutrients from agricultural 
lands; and mobile sources, like cars, ships, and planes.  AFOs fall between point and nonpoint 
sources, challenging the efficacy of conventional regulatory approaches to air and water 
pollution control. This dissertation will refer to AFOs and CAFOs as AFOs, since CAFOs are a 
category of AFO regulated like point sources under the Clean Water Act (CWA, 1972).  The 
EPA defines CAFOs as AFOs confining 1,000 or more animal units or allowing animals or waste 
to come into direct contact with surface waters.   

Point sources of airborne emissions are regulated by the Clean Air Act (CAA, 1970).  Both 
federal statutes delegate implementation and enforcement to the states.  Beyond the requirements 
of the federal statutes, states have had different regulatory responses to nonpoint AFO emissions: 
some regulate odor or atmospheric emissions through performance standards, others regulate 
manure storage or land application procedures, and at least one requires, but more recommend, a 
set of best management practices.  Environmental groups and concerned citizens have petitioned 
states and the federal government for more regulatory action directed at AFO discharges and 
emissions, but with little success thus far. 

The CWA applies to AFOs only if they release waste directly into surface waters, which 
would classify them as CAFOs and point source emitters.  The Clean Water Act (CWA, 1972) 
focuses on point sources but includes a provision establishing Total Maximum Daily Load 
(TMDL) requirements (Section 303(d) of CWA), which consider nonpoint sources when setting 
discharge targets for point sources.  The TMDL program was not widely implemented or 
enforced until lawsuits in at least 38 states resulted in many court orders to carry out the program 
(Copeland, 2006).  Nonpoint sources such as agricultural emitters are still typically only asked 
for voluntary action to help meet the water quality standards.  A rule update to the TMDL 
program in 2000 that would have required states to develop implementation plans for meeting 
TMDL standards was defeated by a combination of agriculture and industry opposition 
(Copeland, 2006).  The livestock industry and others have powerful lobbies able to resist the 
inclusion of AFOs in various laws.   

The impetus to induce an industry to reduce negative impacts on the environment need not 
only come directly from government regulation. The livestock industry could decide to engage in 
collective action as an industry and voluntarily reduce their emissions by participating in a non-
regulatory program coordinated by either government, an industry trade group, or other 
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nongovernmental (NGO) organization. They might have several reasons for pursuing such a non-
regulatory course of action. First, livestock producers might find sufficient motivation to reduce 
their emissions voluntarily from market pressure or social pressure to be a good neighbor (Lyon 
and Maxwell, 2008).  Second, the industry might decide to take voluntary2 action to reduce the 
risk of future regulation (Prakash & Potoski, 2012).  Finally, farmers might be motivated by 
altruism or business reasons to improve their environmental performance and land stewardship, 
implement better environmental practices, or capitalize on consumers’ preferences for 
environmentally friendly products (Koehler, 2007; van’t Veld & Kotchen, 2011).  The literature 
describes these potential motivations to voluntary action, but has not resoundingly demonstrated 
their potential impact on externality issues. 

There is significant disagreement in the scholarly literature about the efficacy of voluntary 
environmental compliance programs and no clear delineation of when, where and why certain 
voluntary policy designs work. Specifically, the potential for voluntary policy to reduce the 
negative externality of air pollution from the industrial livestock industry has until now remained 
unexplored in the literature even though some stakeholders and policymakers appear to favor this 
approach (e.g. O’Malley, et al., 2008; Mazurkiewicz, 2004). The majority of VEPs have not 
collected enough data to be meaningfully evaluated.  For the VEPs with available data, studies 
have had conflicting conclusions about their efficacy, sometimes completely contradicting the 
results of other studies of the same program (Bui & Kapon, 2012; e.g. Bi & Khanna, 2012; 
Vidovic & Khanna, 2007).  Researchers are far from building a consensus that VEPs would be a 
reasonable alternative to regulatory solutions in terms of cost and environmental performance.    
This dissertation aims to help characterize the expected performance of VEPs in an agricultural 
context so that stakeholders and policymakers can better identify appropriate voluntary policy 
designs and anticipate their potential impact. 

Outline of This Study  

Figure 1.1 illustrates the relationships between research themes and methods used in this 
dissertation. The research split into two phases, the first focused on characterizing the Iowa hog 
industry’s ammonia externality and the second focused on exploring the potential impact of 
VEPs on this issue.   

                                                 
2 For the purposes of this research, ‘voluntary’ refers to any environmental program or initiative in which firms may 
avoid participation without legal sanction.   
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Figure 1.1. Overview of Methods 

 

Figure 1.1 displays the methods used in the chapters of this dissertation and how the methods relate to the research 
themes.  The yellow arrows represent the use of results from one method as inputs in another part of the analysis. 

The next chapter reviews the literature about ammonia emissions from the hog industry and 
summarizes the spectrum of regulatory, economic, and voluntary environmental strategies.  As 
depicted in Figure 1.1, information gathered in the literature review informs all subsequent 
analysis steps.  Chapter 3 moves beyond the academic literature to explore a geospatial dataset 
related to the Iowa hog industry and manure management that will be used again in Chapter 5 to 
estimate the local benefits of reducing hog facility emissions.  The observations in Chapter 3 
motivate questions asked to hog industry experts about ammonia control adoption in Chapter 6.  
Chapter 3 also examines data related to lake water quality impairment and annual lake visitation 
at Iowa lakes, the focus of the modeling effort in Chapter 4.   

Chapter 4 develops a regression model to estimate localized environmental-recreational 
damages from hog production pollution which could be useful to Iowa state, county, or 
community level discussion of emissions control priorities.  The Chapter 4 model estimates the 
environmental cost for hog operation ammonia in Iowa by relating ammonia’s effect on lake 
water quality to recreational lake visitation at Iowa lakes.  Using the environmental-recreational 
model from Chapter 4 and existing health and residential property value models from the 
literature, Chapter 5 estimates the benefits available to the state of Iowa from reducing ammonia 
emissions at hog operations by ten percent.  

Chapter 6 reports the results of questions, informed by the characteristics of the hog industry 
and existing permits and requirements observed in Chapter 3, aimed at understanding why hog 
AFO operators might not have already implemented ammonia mitigations despite potential 
benefits to their own operations. Chapter 6 summarizes insights from interviews with experts 
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representing the hog industry, regulators, researchers, and agricultural conservation programs 
about the state of ammonia mitigation technology adoption, major barriers preventing AFO 
operators from adopting ammonia mitigations, and the potential appeal of different incentives to 
hog farmers.   

As illustrated in the lower half of Figure 1.1, Chapters 7 and 8 explore whether and how 
voluntary policy could encourage hog AFO operators to reduce emissions, learning about 
voluntary incentive performance from simulations and from observations of existing voluntary 
programs in agricultural contexts.  Building on the mitigation barriers identified in Chapter 6, 
Chapter 7 combines technology cost and effectiveness data with the hog facility and waste 
storage dataset to test the sensitivity of mitigation technology adoption rates to lowering the 
various adoption barriers.  An optimization model illustrates the cost-effective frontier for 
investment in ammonia control to create a benchmark for comparison with incentivized 
technology adoption rates.  A simulation model shows how hog farmers, subject to the 
characteristics of their farm, would choose which ammonia mitigation technology to implement, 
if any, by choosing the most individually beneficial option under the constraints of the major 
barriers. The aim is to highlight which of the barriers are the most important to address through 
modified or new policies.  Simulating hog AFO operators’ technology choices in response to 
adoption barriers in Chapter 7 identifies some relatively higher-performing bundles of incentives 
for voluntary policy design for the ammonia issue.   

Chapter 8 examines the spectrum of different environmental policy designs, analyzing 
observations from 26 case studies of policies including VEP designs, economic policies, and 
regulations, of which two-thirds apply to agriculture.  Chapter 8 evaluates potential matches 
between the case study policy designs and the Chapter 7 simulation incentive scenarios and 
compares the case studies’ demonstrated performances with those of the promising simulated 
incentive combinations.  Case study policy performances are also compared across policy 
implementation features related to farmer technology adoption concerns, as identified in the 
expert interviews of Chapter 6.  The findings about ammonia damages, policy implementation 
features, incentive combinations, and participation rates in voluntary policies could help Iowa 
policymakers anticipate the potential benefits from voluntary ammonia control strategies and 
decide whether pursuing voluntary or regulatory strategies would be worthwhile. 

  



6 
 

Chapter 2 Literature Review 

This chapter presents a snapshot of the themes in the literature that are most relevant to 
ammonia emissions from the Iowa hog industry, the regulatory process, and voluntary 
environmental policy.  The first section summarizes prior research on agricultural emissions 
patterns and pollution effects of ammonia.  The next section describes past legislative and 
regulatory responses to livestock emissions at the federal and state levels.  The final section 
details alternative policy approaches for addressing pollution. 

Concentration in The Hog Industry 

In the past, hogs were raised on small, sparsely distributed farms around rural areas.  No 
single area was heavily impacted by hog ammonia emissions and no one farm created enough of 
a pollution problem or accident risk to warrant regulatory attention.  Over time, however, 
production shifted in two ways.   

First, hog farms evolved into larger industrial animal feeding operations (AFOs) which have 
a production advantage over traditional farms in terms of economies of scale in labor, land, and 
other input costs (Iowa State, 2002).  Large AFO facilities allow contracts to be made with 
integrator companies to reduce the farmer’s financial risk (MacDonald & McBride, 2009).  
Another way AFOs keep production costs low is by passing the environmental risks associated 
with concentrated production on to local communities and distant resource users, up to hundreds 
of miles downstream.  Larger AFOs are comparable to cities in terms of waste generation 
(Brehm, 2005; Hribar, 2010), with limited federal oversight or requirement to abate pollution.   

Second, production clustered in certain geographic areas according to access to packing 
plants and integrator company contracts and services.  In the 1980’s, pork production was 
distributed roughly evenly over all counties in the state of Iowa (Honeyman & Duffy, 2006).  By 
2002, 24 counties in Iowa contained fewer than 50,000 pigs each and nine counties contained 
more than 400,000 pigs each, concentrated in Northern Iowa (Honeyman & Duffy, 2006).  
Intense hog production creates an enormous amount of manure and more environmental damage 
in a smaller area than would have been the case under traditional combined-grazing or crop and 
livestock production scenarios (Hribar, 2010; Honeyman, 1996).  Industrial-scale production 
increases the consequences of manure spills or leaks, increases the risk of excess manure 
application, and increases ambient pollution from the facility generally (Vukina, 2003).  The 
excess nutrients that the land cannot absorb become volatilized, runoff to surface waters, or leach 
into groundwater (Hribar, 2010). 

The value of the manure produced at large AFOs is low as crop fertilizer, with the value 
depressed even further in concentrated hog production regions because it is so plentiful.  
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Transportation costs for the entirety of the manure in intense production regions to be used as 
fertilizer on crops would be economically prohibitive (Ribaudo, et al., 2004).  AFOs could create 
value from manure by generating electricity using anaerobic digester systems or composting 
waste into more valuable fertilizer products.  Instead, waste from AFOs is often treated solely as 
a waste product (Ribaudo, et al., 2004), while the distant crops that serve as animal feed might 
have to be fertilized synthetically because of manure transportation costs.   

Environmental Effects of Industrialized Hog Production 

Characterizing Ammonia Releases from Farm Processes 

Hogs excrete digested proteins as nitrogen compounds, which break down over time to 
release ammonia.  During every stage of hog production, starting in the pig houses, during 
storage, and during and after land application of manure, gaseous ammonia escapes into the air 
from hog waste (Arogo, 2003).  Figure 2.1 illustrates the process of ammonia emission during 
manure management stages at hog AFOs. 

Figure 2.1 Ammonia emissions process 

 
Housing stage photo courtesy of National Pork Board and the Pork Checkoff. Des Moines, IA USA. Storage and land 

application photos from the U.S. Department of Agriculture.   

Large capacity storage tanks for animal waste and flush water may cause the waste to 
decompose anaerobically, creating methane, carbon dioxide, ammonia, and odors (Midwest 
Environmental Advocates, 2013).  Anaerobic lagoons increase the rate of ammonia emission 
considerably over other outdoor manure storage structures (Zahn, et al., 2001).  The waste 
accumulates in pits, lagoons or tanks for most of the year until the farm operator has a chance to 
spread it on fields or truck it to other farmers’ fields (Hribar, 2010).   

Ammonia emissions rates vary significantly with the different manure management 
practices in use at hog AFOs.  Determinants include animal feed, animal housing floor design, 
animal housing ventilation and filtering, manure storage structure and treatment, and disposal or 
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manure spreading methods as well as weather (Aneja, et al., 2008).  According to the NEI (2004) 
model for ammonia emission from different types of storage structure through the three manure 
management stages, most farms in Iowa probably release the most ammonia in either the housing 
or storage stages rather than the land application stage.  The full relationship between livestock 
ammonia emissions and environmental or other pollution impacts has not been comprehensively 
assessed in the U.S., although scholars have estimated contributions to nitrogen loading in 
surface waters.  Without more comprehensive modeling efforts, it would be difficult to estimate 
the cost-benefit ratio of potential regulations which might impact livestock industry production. 

While there is a lack of ambient ammonia monitoring (Midwest Environmental Advocates, 
2013), or direct monitoring data of ammonia levels at hog AFOs (Aneja, et al., 2008), 
researchers have developed agricultural emissions inventories and emissions factors which allow 
estimation of hog AFO ammonia emissions based on herd size and composition, animal housing, 
farm technologies and procedures, weather, and seasons3.  Significant study has been devoted to 
characterizing ammonia emissions sources and rates, known in a composite form as an emissions 
factor, associated with technologies and manure management practices and their alternatives on 
livestock operations.  Arogo et al. (2003) reviewed emissions estimates from the literature for 
common hog feeding operation housing types, manure storage systems, and land-application 
methods for different hog development stages, location, temperature, time of year, and 
ventilation.  Arogo et al. stress that emissions factors represent a mix of herd characteristics and 
production conditions, so that it is inappropriate to use a single emissions factor to represent all 
regions of production.     

The EPA estimates ammonia emissions from agricultural and other sources every three 
years as part of the National Emissions Inventory (NEI).  Prior years of the NEI have used 
ammonia emissions factors differentiating only between waste storage structure types, liquid and 
solid manure application, and operation herd sizes (EPA, 2004).  Other research groups are 
developing new inventories such as the MASAGE_NH3 global model inventory which 
incorporates ammonia emissions from animal housing, manure storage, and manure application 
processes, differentiating by animal type, weather, and region (Paulot, et al., 2014; Paulot & 
Jacob, 2014).   

A disadvantage of these inventories is that they represent estimates rather than farm-level 
measurements, and as such the value of their estimates to policymakers depends on the reliability 
of the underlying assumptions, which may not apply to local production.  The emissions 
inventories generally do not report confidence ranges or sensitivity analyses on their assumptions 
about emissions rates. Instead, they typically validate new inventories against other inventory 
estimates since there is no empirical alternative.  These ammonia inventories do not account for 
the potential impact of ammonia control technologies on expected emissions rates.  A later 

                                                 
3 A group at Carnegie Mellon is working on a set of emissions factors at the individual county level, but it is not yet 
available (EPA Grant Number RD834549). 
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chapter expands the NEI ammonia emission model to account for ammonia control technology 
implementation at hog AFOs in Iowa. 

Effects of Ammonia on the Natural Environment 

Ammonia from urine and manure emitted from AFO waste has a number of different 
negative impacts on the environment.  The industrial livestock industries’ ammonia emissions 
impose externality costs on Iowa and the Midwest as well as the Mississippi River ecosystem in 
terms of groundwater and surface water quality, ecosystem viability, quality of life in 
neighboring communities, and public health (Sneeringer, 2009; Davidson, et al., 2012; Iowa 
State, 2002).  Ammonia participates in complex interactions with other compounds in the 
atmosphere, soil, or waters, impacting the acidity and prevalent compounds in these media in 
addition to the toxicity of pure ammonia.  If ammonia volatilizes or evaporates to the 
atmosphere, it can lose an electron to form ammonium or bond with other compounds to form 
particulates.  If ammonia or ammonium redeposits to soil, the soil may become more acidic and 
affect plant or animal health.  If the ammonia or ammonium reaches surface or ground waters, it 
can impact the water’s acidity while raising the toxicity to fish or affecting the growth of 
phytoplankton.  Bacteria may convert it to nitrites or nitrates, raising potential for eutrophication 
and algae blooms. 

Modeling efforts to determine the sources of nitrogen loading in coastal waters have 
estimated in the Gulf of Mexico that atmospheric deposition (ammonia and nitrate combined) 
contributes 42 percent and commercial fertilizer 20 percent (Rebich, et al., 2011) and in the 
Chesapeake Bay that atmospheric ammonium deposition contributes to 14 percent and 
atmospheric nitrate deposition about 25 percent (Fisher & Oppenheimer, 1991).  In agreement 
with the modeling studies, Howarth et al. (2002) argue that 14 percent of all nitrogen applied as 
fertilizer eventually volatizes after being consumed by livestock while on average 20 percent 
travels to surface or ground waters directly in runoff or leaching in the US.  These findings imply 
that although ammonia emissions contribute less to nitrogen loads in surface waters than 
fertilizer from agricultural systems, the contributions are non-negligible and efforts to encourage 
emissions or runoff controls might be appropriate. 

 Atmospheric ammonia is dangerous to natural ecosystems and species diversity in the 
Upper Mississippi River Basin and downstream.  Ammonia may redeposit onto land and enter 
waters, affecting the pH and exacerbating the impact on the health of lakes, streams, rivers and 
oceans from eutrophication-limiting phosphorus runoff.  Ammonia air emissions contribute to 
acidification and eutrophication, causing fish kills and hypoxic regions of water where life 
cannot exist (Iowa State, 2002; Davidson, et al., 2012; Aneja, et al., 2008).  The largest of these 
hypoxic zones in the US is in the Gulf of Mexico, near the mouth of the Mississippi River, an 
area of water larger than New Jersey where fish cannot survive.   

Ammonia emissions in the US have increased steadily since 1985, due in part to 
implementation of manure management systems which lower the nitrogen content of effluent by 
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increasing ammonia emissions to the air, according to the EDGAR database inventory (van 
Grinsven, et al., 2015).  Although there is a need for more monitoring of air and water quality 
and ecosystem health near AFOs (Burkholder, 2007), the effects of nitrogen loading on surface 
freshwater ecosystems is well understood.  Groups have estimated monetary damages from 
atmospheric ammonia deposition for different regions in Europe, in terms of impacts on 
eutrophication and biodiversity loss, of about $2-11/kg NH3 ($ 2016) (converted from € 2-10 
(2005)/kg N-NH3; Van Grinsven, et al., 2013) or about $3/kg NH3 ($0-11) ($ 2016) (converted 
from € 0.08-8.33 (2004)] /kg NH3; Ott, et al., 2008).  These ecosystem damage estimates cannot 
be generalized out of geographic or social context, since ecosystem risks and the values 
communities put on natural ecosystems vary. 

Effects of Ammonia on Public Health 

The full impact on public health from ammonia emissions from industrial hog production is 
difficult to measure empirically, limiting study of the direct health impacts of ammonia (Iowa 
State, 2002). Studies of public health and the environmental effects of nitrogen compounds 
document the potential risks of ammonia emissions from hog AFOs.  A national longitudinal 
study carried out by Sneeringer (2009) showed that when the number of animal units of livestock 
doubles in a county, the infant mortality rate rises by 7.4 percent.  Sneeringer also linked the 
deaths to respiratory effects from air pollution rather than water pollution effects.   

Children are not the only population group whose health is affected by ammonia emissions.  
Hog AFO workers are also negatively affected.  According to a report published by Iowa State 
University in 2002, at least 25 percent of hog AFO workers were currently experiencing 
respiratory health problems (Iowa State, 2002).  In addition to ammonia and nitrates, the odor 
from the waste impacts the quality of life and mental health of AFO neighbors (Pew, 2008).   

Ammonia itself is known to cause respiratory ailments but it is also a precursor to PM-2.5, a 
category of particles less than 2.5 microns in diameter that contribute to serious respiratory and 
heart health problems.  Researchers have tried to simplify estimation of the public health impacts 
of ammonia by estimating the health impacts of PM 2.5, and estimating the amount of PM 2.5 
attributable to agricultural production.  However, PM 2.5 models cannot estimate damages with 
any geospatial precision due to the long-distance range of particulates. Paulot & Jacob (2014) 
and other groups have estimated the U.S. national public health cost of agricultural ammonia 
emissions by using increased mortality and morbidity parameters for PM 2.5 from the more 
extensive PM 2.5 literature.  These estimates range from about $1.5/kg NH3 ($ 2016) (Birch, et 
al., 2011) to about $119/kg NH3 ($2016) (Paulot & Jacob, 2014). Paulot & Jacob (2014) also 
show that the largest impact of ammonia on PM 2.5 levels is not necessarily felt in the same state 
as the origin of the emissions, complicating the social welfare calculation for regulators.   

The magnitude of the national health cost estimates suggest that the state level ammonia 
costs are likely to be significant, in line with Iowa’s significant agricultural production. Paulot et 
al. (2014) estimate that the annual national cost of the increase in health risk due to ammonia 
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from agricultural food exports is 36 (4-100) billion US $ (2006).  Sabota et al. (2014) estimate 
that the annual cost of potential health and environmental damage from all nitrogen releases in 
the United States is 210 (81-441) billion US $ (2008).   

Environmental Regulation of The Hog Industry 

International Concern 

In Europe, regulators have taken a strict regulatory approach toward agricultural ammonia 
emissions.  For each member country, the EU implemented a national ceiling target for ammonia 
in 2001 (Petersen, et al., 2007).  As a result, the EU reduced ammonia emissions by 25 percent 
from 1990 to 2011 (EEA, 2014).  Ammonia emissions from agriculture were a topic of 
discussion at the Milan World Expo 2015 (JRC, 2015) and are a rising concern in China (Zhang, 
et al., 2017), among other nations.   

Federal Statutes 

Despite the considerable environmental and health costs of ammonia emissions from 
livestock agriculture, there are few applicable laws at the national or state levels.  Agriculture 
exemptions were specifically written into the 1970 Clean Air Act (CAA), the 1972 Clean Water 
Act (CWA), and other federal and state legislation aimed at industrial pollution.   The CAA set 
National Ambient Air Quality Standards for certain “criteria” pollutants beyond which areas are 
considered to be “out of attainment.” However, the CAA regulates ammonia only indirectly by 
regulating particulate matter, which may form when ammonia is present.   

Farm pollution also contributes to poor water quality.  The CAFO rule, part of the CWA, 
applies to nitrogen and ammonia but only to the extent of direct discharge from a CAFO into 
surface or ground waters (Gipp, 2013).  Direct runoff into US waters is prohibited for AFOs by 
the CWA, since direct runoff would define an operation as a CAFO, while CAFOs must obtain a 
National Pollutant Discharge Elimination System (NPDES) permit. This permit requires 
operations to implement a nutrient management plan4, keep records, and supply current nutrient 
information when transferring waste to another entity.  Nutrient management plans (NMPs), 
record how an AFO plans to dispose of their manure without overloading soil with nitrogen or 
phosphorus.  NPDES permits also require annual reports to the state regulating agency about 
farm information, waste generation and disposal, and nutrient management plan details (CAFO 
Rule, 2008).   

                                                 
4 Nutrient/manure management plans (NMPs/MMPs) require operations to measure the phosphorous index of the 
fields where they plan to apply manure and calculate the area required to spread the manure without exceeding 
phosphorous or nitrogen levels for optimum crop yield, prove that there is adequate storage for manure and 
wastewater and propose procedures for maintenance, correct disposal of chemicals and potential contaminants, 
maintenance of manure-spreading equipment, appropriate conservation practices to avoid runoff, protocols for 
testing manure, wastewater, and soil, and protocols for spreading manure (Iowa Code 567.65).   
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The logistical difficulty of monitoring and enforcement for nonpoint pollution, emissions 
spread over entire facilities or land areas rather than coming from a single point source, as well 
as the overwhelming number of farms, impeded the setting of new regulations specific to 
agricultural pollution (Hoover, 2013).  Marketing campaigns and the lobbying power of the now 
nearly $300 billion agriculture industry have additionally discouraged regulation for air pollution 
from AFOs (Hoover, 2013).  Since the facilities are not otherwise breaking the law, unhappy 
neighbors typically have no legal option other than to pursue nuisance suits against AFOs 
(Midwest Environmental Advocates, 2013), and the only basis on which to judge these lawsuits 
has been conformity or lack thereof to industry standard practices for public health or safety.  
Environmental groups have filed multiple petitions or lawsuits over the last decade asking courts 
to order EPA or states to improve monitoring, reporting and regulation of farm pollution 
(Humane Society, 2015; Humane Society, 2013; NRDC, 2010).   

Legislation protects communities’ rights to know about local emissions.  In 2017, a rule 
exempting animal agriculture farms from the Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA, 1980) and smaller AFOs from the Emergency 
Planning and Community Right to Know Act (EPCRA, 1986) was invalidated by the DC Circuit 
Court (eXtension.org, 2018).  Both CERCLA and EPCRA will soon require all livestock 
operations to report to the National Response Center if they expect to emit 100 pounds of 
ammonia in any 24-hour period or file a continuous release report (EPA, CERCLA and EPCRA).   

State Level Regulation 

The CWA and the CAFO rule are an example of federalism.  Congress passed the governing 
statutes and then directed the EPA to write the rules, delegating authority to the states for 
administering and enforcing the laws and related regulations.  Although all states enforce federal 
pollution laws as a minimum, a few states have passed stricter requirements to deter excessive 
levels of odor in the air.   The stricter laws in Missouri, Illinois, and Colorado were motivated by 
community complaints about air quality near local confinement livestock production (Osterberg 
& Melvin, 2002).  Minnesota limits hydrogen sulfide emissions specifically from CAFOs, and at 
least 27 states have a general ambient air quality standard for sulfur compounds (Osterberg & 
Melvin, 2002).  Ambient air quality standards on either hydrogen sulfide, ammonia, or odor are 
intended to reduce emissions of all three because the gases are released concurrently through the 
stages of production.   

North Carolina, the second-largest hog-producing state after Iowa, has tried various 
regulatory and voluntary approaches to regulate air and water pollution from hog AFOs.  In 
1997, North Carolina put a temporary moratorium on the construction of new hog AFOs which 
was made permanent in 2007 (Nicole, 2013).  In 1999, rather than passing new regulation after 
several hog waste lagoons overflowed in Hurricane Floyd, the North Carolina attorney general 
negotiated agreements with Smithfield Foods and Premium Standard Farms that they would fund 
research into alternative waste management technologies and adopt any that met a list of 
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environmental and operational requirements (Williams, 2002).  In 2007 North Carolina set 
environmental performance standards for all new hog farm waste management system 
installations and began a voluntary assistance program for farmers who convert voluntarily from 
manure lagoons to alternative waste management technologies (Pew, 2008). In practice, the cost 
share program was underfunded (Karan, 2011) and none of the alternative waste management 
technologies met both the performance and cost criteria (Smart, 2015).  This evidence from 
North Carolina suggests that poor design choices or administrative constraints may undermine 
voluntary policies. 

Iowa has also faced regulatory challenges for managing AFO pollution.  An air quality 
standard for ammonia was passed in Iowa in 2002 by the Iowa legislature, but the standard was 
nullified before coming into effect because legislators realized the rule language included not 
only livestock operations but also industrial facilities and other businesses (Dorman, 2003). No 
new standards other than minimum setback distances for water quality (Osterberg & Melvin, 
2002) and a prohibition on applying manure to frozen ground (Gipp, 2013) have been introduced 
for livestock operations since then despite petitions to Iowa’s Environmental Protection 
Commission from community groups such as the Iowa Citizens for Community Improvement 
(Dorman, 2003).  Iowa hog CAFOs often do not obtain CWA NPDES permits.  In Iowa, only 5 
percent of all CAFOs had NPDES permits in 2014 (NPDES CAFO Permitting Status Report, 
2014).   

Iowa has a nonregulatory water quality policy.  The Iowa Nutrient Reduction Strategy 
(INRS) (2013) includes a target of reducing the nitrogen load from nonpoint agricultural sources 
statewide by 42 percent in order to meet the Gulf Hypoxia Action Plan (2008) goal of reducing 
the hypoxic zone in the Gulf of Mexico to less than 5,000 square kilometers.  The INRS, which 
has no timeline for completion, encourages crop farmers to voluntarily implement nutrient 
reductions.  The Gulf of Mexico hypoxic zone continues to increase from 16,768 square 
kilometers in 2015 (NOAA, 2015) to 22,720 square kilometers in 2017 (NOAA, 2017)). 

The INRS does not suggest or require any change in AFO practices, which may miss an 
opportunity to more easily meet the strategy goals.  Van Grinsven et al. (2015) predicted nitrate 
and ammonia levels compared to long term policy goals for nitrogen export to the Gulf of 
Mexico.  They found that the best performing livestock ammonia mitigation scenario that they 
considered would only reach a 20 percent reduction in riverine nitrogen, not reaching the goal set 
by the INRS and the 2008 Gulf Hypoxia Action Plan.  This study and that of the Iowa 
Department of Agriculture and Land Stewardship (2014) suggest that curbing ammonia 
emissions and nitrogen release into the Mississippi River to meet the INRS goal will probably 
require significant, wide scale efforts on behalf of both livestock and crop producers.  

The relatively permissive regulatory atmosphere for hog AFOs in Iowa reflects the strong 
economic presence and long history of hog farming in the state.  In 2012 Iowa producers 
generated $6.8 billion in hog sales, more than the next three states of North Carolina, Minnesota, 
and Illinois combined (USDA 2012 Census of Agriculture).  Industrial hog farms create jobs at 
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their facilities, employing more than 40,000 Iowans across 6,266 operations in 2012 (IPPA, 
2017).  Iowa legislators have been reluctant to pass new regulation on the industry despite 
nuisance and potential hazard to some Iowa residents.  According to the 2004 ISU Rural Life 
Poll, rural residents of Iowa rated new hog confinement facilities as less desirable than prisons, 
solid waste landfills, slaughter plants, and sewage treatment facilities (Honeyman & Duffy, 
2006).  The lack of legislature support for regulation on ammonia and air emissions from AFOs 
in Iowa despite their unpopularity in the community might cause Iowa policy makers to consider 
alternative regulatory or nonregulatory control policy options for ammonia emissions. 

Policy Approaches 

Traditional policy instruments for encouraging pollution reduction include economic 
policies and command-and-control policies, i.e. direct regulation of what is legal or illegal by 
statute.  

Regulatory Policy Instruments 

Command-and-control regulations usually take the form of air or water quality standards, 
performance standards (emissions limits), or technology-based standards (Jaffe & Stevens, 
1995).  Technology standards, which prescribe use of specific pollution control technologies, 
may discourage innovation and improvement in pollution reduction over time (Jaffe, et al., 
2002), while increasing costs for regulated entities (McCubbin, 2005).  Performance standards 
measurement of emissions at the source, which may be difficult for nonpoint agricultural 
sources.  Water quality standards such as TMDLs require environmental monitoring, however 
the TMDL program lacks regulatory consequences for agricultural sources if a water quality 
standard is not met. 

Market-based Policy Instruments 

Market-based policies, such as price-based taxes or tradeable permit systems under 
regulatory policies, would encounter major administrative obstacles from the difficulty of 
measuring AFO ammonia emissions.  Various groups have proposed nutrient trading programs 
as a form of voluntary payment-for-performance scheme between nonpoint agricultural sources 
and regulated point sources.  However, there is concern that such programs would struggle to get 
AFO participation due to a fear of releasing information that might lead to future regulation or 
penalties (Sneeringer, 2013; Delmas & Terlaak, 2001).  The cost savings of nutrient trading 
programs are potentially overwhelmed by the transaction difficulty and information cost of 
matching equivalence between nonpoint and other non-co-located emissions sources 
(Stephenson & Shabman, 2015).   
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Voluntary Policy Instruments 

Voluntary environmental policies (VEPs) offer informational, risk-reducing, or other benefits 
to livestock industry members who agree to implement certain measures.  Voluntary incentive 
programs cannot require producers to take any action, but they may encourage specific actions or 
entice a producer to make a binding commitment to certain actions.  The contexts range from 
one-on-one negotiations between local government and single facilities to industry initiatives to 
multiple country, multiple industry-spanning programs.  The main categories of voluntary 
environmental policy are unilateral industry commitments, private agreements between firms and 
the groups impacted by their externalities, negotiated agreements setting contracts between firms 
and government, and public, branded participatory programs (Hassell, et al., 2010).  The EPA 
and USDA sponsor programs mainly in the last two categories, for example, EPA’s Superfund 
settlement agreements and Environmental Technology Verification Program and USDA’s EQIP 
and Organic Certification programs.  Examples of the first two categories exist in the agriculture 
industry as well.   

A wide variety of types of policy have potential to engage farmers voluntarily in efforts to 
reduce pollution for their own benefit, perhaps motivated by reducing waste, improving 
reputation and environmental stewardship, or monetizing good deeds in terms of consumer 
willingness to pay for green products.  Incentive programs can function as a voluntary pollution 
control policy by offering a reward for pollution-reducing actions.  Information disclosure or 
recognition programs may update the price consumers or producers are willing to pay for 
environmental performance.  Awareness and education programs lower the cost to producers of 
discovering the marginal cost of abatement, and technical assistance programs may lower the 
administrative barriers to changing how a farm operates.  Voluntary policies do not require 
regulating agencies to take on the burden of monitoring or measurement that mass-based 
pollution standards or economic instruments would; however, the lack of environmental 
performance data makes it difficult to evaluate voluntary policy impact. 

Recommended Best Practices 

Best management practices (BMPs), which could range from control devices to production 
changes to housekeeping measures, are a common concept across regulatory, economic, and 
voluntary policy strategies aimed at reducing emissions from AFOs.  As previously mentioned, 
NMPs are a common form of BMP designed to help farms plan to avoid contributing to nutrient 
runoff or leaching.  BMPs are not uniformly codified.  The definition of “best” management 
practice is a moving target and could potentially be debatable.  Sometimes BMPs are equated to 
industry standard practices.  Vertically integrated companies in the pork industry are large 
enough to influence the industry’s standard practices simply by example.  In many cases, best 
practices are conflated with following rules and regulations for manure storage and application.  
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States that recommend or require specific best management practices may discourage innovation 
or create inefficiencies at farms where certain practices are less practical. 

Scientific tools and industry resources continuously evolve to assist farmers to better manage 
their resources and reduce nitrogen loss through best practices.  For example, the Pork 
Information Gateway website publishes fact sheets about environmental stewardship and 
nitrogen conservation.  The Pork Information Gateway first mentioned soil injection as a way to 
apply manure to land in 2007 (Massey, 2007), and recommended it as a best practice starting in 
2012 (Burns, 2012).  Iowa State University maintains a list of practices as part of their Air 
Management Practices Assessment Tool (AMPAT) to help AFO operators identify ways to 
reduce their emissions and implementation costs and compare effectiveness of different practices 
(Maurer et al., 2016).  Texas A&M University and collaborators have developed an interactive 
tool, the National Air Quality Site Assessment Tool (NAQSAT), for evaluating how a farmer’s 
current or proposed practices compare to “best” practices for air quality in many categories 
(http://naqsat.tamu.edu/).  A remaining policy frontier is to incentivize or build capacity in hog 
AFO operators to utilize available resources for BMP identification and implementation. 

Comparing Policy Effectiveness 

Many studies have evaluated or compared economic instruments and command-and-control 
(CAC) policies.  Several groups have evaluated the potential for emissions credit trading 
programs for nitrogen compounds (Prabodanie, et al., 2010; Kostel, et al., 2014; Stephenson & 
Shabman, 2015; Kling, 2011).  Drucker and Latacz-Lohmann (2003) modeled the cost-
effectiveness of several command-and-control policies in comparison to a pollution tax for 
regulating pig manure disposal with respect to groundwater pollution in Yucatan, Mexico.  Their 
results showed that the concentration-based manure disposal standard legislated by the 
government in 1996 would be costlier and less effective at safeguarding groundwater quality 
than a mass-based (absolute quantity) land application standard, while a tax per kilogram of 
nitrogen leached could achieve similar nitrogen leaching reductions as the mass-based CAC 
policy at the same or lower sector compliance cost (Drucker & Latacz-Lohmann, 2003).  A 
shortcoming of this study was that Drucker and Latacz-Lohmann did not consider potential 
administrative costs of enforcing the different policy types.   

A study on groundwater nitrogen pollution from dairy farms by Wang and Baerenklau 
(2015) considered similar policy options while evaluating the cost-effectiveness of various 
technologies and practices for manure management. Their study compared the cost-effectiveness 
of the nutrient application limit aspect of NMPs in use in the United States against a field 
emissions limit, a field emissions tax, a downstream emissions limit, and a downstream 
emissions tax.  Wang and Baerenklau (2015) created a dynamic structural model to simulate 
farm outcomes based on manure handling and irrigation practices.  They found that using a 
flush-lagoon manure management system instead of a scrape tank minimizes total farm income 
loss under all policy options except the current NMP policy and that all policy alternatives 

http://naqsat.tamu.edu/
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outperform the NMP policy, at the same level of nitrogen groundwater pollution abatement. 
Wang and Baerenklau (2015) did not account for information or enforcement costs associated 
with the different policy types in their model, although they posit that farmers might prefer to 
pay the information costs of reporting themselves instead of incurring the high-income losses 
associated with NMPs.   

The policy comparison simulation studies have suggested that nitrogen mass-based rules or 
economic instruments might outperform other forms of CAC regulation or BMP standards, 
including NMPs, in cost-effectiveness.  However, they did not consider the informational or 
administrative costs of developing and overseeing mass-based CAC or market-based 
instruments.  This is a vital oversight when considering nonpoint atmospheric emissions from 
agricultural sources which present significant monitoring difficulties.   

The potential for voluntary policy to reduce the negative externality of airborne ammonia 
pollution from the industrial livestock industry in terms of risk reduction, environmental values, 
and economic feasibility has yet to be explored.  There are evaluations of voluntary policies for 
conservation actions related to nutrient runoff and water quality, however.  Brown et al. (2007), 
Lewis et al. (2011), and others compare the economic feasibility of conservation actions under 
different monetary incentives, but do not explicitly consider voluntary incentives related to risk 
or participants’ environmental values.  Lyon and Maxwell (2003) argue that voluntary programs 
may outperform taxation under certain conditions, like high political resistance combined with 
inexpensive environmental improvements, but that it is also possible for VEPs to decrease 
welfare.  There is significant disagreement about the efficacy of voluntary programs in the 
literature, however, and no clear delineation of when, where and why certain voluntary policy 
designs work.  Previous studies tend to focus on the ‘weakness’ or ‘strength’ of VEP entry 
requirements (Kayser, et al., 2014), or strength of monitoring or enforcement of commitment to 
standards (i.e., Prakash & Potoski, 2007) rather than trying to predict environmental 
effectiveness.   

Voluntary Policy Appeal, Theory, And Examples 

Appeal of VEPs  

Some regulators have expressed a concern that there are so many environmental challenges 
that it would be impossible to set regulations for every issue (Hassell, et al., 2010).  A few trade 
associations in various industries have advocated for industry self-regulation to appease the 
increasingly environmentally-conscious public and ward off the possibility of new government 
regulation (Lenox & Nash, 2003).  Some policymakers have turned to voluntary programs as an 
opportunity to fill regulatory gaps without the costs of creating and enforcing legislation 
(Coglianese & Nash, 2014; Coglianese & Nash, 2016).  Setting regulation poses the 
informational cost of determining appropriate control levels.  The cost of administering 
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command and control policy includes passing new legislation, monitoring, and enforcement 
actions by the regulatory body which under a voluntary environmental program (VEP) might not 
be necessary or might be borne by an NGO or by the industry itself.   

In addition to the costs and difficulties of carrying out their missions, the powers of 
government environmental regulation organizations like the EPA have been limited by political 
decisions and lack of funding and support, while the companies that dominate agricultural 
production have a powerful political lobby for their own interests (Dorman, 2003; Hoover, 2013; 
Marcus, 1991; Pew, 2008; Khanna, 2001).  Government regulators and environmental groups 
may want to devise a policy or program that will align the hog AFO operators’ interests with 
reducing ammonia emissions without requiring new laws which would be opposed by the 
industry.   

The Theory Behind VEPs 

Several economic theories describe why firms might want to participate in a VEP and make 
real environmental improvements or commit to an environmental standard.  The theory of 
corporate social responsibility states that firms believe that by setting up their own 
environmental standard they can improve community relations, increase long-term profits, and 
reduce the risk of stricter government regulations (Prakash & Potoski, 2012; Heal, 2010).  Lyon 
and Maxwell (2008) draw attention to the roles of market pressures from the demand and supply 
sides as well as third party activism to explain firms’ willingness to participate in a VEP.  Larger, 
global firms that pollute more in more competitive industries are more likely to join a VEP 
because they have more to lose (Koehler, 2007).   

Buchanan (1965) and others developed a theory around goods which are both nonrival and 
excludable, representing a club whose benefits are only available to as many members as wish to 
pay to subscribe (Potoski & Prakash, 2013).  Club theory reasons that firms participate in a VEP 
to obtain information or technical assistance to increase efficiency or to distinguish their brand in 
the eyes of consumers or other firms further along the supply chain (van’t Veld & Kotchen, 
2011).  The theory of impure public goods views VEPs, particularly eco-labeling, as a way for 
firms to profit by providing the market with bundles of environmentally friendly goods to satisfy 
consumers’ demands for products and for the health of the environment.  Experimental 
willingness to pay estimates associated with ecolabeling in meat production range from a 5 
percent to a 15 percent premium (Dransfield, et al., 2005; White & Brady, 2014; Lusk, et al., 
2006). 

Larger distribution firms could be motivated to improve their environmental performance by 
a sense of social responsibility (Delmas & Montes-Sancho, 2010), assistance to improve their 
production processes (Koehler, 2007), a desire to build reputation and ties to the community 
(Lyon & Maxwell, 2008; Heal, 2010), or realize that informed consumers will reward good 
environmental behavior by buying selectively or paying more for green pork products (Delmas 
& Toffel, 2010; Lyon & Maxwell, 2008; Koehler, 2007).   
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Given the motivations of risk reduction, efficiency, and profit for participating in VEPs, it is 
more difficult to explain why firms would follow through on commitments to make substantial 
environmental improvements rather than the bare minimum to get positive recognition from 
consumers, employees, and the community.  The theoretical literature focuses on monitoring, 
reporting, and enforcement requirements as part of a VEP to guarantee that firms will act on their 
commitments.  For example, Prakash and Potoski (2007) classify VEPs into six categories based 
on whether they set strong or weak environmental standards and the strength of monitoring and 
enforcement actions that are built into the VEP design.  In real situations, however, it seems 
uncommon for a program to use enforcement actions, even when they are part of the policy 
design.  Vollan & Ostrom (2010) suggest that rules passed down by an authority tend to “crowd 
out” an industry’s willingness to cooperate while conditional cooperation leads to increasing 
cooperation over time, implying that token environmental commitments may lead to more 
substantial voluntary commitments in the future.  

Experience with VEPs 

VEPs have arisen in many countries including India, Germany, the Netherlands, France, the 
United Kingdom, the United States, Canada, Colombia, and from international nongovernmental 
organizations to address externality concerns (Delmas & Terlak, 2001; Delmas & Marcus, 2004; 
Lyon & Maxwell, 2008; Prakash & Potoski, 2012).  The evaluation literature consists mostly of 
case studies on a single program or type of program (E.g. Coglianese & Nash, 2014; Conte and 
Jacobsen, 2015; Potoski and Prakash, 2013).  The literature contains both skepticism and 
endorsement of the effectiveness of voluntary approaches to environmental policy. 

An example of a successful VEP is the UK waste minimization clubs program.  The 
government of the UK encouraged the formation of waste minimization clubs in industry, 
providing publications of case studies and best-practice guides, training in waste minimization 
techniques, guidance and support to the clubs, and collecting data about waste across industries 
and regions (Pratt & Phillips, 2000).  The UK government also set a tax on waste, which was not 
part of the VEP but was enacted as part of the same government initiative, creating a policy mix 
between traditional and voluntary.  Pratt and Phillips (2000) estimated based on 13 clubs that 
reported participation costs out of 75 total clubs, that about 75 percent of the companies in these 
clubs realized savings at least ten times as great as the participation cost.  

ISO 14001 is a widely adopted global VEP which sets up a standard for developing an 
environmental management system and allows organizations to certify to that standard.  The 
certification allows participating firms to use their brand to reassure employees, customers and 
neighbors of their commitment to environmental values.  Potoski and Prakash (2013) studied 138 
countries and found that for a 1 percent increase in ISO 14001 adoption there was a 0.064 
percent reduction in SO2 emissions, even though there were no enforcement penalties and no 
public disclosure of audit information (Prakash & Potoski, 2007).   
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Some VEPs have not been found to be successful at reducing pollution.  Empirical 
evaluations of voluntary programs in general, with a few particular exceptions, have not found 
conclusively whether they are effective because of various problems which include lack of 
tracking of performance data, lack of definitive means to compare outcomes with what would 
have occurred without the program, or lack of comparable goals across participants (Koehler, 
2007; Coglianese, 2014; Prakash & Potoski, 2012).  The EPA’s Performance Track program, 
which sought to encourage polluting firms to perform better by rewarding good performers, has 
been found to lack any evidence of encouraging pollution reduction, in part due to lack of data 
collection for comparison purposes (Coglianese, 2014).   

Another example of a VEP with no evidence of environmental improvement is the chemical 
industry-sponsored Responsible Care program (Prakash & Potoski, 2012).  Empirical VEP 
evaluations have been plagued by lack of data collection and confounding issues such as 
concurrent trends or concurrent programs like the Toxics Release Inventory and EPA’s 33/50 
program (Prakash & Potoski, 2012).  Without quantitative collection of performance data or a 
suitable baseline of comparison, evaluations of VEPs are limited to describing the VEP structure 
and sponsorship, participation levels among eligible groups and participant characteristics, and 
stakeholder perceptions of program performance.   

Theorists have not yet addressed the relationship of particular VEP and externality 
characteristics to effectiveness at reducing environmental harm or achieving optimal social 
welfare other than VEP participation level, sponsorship type, and monitoring and enforcement 
(van’t Veld & Kotchen, 2011; Prakash & Potoski, 2012; Kotchen, 2013).  Kotchen (2013) calls 
for more research to find out what situations and what characteristics make a VEP likely to be 
effective.  Prakash & Potoski (2012) point out the need to research why more VEPs have not 
been established in situations similar to previously implemented VEPs.   

Research Questions 

The topics discussed in this literature review create a basis for understanding the research 
questions driving the rest of this dissertation.   

1. How	do	hog	industry	production	characteristics	contribute	to	ammonia	pollution?			
2. Are	ammonia	emissions	from	the	Iowa	hog	industry	causing	significant	damage	locally?			
3. What	barriers	are	preventing	the	hog	industry	from	implementing	ammonia	controls?		
4. Could	a	voluntary	policy	design	lower	the	ammonia	control	technology	adoption	

barriers	specific	to	the	hog	industry’s	externality	problem?	

With respect to the first question, the literature review establishes that industry concentration 
into larger facilities and small geographical areas contributes to the intensity of pollution.  
Related to the second research question, studies have found that ammonia has significant impacts 
on the environment and human health, usually estimating national impacts.  This literature 
review has shown that a variety of types of regulation, economic tools, and VEP design might 
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address the hog industry ammonia externality, but each has drawbacks to counter its advantages.  
The efficacy of VEPs is not well studied due to lack of data and existing studies of the same 
programs do not always reach the same conclusions.  The rest of this dissertation characterizes 
ammonia emissions from the Iowa hog industry and attempts to project boundaries on the 
potential efficacy of VEPs for ammonia control.   
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Chapter 3 Relationship Between Hog Industry Characteristics 
and Ammonia Pollution 

Effective policies must account for the geographic context of ammonia emissions in terms of 
the spatial distribution of hog facilities and the spatial and temporal distribution of damages to 
human population and natural ecosystems.  Clustering of hog facilities may require policies to 
address the pollution concerns identified in Chapter 2 that are associated with intense production, 
such as producing too much manure to be absorbed at agronomic rates within the production 
area.  Figure 3.0 shows how the literature review informs this chapter and all following chapters.  
As illustrated in the same figure, findings of clusters or patterns among AFO characteristics 
related to ammonia emissions inform modeling of the correlation between hog emissions patterns 
and environmental damages in Chapter 4 and suggest further questions to ask hog industry 
experts in Chapter 6. 

Figure 3.0. Visualizing ammonia-related hog industry variables 

 

This chapter presents a visual summary of spatial characteristics of the Iowa hog industry and 
illustrates the potential for analysis of the spatial correlation between hog production and Iowa 
lake quality and lake visitation rates as environmental outcomes.  The spatial distribution of rates 
of compliance with current regulations show counties where farmers lead or lag in managing the 
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environmental hazards of production.  Maps of manure storage structure utilization highlight 
areas where alternative, targeted, or technologically flexible policies might be appropriate.  
Where farms use different manure storage structures, flexibility in technology choice to meet a 
policy standard allows farms to choose the option that works most effectively with their existing 
waste management system.  Spatial patterns of AFO characteristics might suggest that policy 
strategies using word of mouth or demonstration may be effective, especially if farms with 
similar characteristics are clustered.  Feasible, cost-effective mitigation options will need to be 
compatible with or affordable alternatives to the waste management structures already present on 
hog farms.   

Patterns of industry characteristics supported by visualization evidence may help 
policymakers and farmers work together effectively to reduce ammonia emissions under 
different types of policy.  Clustered production may affect the local price of manure nitrogen and 
in turn the economic feasibility of ammonia control technologies that change manure nitrogen 
content.  Clusters of permitted or unpermitted facilities may reveal areas where farms have 
different pollution impacts, different manure management practices, or different awareness of 
regulatory requirements and pollution concerns.  Finding patterns in hog industry characteristics 
related to ammonia emissions will help devise more efficient strategies for policy intervention to 
help the Iowa hog industry reduce ammonia emissions.   

Methods 

A series of county level heat maps illustrate the spatial distribution of the Iowa hog industry, 
waste storage structures, compliance with permits, estimated ammonia emissions, and existing 
nutrient management policy coverage as well as the locations of Iowa lakes as a representative 
vulnerable natural resource.  The maps enable visual inspection to find clusters in and 
relationships between three datasets on the hog industry, livestock waste ammonia emissions, 
and Iowa lake quality and visitation.   

Data Sources 

The Iowa Department of Natural Resources (Iowa DNR) maintains a list of all confinements 
and feed lots, whether they have nutrient management plans or permits, their herd species and 
numbers, and waste storage and treatment types in use at each farm.  This data is from the Iowa 
DNR at https://programs.iowadnr.gov/animalfeedingoperations/Reports.aspx.  Iowa DNR also 
lists AFO locations in their searchable online AFO database.  The researcher merged these two 
datasets by Facility ID number. 

The National Emissions Inventory (NEI) is a comprehensive, detailed estimate of air 
emissions for point and non-point sources made by the EPA every three years based on data 
collected by state, local, and tribal air agencies.  The 2014 NEI contains county-level estimates 
of the amount of ammonia released from livestock waste annually in Iowa, measured in tons.  

https://programs.iowadnr.gov/animalfeedingoperations/Reports.aspx
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The estimate includes all types of livestock, not just hogs, but the 2012 Census of Agriculture 
report on herd sizes shows that hog production dominates in most Iowan counties.  The 2014 
NEI will function as a baseline for comparison against calculations of the potential reductions 
achievable by implementing ammonia emissions mitigations in the hog industry.(US 
Environmental Protection Agency 2014) 

Data on lake visitation came from the Iowa Lakes Valuation Project 2014 report (Jeon, et al., 
2016).  Impairment scores for the lakes with visitation data were looked up in the Iowa DNR’s 
Section 303 report for 2014 under the Clean Water Act.  Data from the four sources were 
analyzed on the county level, aggregating database information as necessary.  County-level 
counts of AFOs, hogs, estimated ammonia emissions, lakes, and lake visits were displayed 
against a shapefile of all Iowa counties.5  Policy compliance was expressed as a percentage of the 
AFOs in each county registered under each policy and storage structure utilization was expressed 
as a percentage of the hogs in each county whose waste would be stored that way.  Lake water 
quality was represented as the percent of lakes in each county reported as impaired for intended 
uses to the EPA.  Percentages were also displayed against the shapefile of counties.  
Additionally, correlation coefficients were calculated between potentially related variables at the 
county level.   

Visuals and Discussion 

The visualizations show clear clusters in the spatial distribution of Iowa hog AFOs and their 
characteristics.  On the left, Figure 1 shows production in terms of animal units (AU), which 
represent 1,000 pounds of animal weight, and on the right the figure shows the density of hog 
animal feeding operation (AFO) facilities.  Figure 3.1 illustrates that measuring hog production 
intensity by the number of animals is almost the same as measuring by the number of hog AFO 
facilities.  The correlation coefficient between the number of AFOs per county and the number of 
hog animal units is 0.98. 

                                                 
5 Maps were constructed using the ggplot library in R. 
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Figure 3.1. Hog industry intensity 

Hog AUs     Hog AFOs    

 
Source: Iowa DNR AFO Database (2016) 

Figure 3.1 shows that hog production appears to be concentrated in the north and northwest 
of Iowa, with one smaller region of intense production in the southeast.  The intense production 
counties near the midpoint of Iowa may have a larger average operation size than counties in the 
northwest or southeast according to the ratio of hog animal units to AFOs.  Overall, there are 
clear spatial clusters of intense production.  This will tend to concentrate ammonia emissions in 
higher production regions of the state, but it also indicates that there is potential for a higher 
degree of interaction and potentially information-sharing among pork farmers than there might 
be if farms were more spread out geographically.  Whether farmers will be able to effectively 
spread technical information amongst themselves also depends on whether farmers are already 
using similar waste management technologies within clustered areas of production.  Clear 
hotspots are visible in Figure 3.2 for the less-common waste storage methods while the most 
prevalent waste management strategy, below building pits, is well-distributed across the state. 



26 
 

Figure 3.2. Hog waste structures 

Percent hogs with below building pits             Percent hogs with anaerobic lagoon 

a. b.  

Percent hogs with outdoor storage 

c.  

Source: Iowa DNR AFO Database (2016) 

Figure 3.2 shows that a clear majority of hog AFOs in Iowa use below building pits to store 
manure.  There are a few counties where the waste of up to half the hog AFO animal units are 
served by anaerobic lagoons.  Outdoor storage is much less common and occurs in counties 
where the overall production is less intense.  Here, outdoor storage represents a category of 
manure storage structures that includes formed concrete storage, earthen basins, and slurry 
stores, but not anaerobic lagoons.  Clusters of manure storage structure types are significant for 
the design of policies to encourage ammonia mitigation. The type of waste storage is a decision 
made at the time of facility construction that would require significant investment (high fixed 
costs) to change, and mitigation technologies tend to work best with one type of waste storage 
structure or another.   

Spatial patterns are less clear for permits, as shown in Figure 3.3 for the existing water and 
air quality regulations that apply to AFOs.  There are some regulatory requirements on hog 
AFOs in Iowa, mainly consisting of nutrient/manure management plans for AFOs with more 
than 500 animal units, and construction permits for new or expanding AFOs above 1000 animal 
units or those using unformed manure storage.  Construction permits require compliance with a 
list of setback distances between the new facility and other residences, public buildings, and 
surface waters.  None of these requirements prescribe limits on the amount of ammonia emitted 
by a facility or require the adoption of any mitigation technology.   
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According to a simulation by Dennis et al. (2010) based on hog farms in North Carolina, at 
least forty percent of ammonia may be expected to deposit to the earth within 100 km of the 
emissions site, with the rest potentially traveling even further.  The deposition influence range of 
ammonia is large enough (100km; Dennis, et al., 2010) that setback distances (≤3,000 ft.; Iowa 
DNR Form 542-1420) will be ineffective to prevent most types of damage.  Clustering of intense 
hog production and emissions will lead to similar clustering of elevated ammonia deposition and 
damages within the same and neighboring counties. 

Figure 3.3. Permit coverage 

Percent of hog AFOs with NPDES permit   Percent hog AFOs with manure management plan 

a.  b.  
Percent hog AFOs with contruction permit 

c.  

Source: Iowa DNR AFO Database (2016) 

Figure 3.3a shows that very few pork AFOs in Iowa (0.5 percent) hold NPDES permits.  This 
means that most AFOs, i.e. the 99.5 percent without NPDES permits, have the legal 
responsibility of zero discharge to Iowa surface or ground waters.  However, this claim is 
unlikely to be checked unless there is a complaint against an AFO.  Even if there is an 
inspection, unless animals or animal waste are visibly touching surface waters or there is a fish 
kill, there is little way to observe a violation due to the nonpoint nature of emissions and nutrient 
runoff.  Compliance rates with water quality laws are relevant to ammonia emissions from AFOs 
because they reflect the difficulty of monitoring and enforcing regulations over the profusion of 
nonpoint agricultural pollution sources. 

Air and water pollution of nitrogen compounds from AFOs are inter-related and regulating 
one medium may shift emissions into the other.  It is unlikely that 99.5 percent of the AFOs in 
Iowa actually contribute nothing to surface or ground water pollution, despite zero direct 
discharge, because ammonia emissions redeposit to land at a distance and then may run off into 
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waters.  The next chapter demonstrates that hog production intensity is negatively correlated to 
water quality in Iowa lakes, indicating that current rates of compliance with regulations are not 
preventing damaging nutrient or ammonia emissions. 

Most Iowa AFOs (97 percent) do have nutrient/manure management plans (MMPs) as shown 
in Figure 3.3b, showing compliance with Iowa water quality regulations.  The exceptions from 
the MMP requirement are for AFOs with fewer than 500 animal units and AFOs constructed 
before 1985 (Iowa DNR, 2015: Introduction and Instructions for the Manure Management Plan 
Form).  The concentration of exceptions to the MMP rule in some counties such as Jackson, 
Cass, and Adair suggest that these counties might emit more ammonia than otherwise expected, 
since smaller and older AFOs generally find it most difficult to reduce emissions.   

The map of construction permits in Figure 3.3c illustrates where new AFO buildings have 
had to go through site review for water quality and odor related setback distances, about 31 
percent of the facilities in the Iowa DNR AFO database.  Facilities with fewer than 1,000 animal 
units are exempt from construction permits in most cases, unless located in a 100-yr floodplain, 
installing a manure piping system, or using unformed storage (IAC 567-65.7(459,459B)).  
Facilities built prior to the 1986 are also exempt (Flora, et al., 2007).  This suggests that two-
thirds of the AFOs may be operating with lower or older standards but, over time, new facilities 
will be built to higher standards for reducing pollution and nuisances. 

The next figure, Figure 3.4, shows the amount of ammonia estimated to have been emitted 
from livestock waste in Iowa in 2014 according to the EPA’s National Emissions Inventory.  The 
heatmap is very similar to the map of hog AFOs, suggesting that hog production is producing the 
majority of livestock waste-related ammonia in Iowa.  The correlation coefficient between hog 
animal units in a county (Iowa DNR AFO database) and annual ammonia emissions from 
livestock waste (NEI 2014) is 0.92 and the correlation between number of hog facilities and 
ammonia emissions is 0.93.  It is important to note that the NEI 2014 data are estimates based on 
an emissions formula per animal and do not reflect actual observations.  For annual ammonia 
emissions reconstructed from satellite data, see Figure 4 of Paulot et al. (2014) where they find 
that the largest area of intense ammonia emissions for the United States is centered on northwest 
Iowa, the same region as the cluster of most intense hog AFO production.   
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Figure 3.4. Estimate of total annual ammonia emissions from livestock waste, National Emissions 
Inventory (2014) 

 

Source: US EPA (2016) 

According to the 2014 NEI, in Iowa, 243,833 tons of ammonia are emitted annually from 
livestock waste.  If the health cost per kg of NH3 emitted were as high as $100 USD (2006), as 
argued by Paulot and Jacob (2013), then the health costs of livestock production in Iowa would 
be above $22 billion USD (2006) annually.  Other estimates from the literature, quoted on page 
10, are considerably less than Paulot and Jacob’s (2013) estimate.  If even the more conservative 
estimates of damages could be avoided through ammonia mitigation policy, many would benefit. 

Finally, one of the analysis goals is to show a connection between ammonia emissions from 
the hog industry and environmental damages in Iowa.  Iowa lakes were selected as a case study 
because of the availability of recreational visitation and water quality data.  Figure 5 shows that 
most of the lakes that are included in the dataset from the Iowa Lake Valuation Project 2014 
were officially listed as impaired6, which means that they were unsuitable for at least some 
intended uses based on water quality.  The fact that most lakes are impaired makes it impossible 
to identify clusters of lake impairment.  What the visualizations in Figure 5 do show is that some 
of the counties with the most frequently-visited lakes border the clusters of most intense hog 
production.  It is likely then that effects from hog ammonia on water quality would be 
discernable in a statistical model of lake visitation and county and neighboring county hog 
production intensity.  The next chapter investigates this question. 
  

                                                 
6 The impairment designation can be made for a variety of reasons including water clarity, algal growth, pH, or fish 
kills.  These are all possible side effects of elevated nutrient levels but could also occur for other reasons. 
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Figure 3.5. Iowa lake data, Iowa Lakes Project (2014) 

Number of lakes            Percent Lakes Impaired  

a. b.  
Source: Iowa’s Section 303(d) Impaired Waters Listings (2014) 

Annual lake visitation, 2014 

c.  

*Grey represents counties without a lake included in the longitudinal Iowa Lakes Project study.   

Source: Jeon, et. al. (2016) 

Conclusions 

The visualizations of the pork industry and Iowa lakes show that there are spatial trends at 
the county level in the intensity of pork farming.  The figures also show which waste storage 
structure types are used at AFOs, where new facilities have obtained construction permits, and 
the relationship between pork production and lake utilization.   

Several conclusions are reached.  First, clusters of intense pork production are shown in the 
northwest quadrant of the state with a smaller cluster in the southeast.  Second, aside from 
below-building storage, which is the most common, other types of waste storage structure are 
clustered in small groups of counties.  Ammonia control policies might find efficiency in 
emphasizing mitigation technologies that work with below building pit storage.  Additionally, 
clustering of manure storage types suggests that policies might be able to target outreach for 
mitigations appropriate for anaerobic lagoons or outdoor manure storage to the few counties 
where that type of storage is relatively more common. 

Older (without a construction permit) and smaller (without a manure management plan) 
AFOs also appear to be more prevalent in a few counties.  A voluntary policy that could help 
smaller or older AFOs would be especially helpful targeted at these counties.  It also suggests 
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that those counties with clusters of older or smaller AFOs might suffer from elevated rates of 
ammonia and nutrient pollution.  These findings suggest that the clustering of AFO facilities in 
areas of intense production, the clustering of facilities built before the construction permit 
requirement, and the clustering of smaller facilities are likely to contribute to local nutrient and 
ammonia pollution problems.  The clustering of anaerobic or outdoor manure storage types may 
also contribute, depending on whether the base emissions rate for these types is higher or lower 
than for below-floor waste storage facilities.  To estimate whether clustered hog AFO production 
does contribute to elevated local nutrient and ammonia pollution problems, a model is needed to 
relate emissions from areas of intense AFO production to local environmental, health, property, 
or other types of pollution damage.  Chapter 5 draws on health and property damage models 
from the literature for these estimates, but a new model is needed to tie AFO emissions to 
environmental damage. 

While too many Iowa lakes are impaired to identify geographic trends visually between hog 
production and lake water quality, popular lake visitation spots nearer and further away from 
clusters of intense pork production suggest that a statistical model could estimate local pork 
industry pollution effects on outdoor lake recreation.  The next chapter presents a regression 
model relating hog production to annual recreational lake visitation which will be used in 
Chapter 5 alongside property and health damage models to estimate lower bounds on the 
potential benefits from reducing hog ammonia emissions rates in Iowa. 
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Chapter 4 Modeling Local Environmental Damage from Hog 
Industry Ammonia  

Introduction 

Chapter 3 illustrated that there are geospatial patterns in Iowa hog production and AFO 
characteristics such as facility size and age that affect expected ammonia emissions.  To 
determine whether county-level hog AFO production characteristics contribute to elevated local 
ammonia pollution problems as well, this chapter creates a new environmental-recreational 
damage regression model related to the clustered characteristics revealed in Chapter 3, as 
indicated in Figure 4.0.  This chapter estimates the value of pollution impacts of hog production 
on natural ecosystems in Iowa by modeling the relationship between hog production variables, 
including the level of hog production and facility sizes over time, and annual recreational trips to 
lakes in Iowa counties.   

Figure 4.0. Estimating hog industry impact on lake recreation 

 

If state or local policymakers want to consider the potential benefits of policy action to 
address nutrient or ammonia pollution from hog AFOs, having a model of hog production 
pollution damages to local ecosystems would be helpful.  Without knowing environmental costs, 
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they cannot determine the social good or cost-effectiveness of reducing emissions from hog 
production.  The damage to natural ecosystems from atmospheric ammonia emissions has not 
been well modeled or valued in the United States, despite the known contributions of ammonia 
to acidification and eutrophication processes.  

Previous estimates of ammonia damages have generally been carried out at the national level 
and focus on health effects of particulate matter, a form of pollution that may form from 
ammonia as it travels over long distances, often crossing state lines.  These past estimates are 
difficult to connect back to patterns of emissions from specific regions and may not serve as 
compelling evidence of cause and effect at the state or local level where most policies are 
implemented.  Academic work has not estimated connections between ammonia and 
environmental damages outside of the EU, where differing land-uses, biodiversity, and 
population preferences make models nontransferable to the US. 

The impact on local ecosystems and outdoor recreation is likely to be significant. By 
investigating the correlation relationship between ammonia emissions and lake visitation, this 
paper estimates a lower bound on the amount of additional outdoor recreation spending that 
would be made if ammonia pollution were reduced by 10 percent.  While this work does not 
directly measure Iowa’s recreation demand curve, the expenditures that would have been made 
on additional lake trips but for the pollution reflect a lower bound on how much Iowa residents 
might value improved lake ecosystems.  This value could help demonstrate the need for 
additional policy to encourage ammonia mitigation at Iowa hog farms.  

The research discussed in this chapter is novel because it attempts to link county-level hog 
production rates to lake visitation and to the water quality factors that affect lake visitation.  It 
shows that the Iowa hog industry is contributing to deterioration of lake conditions and affecting 
Iowans’ ability to enjoy the outdoors. 

Hypotheses 

This chapter tests the hypotheses that emissions from local hog production have direct and 
indirect effects on the number of people seeking outdoor recreation at Iowa lakes.  As a 
prerequisite, this analysis hypothesizes that the rate of hog production in a county and in 
neighboring counties is linearly related to annual visitation at in-county lakes (H).  The first 
hypothesis (H1) is that water quality levels moderate the direct effects of hog emissions, such 
that differing levels of water quality mean that atmospheric emissions rates have a differential 
effect on lake visitation.  The second hypothesis (H2) is that water quality variables mediate the 
effect of ammonia emissions from the hog industry on lake visitation, such that the emissions 
predict water quality which subsequently predicts lake visitation.  Finally, the indirect, mediated 
effects of hog industry emissions will be used to calculate a lower bound on the hog industry 
pollution impact on lake visitation that could be avoided via mitigation of airborne emissions. 



34 
 

Water Quality Modeling Literature 

The branch of literature devoted to water quality valuation models mostly focuses on surveys 
of stated preference or travel costs as data sources.  Crase and Gillespie (2008) used the 
contingent travel cost method, asking lake visitors whether they would have made the trip if they 
had heard of an algae bloom at the lake.  Crase and Gillespie (2008) estimated that for Lake 
Hume, in California, the recreational value of the lake was $3 million annually when the water 
level was near full and the threat of blue-green algae was low, but a single blue-green algal 
bloom reduced the annual recreational value to $1 million.  Van Houtven et al. (2014) used a 
stated-preference survey to estimate the benefits of improving eutrophication conditions in lakes 
in the Chesapeake Bay watershed, calculating that the mean annual willingness-to-pay (WTP) 
for a water quality-improving TMDL policy was $60 per household in the state of Virginia.   

No documented models have been identified for estimating the environmental impacts of 
atmospheric ammonia emissions in the United States, although there are European models 
especially in the Netherlands (Ott, 2008).  The approach discussed by Ott measures the damage 
caused by atmospheric ammonia in terms of the potentially disappeared fractions of species, a 
measure of biodiversity, for different types of land use, then compares the change in biodiversity 
with the restoration costs of restoring damaged habitats according to different types of land use.  
The land restoration cost approach is strongly site specific and does not inherently reflect the 
population’s WTP for biodiversity or land use changes.  The approach taken in this research will 
directly reflect the population’s valuation of the ecosystem impacts of ammonia emissions since 
it is based on reported behavior rather than willingness-to-pay estimates or the cost of 
hypothetical land restorations, although the current study is limited to lake ecosystems.   

Other studies have investigated the relationship between water quality variables and lake 
visitation.  Keeler et al. (2015) used some of the same water quality and survey data on Iowa 
lakes as well as additional data including Minnesota lakes for the period 2002-2005.  They used 
geo-tagged photos to determine additional variables such as distance traveled to lakes and 
visitation by residents of other states.  Egan et al. (2009) studied the relationship between 
physical water quality measures and individuals’ recreational usage of lakes, also using the same 
Iowa lake water quality data for the year 2002.  The Egan paper uses detailed survey data from 
the 2002 Iowa Lakes Survey on individuals and their recreational lake usage and willingness to 
pay for improvements to water quality measures, whereas this paper uses aggregate data on 
recreational lake usage from five survey years.  Using a repeated mixed logit model, they found 
that water clarity and high concentrations of nutrients were important factors for lake visitation.   

Hoque and Kling (2016) also use the Iowa Lakes Survey data to value a hypothetical 
reduction in total nitrogen (42 percent) and total phosphorous (30 percent) by relating nitrogen 
and phosphorous levels to Secchi depth (water clarity) and Secchi depth to lake visitation.  Their 
study considers the impact of lake water nitrogen levels on the value of nearby residences and 
drinking water purification costs.  The difference between the Hoque and Kling study and this 
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work is that their motivation was to estimate the benefit of reaching a future water quality goal 
for cropland conservation practices, while the current work demonstrates the environmental 
impact of airborne emissions from the hog industry.   

Methods 

The chemistry and biology of lake ecology is a complex system and water quality variables 
may mediate, moderate, or do both to the relationship between the rate of ammonia emissions 
from local hog production and household lake visitation.  For example, if ammonia worsened 
water quality, and the worsening water quality dissuaded people from coming to the lake for 
recreation, one might describe the ammonia’s effect on lake visitation as being mediated by 
water quality.  If the direct effect of ammonia on people’s enjoyment of lakes depended on the 
level of some water quality measure, that dependency would represent a moderating effect.  If 
the magnitude of the indirect effect of ammonia via water quality on people’s enjoyment of lakes 
depended on the level of some water quality measure, that would represent a moderated 
mediation effect (Muller, et al., 2005).   

Hog production leads to ammonia emissions, which contribute to air pollution and reduced 
surface water quality via nitrogen deposition processes.  Hog production could ostensibly lead to 
nutrient runoff under storm or mismanagement conditions, but federal law prohibits direct 
discharge from hog operations on a normal basis.  While there may be some runoff effects from 
manure application to fields, which is regulated at the state level, the rest of the nitrogen 
pollution effects of hog production on lake visitation can be attributed to air pollution in the form 
of atmospheric ammonia emissions.  The inability to completely distinguish between runoff and 
atmospheric pollution will always be a factor since the two are complements, but some 
mitigation approaches address both.  Hog production also employs local workers which could 
impact the number of recreational visits made to in-county lakes.  Hog production might also 
displace other land uses with positive or negative implications for lake recreation. To isolate hog 
production pollution effects from other factors, this work will model the indirect pollution effects 
of hog production on water quality as a mediator of lake visitation.   

The model does not control for commercial fertilizer as a source of nitrogen which could 
affect lake water quality.  Data on the land area in crop production was not readily available for 
each year in the dataset.  If stable over time, the potential effects of commercial fertilizer on lake 
visitation would be screened out by the use of fixed effects in the model.  Variation in 
commercial fertilizer runoff over time is not expected to be strongly correlated with hog 
production ammonia pollution, reducing potential omitted variable bias.  This assumption is a 
limitation of the modeling approach. 
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Data 

The Iowa Department of Natural Resources and the Limnology Laboratory at Iowa State 
University have maintained a database of water quality measurements for most Iowa lakes for 
more than a decade (IDNR, 2003-2014).  The Iowa Lake Valuation Project surveyed Iowa 
residents in 2002, 2003, 2004, 2005, 2009, and 2014 about their visits to more than 130 lakes and 
how much money those residents spent on lake trips as part of the Iowa Lakes Survey (Jeon, et 
al., 2016).  These data sources are opportune because recreation at lakes combines the value of 
enjoying the outdoors with the desire for clean water and healthy aquatic ecosystems, thus 
capturing potentially both air and water pollution effects from ammonia. 

The database of lake water quality measurements contains a variety of physical, chemical, 
plankton, and other measures.  The lake water quality measures are listed in Regression 
Appendix I, Appendix Table A.I. Four of the variables, including amount of nitrate and nitrite, 
total nitrogen, silicon, and ratio of total nitrogen to total phosphorus were missing in either 2009 
or 2014.  Silicon was missing in both years.  To avoid losing a third of the data, year and lake 
fixed effects regression was used to predict the missing water quality variables from the other 
database variables.7  

Predicted values less than zero were replaced by zero because these measures cannot be 
negative.  An additional water quality variable was collected in the form of the surface water 
impairment score reported by the Iowa Department of Natural Resources every two years to the 
US EPA.  The impairment score ranges from 1 to 5, where 1 means that the body of water meets 
all designated uses and 5 means that the waterbody fails to meet designated uses and a TMDL is 
required.  Impairment was assessed in even years, so for odd sample years the impairment score 
was repeated from the preceding even year.  

Since there are 28 measures capturing the overall range of water quality characteristics, 
principal components analysis was used to capture most of the variation in water quality 
measures in fewer variables.  The variables were transformed to reduce skewness using the Yeo-
Johnson method8 (Yeo and Johnson, 2000) and centered and scaled before the principal 
components calculation took place.  The Yeo-Johnson transformation was used because it 
accepts zero values.  The rescaling prevents the principal components analysis from being 
dominated by a few high-variance measures.  The loadings of the components are shown in 
Regression Appendix I Table A.II.   

                                                 
7 Predicting missing values for four water quality variables with fixed effects regression: Total nitrogen R2 0.9884, 
combined mass nitrate and nitrite R2 0.9887, silicon R2 0.8755, and ratio of total nitrogen to total phosphorus R2 
0.9109.  Imputing missing data will affect the standard errors of regressions based on these variables, but with such 
high percentages of variance explained it will likely not increase the standard errors by much.  Standard errors 
presented later in the results have not been corrected for data imputation.   
8 Principal components were determined by the preprocess command in the caret package in R, which transformed, 
centered, and scaled the water quality variables prior to calculating the loadings for the 18 principal components.   
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Definition of variables 

Lake visitation 

In the regression model, the variable HHvisits represents the number of household visits 
made by Iowans to each Iowa lake in each survey year.  It does not include visits made by non-
Iowa residents.  The household visit count was calculated by the authors of the Iowa Lake 
Survey based on survey responses (Jeon, et al., 2016).   

Water quality  

The regression model uses the first ten principal components of water quality based on the 
database of 28 water quality measures because these components captured eighty percent of the 
variation in the data.  The last eight principal components of water quality are not used in the 
regression model to reduce the number of predictors and avoid overfitting.  The loadings of all 
the principal components are listed in Regression Appendix I, Appendix Table A.II.  The 28 
water quality variables are also defined in the appendix. 

Hog production emissions rates 

Atmospheric ammonia emissions rates are proxied by the number of animal units9 present in 
neighboring counties and the number of hog operations in three different size categories present 
in the county.  In-county hog production-related ammonia emissions rates are represented by the 
number of operations with fewer than 500 animal units (No._conf_less_500), in operations with 
between 500 and 1000 animal units (No._conf_500_1000), and with more than 1000 animal units 
(No._conf_more_1000).  Most hog operations in Iowa use the same technology of deep pits to 
store manure and many use knifing10 or similar procedures for manure application, so the 
number of animals and operations is expected to be approximately proportional to emissions.  
The different operation size categories represent the possibility that different scales of production 
have different effects on community demand for lake recreation or different base emissions rates.   

Longer range air pollution and regional industry intensity are represented by counting the 
total number of hog animal units in neighboring Iowa counties as a variable named NNcounties.  
Long range pollution contributions are represented by animal counts rather than operation size 
category counts because including more variables can lead to overfitting.  The number of hogs in 
neighboring counties is correlated with the number in next-nearest counties (corr=0.627), which 
indicates that controlling for hog production on a further scale would not add much additional 
information to the model while introducing collinearity.   

The construction of the NNcounties variable assumes that ammonia emissions from animals 
in all neighboring Iowa counties will have the same average effect regardless of the compass 

                                                 
9 One animal unit is 1000 pounds of animal weight. 
10 Knifing refers to the practice of using machines with chisels to push manure into the ground after manure has 
been applied to land at the surface level. 
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point direction of the boundary.  Contributions from neighboring counties outside the state of 
Iowa are not included since only 10 out of about 38 counties sharing borders with Iowa have 
significant pork production11.  The hog operation data was obtained from the Iowa DNR’s AFO 
database.  The four variables describing the hog industry in each county are the main explanatory 
variable of the fixed effects regression, but the three principal components of hog production 
were used as predictors to conserve degrees of freedom in the regression.   

Population and availability of unimpaired lakes 

The model includes county population (Pop) as a predictor because local population will 
certainly drive some of the demand for lake recreation due to proximity and access.  Variation in 
visitation from changing populations outside the county of the lake enters the model as part of 
the fixed time effect.  Throughout the regression models estimated in the analysis, population 
was the only variable to show significant collinearity with the other predictors, but it was kept in 
the model because it is a strong theoretical predictor of lake visitation.   

A variable called Competition was created to count the number of lakes in each county listed 
as unimpaired on reporting to the US EPA, meaning that they have sufficient quality to meet all 
designated uses (water contact recreation, aquatic life, and/or drinking water).  Competition was 
a count variable because the number of good options for lake recreation may affect the decision 
to go to a lake or invest in outdoor, fishing, or boating gear. In exploratory analysis, this variable 
was not found to be a significant predictor outside of first order interactions, and the sample size 
did not have enough power to explore interactions between water quality and Competition 
without overfitting the model, so most of the main analysis omits this variable. 

PCA Methodology 

Working with a limited number of data observations, it was important to limit the number of 
variables to preserve degrees of freedom in the model.  Principal components analysis (PCA) 
was used to create a smaller set of variables capturing a maximum of the variation in the water 
quality and hog production datasets.  PCA is a statistical procedure which uses orthogonal 
transformations to create a set of linearly uncorrelated variables containing the same information 
as the original set of variables.  The first principal component is created to contain the maximum 
amount of variation in the original set, and each additional component contains the maximum 
variation from the variables such that it is orthogonal to all previous components.  PCA was 
applied after transforming, centering and scaling the data.  The new set of PCA variables reduced 
the number of water quality variables from 28 to 18 and hog production variables from four to 
three. 

                                                 
11 http://www.pork.org/pork-quick-facts/home/stats/structure-and-productivity/americas-top-100-pig-counties/ 

http://www.pork.org/pork-quick-facts/home/stats/structure-and-productivity/americas-top-100-pig-counties/
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Regression Methodology 

The empirical strategy relies on modeling the relationship between published survey data on 
reported lake visitation behavior and different pollution levels over time, represented by county-
level hog production characteristics.  The analysis in this chapter cannot completely separate the 
effects of air pollution from runoff pollution originating from hog operations.  The statistical 
model is useful because it shows that there is a correlation between hog production intensity and 
lake water quality regardless of the exact contributions of airborne and runoff pollution 
pathways.  Some lake water quality outcomes are more closely linked to ammonia than nitrates 
or depend on the ratio of ammonia to nitrate compounds, and these variables may be expected to 
carry the effects of hog industry ammonia emissions.   

This research uses least squares regression, with fixed effects for lake and year, to explore 
the relationship between hog production and lake visitation, holding lake and year effects fixed 
in the panel data.  The year fixed effects control for variables that vary with time which would be 
the same for all lakes, such as changes in the national economy or severe drought years.  The 
lake fixed effects control for differences in the unchanging characteristics of individual lakes in 
the sample.  Lakes differ from each other in several ways that are relatively fixed over time, such 
as amenities, size, and location.  To capture only the variation in visitation due to changes at each 
lake over time, the panel regression includes fixed effects for lake and year, including the years 
2003, 2004, 2005, 2009, and 2014 for model development.  The Iowa Lake Valuation project 
survey of Iowa residents’ recreational lake visits was also available for the year 2002, but the 
Iowa DNR’s online database of county-level information on hog operations was incomplete for 
that year.   

The regression model does not include all possible confounding variables such as pollution 
from other sources or socioeconomic factors that might be correlated both with hog production 
and lake visitation.  Potential confounding variables that are fixed over time will be screened out 
by controlling for lake fixed effects.  Other potential confounders that were not identified at the 
time of this study are probably not closely correlated with hog production trends, but it is 
important to remember that statistical correlations do not prove causation.  The regression model 
defined in this chapter controls for sources of nitrogen other than hog production by including 
water quality variables as predictors.  As long as changes in other sources of nitrogen compounds 
such as commercial fertilizer are not correlated with changes in hog production and changes in 
lake visitation, the fixed effects estimators will not suffer from omitted variable bias. 

This paper estimates the lake and year fixed effects panel regression in Equation 4.112, with 
first order interaction or moderating terms to represent the direct effects of hog production 
emissions on lake visitation and the variation of those direct effects under different water quality 

                                                 
12 All regression steps in this analysis were completed using the plm package in R, specifying fixed effects for 

lake and year.  Stepwise variable selection was performed at various stages using the stepAIC command from the 
MASS package.  Standard errors were calculated to be cluster robust using the Arellano method (Arellano, 1987).   
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conditions or unimpaired lake availability.  Moderating terms represent a relationship between 
variables where the value of a variable Y affects the strength of the direct relationship between 
variables X and Z.  Lake quality outcomes that depend on the ratio of ammonia and nitrate or 
other compounds exemplify a moderating interaction. 

Equation 4.1. Regression equation predicting lake visitation with moderating terms 

Vi,c,t = αi + ηt + β0Pc,t + β1PCWi,t + β2PCEc,t + β3Cc,t+ λ0Pc,tPCWi,t + λ1PCEc,tPCWi,t + 
λ2Pc,tPCEc,t + ei,c,t 

where Vi,c,t is estimated household visits to a lake i in county c in year t,  
Pc,t is scaled and centered county population in year t,  
PCWi,t are the principal components of water  quality at lake i in year t,  
PCEc,t are the principal components of the hog production emissions rate in county c in year t, 

and  
Cc,t is the count of unimpaired lakes13 in county c in year t.  
β0, β1, β2, β3 and λ0, λ1, λ2 are unknown coefficients or vectors of coefficients,  
αi is the fixed effect of lake i,  
ηt is the fixed effect of year t, and  
ei,c,t is an error term. 
This paper searches for potential indirect or mediated effects by estimating a fixed effects 

regression of the principal components of water quality on hog production emissions rate 
variables in Equation 4.2.  Mediating terms represent a relationship where a variable X has an 
indirect effect on Z because X has a direct effect on Y, and Y has a direct effect on Z.  In that 
relationship Y would be the mediator and the effect of X on Z would be mediated.  This 
regression study attempts to estimate the mediated effect of hog production on lake visitation 
through lake water quality as the mediator.  This tests the hypothesis that the variation in water 
quality that is correlated with hog production is also correlated with variation in lake visitation. 

While Equation 4.1 described the direct correlation between hog production variables and 
lake visitation, Equation 4.2 estimates correlation between hog production variables and lake 
water quality variables.  Water quality variables which are correlated both with hog production 
variables (Equation 4.2) and lake visitation (Equation 4.1) may mediate the relationship between 
hog production variables and lake visitation.  A further step to demonstrate mediation is to 
remove each potentially mediating water quality variable from Equation 4.1 to observe whether 
the coefficients of the significant hog production terms increase in magnitude, as shown in 
Regression Appendix II, Appendix Table II. 

                                                 
13 This lake competition variable was not found to be a significant predictor of lake visitation on its own and the 
sample size did not support exploring interactions between competition and other variables, so competition is 
excluded from the regressions reported in the main body of this report. 
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Equation 4.2. Mediation regression equation predicting water quality 

PCWk,i,t = α’i  + η’t + β’0Pc,t + β’1PCWj≠k,i,t + β’2PCEc,t + ui,c,t 
Where PCWk,i,t is one of the ten principal components of water quality used in this study,  
β’0, β’1, and β’2 are unknown coefficients or vectors of coefficients,  
α’i is the fixed effect of lake i,  
η’t is the fixed effect of year t, and  
ui,c,t is an error term. 
Muller et al. (2005) describe the traditional procedure to demonstrate mediation in more 

detail.  Since ammonia and nitrogen runoff are linked to acidification and eutrophication 
processes, hog emissions, especially emissions from neighboring counties NNcounties, will 
likely impact lake visitation indirectly via ammonia’s impact on water quality variables related to 
acidity and eutrophication processes like PC2 and PC3.  To confirm that a mediation relationship 
is significant, a statistical procedure called the Sobel test compares the association between a 
potential mediator variable and the dependent and independent variable, equivalently 
demonstrating mediation.   

If water quality variables such as PC2 or PC3 mediate the effects of hog industry pollution, 
the indirect effect of hog emissions rates due to neighboring county production intensity 
(NNcounties) on lake visitation because of the relationship between hog emissions and lake 
water quality will represent pollution damage in terms of visitors’ enjoyment of Iowa lakes.  The 
number of small, medium, and large hog operations (No._conf_less_500, No._conf_500_1000, 
No._conf_more_1000) may also affect lake visitation through water quality, although these 
pollution terms may represent more of a mix of runoff and airborne emissions effects.  These 
mediated relationships can be directly attributed to the pollution effects of additional hog 
operations and hogs.   

If water quality levels change the magnitude of (i.e. ‘moderate’) the marginal effects of air 
pollution from the hog industry such that the air pollution has a worse effect in certain water 
quality ‘hotspots’, the relationship might present an opportunity to target ammonia mitigation 
policies at hotspot regions for increased impact.  The moderation hypothesis was tested by 
considering potential model specifications with first order interaction terms between the first ten 
principal components of water quality and the hog production and population variables.   

Model selection 

Variable selection procedures have a serious potential to lead to overfitting, especially when 
considering complex phenomena with limited sample size.  A total of 633 observations were 
available over 130 lakes and five years.  A general rule of thumb for linear regression models is 
to constrain the potential for overfitting by requiring ten to fifteen observations per predictor 
(Babyak, 2004).    Considering all possible first order interactions between hog, water quality, 
population and competition variables would lead to overfitting based on the minimum 10 
observations per predictor metric.   
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The potential significant interactions between hog and water quality variables were of the 
most interest, so either interactions with population or competition or both needed to be excluded 
from the analysis.  Model variations with all water quality interactions and either competition, 
population, or no additional interactions were compared by estimating each model without the 
last year of observations and then predicting 2014 lake visitation using the time fixed effect from 
2009, the last previous model year.  The model including population interactions performed 
better than the model with only water quality interactions on two prediction measures.    The 
version with population interactions also outperformed the version with competition interactions 
on three prediction measures, as shown in Table 4.1.  The reported mean absolute percent errors 
were somewhat high because there are a handful of significant outliers, and this measure is 
particularly biased. 

Table 4.1 Model selection by cross-validation against model year 2014 

Model version Mean absolute percent 
error 

Min Max Accuracy Correlation between 
observed and predicted 

WQ interactions only 0.50 0.69 0.94 
WQ and Pop interactions 0.41 0.69 0.97 
WQ and Comp interactions 0.56 0.65 0.94 

The unrestricted model with all first order water quality and population interaction terms 
reported in Regression Appendix I, Appendix Table C.III, contains 58 predictors, which is about 
10.9 observations per predictor for the full dataset including the year 2014.  To narrow the model 
to significant predictors of lake visitation, automated stepwise variable selection was carried out 
based on minimizing the exact Akaike information criterion (AIC) first with the dataset 
excluding 2014 and then with all data years including 2014.  The procedure on the two data 
subsets selected the same set of predictors, giving some reassurance that the model relationships 
are relatively stable over time.  A Wald test confirmed that the terms excluded from the restricted 
model were not significant predictors.   

Direct and Indirect Impacts Methodology  

Direct and indirect impacts are calculated separately by adjusting the hog production rates in 
the last year of the dataset to represent an emissions reduction, then projecting on the same 
rotation factors as the original hog production principal components to create ‘mitigated’ hog 
principal components.  Direct impacts are based on the terms and interactions of the hog 
principal components (mitigated or original) in the full regression, Equation 4.1.  Indirect 
impacts are based on the terms and interactions of the mediating principal components of water 
quality in Equation 4.1, predicting the mediating water quality components from the (mitigated 
or original) hog principal components using the full dataset regression models for the mediating 
water quality components as described in Equation 4.2. 
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Multiplying the difference between mitigated and original hog production principal 
components as shown in Equation 4.3 by the hog production coefficients and interaction terms 
from Equation 4.1 yields the expected change in direct impacts of hog production on lake 
visitation as shown in Equation 4.4.   

Equation 4.3. Predicted change in hog emissions after mitigation 

ΔPCEc,t= MitigatedPCEc,t - PCEc,t 

Equation 4.4. Predicted direct change in lake visitation from mitigation of hog emissions 
variables 

ΔVdirecti,t = ΔPCEc,t*[β2+ λ1PCWi,t+ λ2Pc,t] 
Multiplying the difference between mitigated and original hog production principal 

components as shown in Equation 4.3 by the hog production coefficients and interaction terms 
from Equation 4.2 yields the predicted change in water quality variables in Equation 4.5.  
Multiplying the predicted change in water quality variables in Equation 4.5 by the water quality 
coefficients and interaction terms from Equation 4.2 yields the expected change in indirect 
impacts of hog production on lake visitation as shown in Equation 4.6. 

Equation 4.5. Predicted change in water quality variables after mitigation 

ΔPCWk,i,t = β’2ΔPCEc,t 

Equation 4.6. Predicted indirect change in lake visitation from mitigation of hog emissions 
effects on water quality variables 

ΔVindirecti,t = ΔPCWk,i,t *(β1 + λ0Pc,t + λ1PCEc,t) 

Results 

PCA Analysis 

The first four principal components of water quality explain 50 percent of the variance in the 
water quality database, the first ten explain 80 percent, and eighteen explain 95 percent of the 
variance in the water quality data.  PC1, the first principal component of water quality, contains 
high loadings on variables related to clarity and visibility in the water.14  The second, PC2, is 
dominated by variables related to the ability to buffer acid and eutrophication processes.  The 
third principal component, PC3, has high loadings on variables related to the well-being of fish15.  
The fourth, PC4, has weight on pH, zooplankton, the taxonomic richness of phytoplankton, and 
large suspended feeders.  The fifth, PC5, is dominated by lake depth and eutrophication 

                                                 
14 https://www.chesapeakebay.net/discover/ecosystem/water_clarity 
15 http://www.deq.idaho.gov/water-quality/surface-water/water-quality-criteria/common-measures/ 

https://www.chesapeakebay.net/discover/ecosystem/water_clarity
http://www.deq.idaho.gov/water-quality/surface-water/water-quality-criteria/common-measures/
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indicators.  The next five principal components of water quality consisted of measures of 
nutrients, plankton, contamination (Luthy, 2004), and other factors already represented in the 
first few components but in different combinations.   

The first principal component of hog production puts equal weight on the number of farms of 
all size categories and neighboring county production, representing geographic hog industry 
intensity.  The second component of hog production describes the prevalence of small hog 
operations.  The third and final component has high weight on the prevalence of large hog 
operations and high negative weight on hog production intensity in neighboring counties, 
perhaps representing that large hog operations pollute less or correlate with community demand 
for recreation less per hog on average.  The exact loadings of the principal components of water 
quality and hog production are reported in Regression Appendix I, Appendix Tables A.II and B.   

Testing the Relationship Between Hog Production Rate and Lake Visitation (H) 

The first step to check the hypothesis that pollution from hog production has any effect on 
annual lake visitation was to determine that the hog variables did in fact predict household visits 
to lakes.  The coefficients in this limited regression (Table 4.2) are likely to be biased because of 
omitted variables, specifically water quality which is expected to be correlated with hog 
production emissions rates and with lake visitation.  The third principal component of ammonia 
emissions rate, which has positive weight on the number of large operations and negative weight 
on the number of hog animal units in neighboring counties, and population are significant 
predictors of lake visitation.  This suggests that on average, an increase in population or an 
increase in the area hog production intensity while reducing the number of large operations 
would correspond to decreased lake visitation.  The latter effect supports the main hypothesis 
that air pollution from hog production is related to reduced enjoyment of the outdoors while 
implying that large operations may be more efficient in terms of emissions per hog.  One might 
expect that a population increase would lead to more people with leisure to visit lakes, but the 
data reveals that the counties with population increases over the years in the dataset have the 
largest cities in Iowa.  If city dwellers have less of a preference for lakes and visit lakes less often 
than rural residents, the negative population trend then would make sense.  It is also possible that 
counties that increase in population become increasingly urban with more urban pollution, 
decreasing lake water quality and resultantly, lake visitation.  hogPC1, which describes 
geographic hog industry intensity, and hogPC2, which describes the prevalence of small hog 
operations, are not significant predictors, which is expected if effects related to demand for 
recreation exist in opposition to the direct pollution effects of hog production.   
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Table 4.2 Predicting household visits to lakes from hog production and population, lake and year 
fixed effects, cluster robust standard errors. 

Lake visitation model β 
Cluster 

Robust SE 
 
p 

hogPC1 
-

999.3 
1,568.0

hogPC2 
1,0

03.5 
2,318.8

hogPC3 
9,6

98.4 
3,512.0 *

*

Pop 
-

0.5 
0.2 *

Notes: ***p<0.001, **p<0.01, *p<0.05, .p<0.1; n=633, R2=0.036, F=4.63*** 

Testing Whether Water Quality Levels Modify the Effect of Hog Production Emissions 
Rate on Lake Visitation (H1) 

Many interactions between water quality and hog production were significant, as shown in 
Table 4.3.  The R-squared and F statistic increased significantly over the no-interaction models 
with and without water quality (see above and Regression Appendix I, Appendix Tables C.I, 
C.II, and C.III), indicating that the statistical model including the interaction terms describes the 
data better.  Significant interaction terms indicate that the water quality moderates the 
relationship between hog production air pollution and household lake visitation16.  The 
implications of the significant interaction terms are considered below with care not to 
overinterpret individual terms, because automated variable selection procedures with moderate 
or smaller sample size have a high chance of overfitting (Babyak, 2004). 

Table 4.3 Predicting household visits to lakes from water quality and hog production with first 
order moderating effects and fixed effects for lake and year 

Lake visitation model β 
Cluster 

Robust SE p 

PC1 1,123.3 652.9 . 

PC2 132.4 844.7

PC3 1,624.9 527.1 ** 

PC4 -1,232.2 794.4

PC5 254.4 1,383.6

PC6 1,137.5 988.2

                                                 
16 Wald test for comparing nested models preferred the moderated model to the models without interactions at 
p<2.241e-06. 
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PC8 -1,755.5 1,357.9

PC9 1,067.5 1,112.6

PC10 1,400.8 1,074.8

Popc -1,370.3 37,530.2

hogPC1 -128.2 1,431.9

hogPC2 2,064.8 1,586.2

hogPC3 6,905.8 3,377.9 * 

PC1:hogPC2 739.6 629.4

PC1:hogPC3 1,538.1 792.7 . 

PC2:hogPC1 1,230.4 344.3 ***

PC2:hogPC2 746.0 884.3

PC3:hogPC1 619.9 396.6

PC3:hogPC3 -2,096.6 1,008.5 * 

PC5:hogPC3 2,174.4 2,099.2

PC6:hogPC1 1,314.8 374.6 ***

PC6:hogPC3 -1,495.6 1,368.0

PC10:hogPC1 -1,235.2 426.5 ** 

PC10:hogPC3 303.8 1,481.0

PC2:Popc 3,015.0 772.4 ***

PC3:Popc 3,161.6 712.5 ***

PC4:Popc -2,325.2 1,636.4

PC6:Popc 2,633.6 1,535.0 . 

PC8:Popc -3,687.7 1,941.0 . 

PC9:Popc 898.1 2,253.6

PC10:Popc 3,556.4 1,777.3 * 

Popc:hogPC3 12,660.6 5,465.2 * 
Note: ***p<0.001, **p<0.01, *p<0.05, .p<0.1; n=633, R2=0.341, F=7.56*** 
 

The third principal component of hog production emissions rate is again statistically 
significant and positive, indicating that at average water quality and population conditions, as 
near-local hog industry intensity decreases, lake visitation would be expected to increase.  The 
positive sign also suggests that large operations may emit less per hog than other operations.  For 
counties with above average population, the marginal effect of this third principal component of 
hog production increases dramatically.   

The signs of the moderating water quality interaction terms are mixed, perhaps reflecting the 
chemical and biological complexity of ammonia pathways through lake ecosystems.  Parallel 
terms including the first or third principal components of hog production always have opposite 
sign, which agrees with the differing signs on the components’ loadings on hog production in 
nearest neighbor counties, proxying for local hog production intensity.  Overall, as the ratio of 
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large hog operations to local hog production intensity increases (hogPC3), lake visitation 
increases, especially at lakes with better water clarity, except for lakes with high fish health 
quality.  The exception for lakes with high fishing quality could indicate that locals will overlook 
other lake quality issues as long as the fishing is good.  As local hog production intensity 
increases (hogPC1), lake visitation decreases more when there is higher eutrophication risk 
(when PC2 is negative) or lower taxonomic richness of plankton (when PC6 is negative).  This 
indicates that higher pork production emissions rates decrease lake visitation even more where 
lake ecosystems are already at risk. 

Testing Whether the Rate of Hog Production Emissions Impacts Lake Visitation Via an 
Effect on Water Quality (H2) 

Demonstrating a mediating relationship helps identify which water quality variables carry the 
indirect impacts of ammonia emissions.  Since ammonia is linked to acidification and 
eutrophication processes, there is likely an indirect impact of ammonia pollution on lake 
visitation via ammonia’s impact on a subset of the water quality variables.  Each of the included 
principal components of water quality was a potential candidate for being a mediator variable 
between hog production and lake visitation.  The fifth, seventh and ninth principal components 
are ruled out because they are not significant predictors of lake visitation in the full model.  The 
rest of the principal components or their interaction terms were at least weakly significant at 
predicting lake visits, so they were tested for mediation effects according to the four steps of 
traditional mediation analysis and then confirmed using the Sobel test17 as shown in Table 4.4.   
The details of the traditional analysis are shown in Regression Appendix II: Mediation. 

All five of the mediation effects identified by the traditional mediation analysis steps were 
confirmed to be statistically significant by the Sobel test.  The Sobel test also showed some 
correlations which did not appear in the traditional analysis, notably with the second principal 
component of water quality but also one term each for the first and seventh components.  Most of 
these were only weakly significant according to the Sobel test and may not represent a strong 
relationship.  The seventh component may be correlated with ammonia and resulting 
acidification and eutrophication processes without directly impacting lake visitation because 
while phosphorus is often the limiting factor in eutrophication, lake visitors observe other 
resulting water quality effects rather than phosphorus concentrations. 

                                                 
17 The Sobel test was implemented using the Sobel, Aroian, and Goodman versions by the mediation.test command 
in the R bda library.  The tests agreed on all cases.  The tests were carried out on the HHvisits variable after 
demeaning it by lake and time, to preserve fixed effects. 
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Table 4.4 Confirming the results of traditional mediation analysis with the Sobel test 

Mediator Mediator description Mediated hog production 
principal component 
(traditional analysis) 

Confirmed 
by Sobel test 

PC1 Water clarity None hogPC3# 
PC2 Eutrophication  

 
hogPC3 

hogPC1# 
hogPC2# 
Yes* 

PC3 Fish health hogPC1 
hogPC3 

Yes* 
Yes* 

PC4 Organic contamination and plankton None Yes 
PC5 Lake depth and eutrophication None Yes 
PC6 Taxonomic richness of plankton None Yes 
PC7 Phosphorus (total and soluble 

reactive) 
None hogPC1*^ 

PC8 Organic contamination, lake depth, 
large suspended feeders and 
cyanobacteria (plankton), and 
taxonomic richness 

hogPC1 
hogPC3 

Yes** 
Yes# 

PC9 Impairment, water clarity and 
dissolved oxygen 

None Yes 

PC10 Impairment, organic contamination, 
and lake depth 

None Yes 

^The correlations with PC7 may not represent a causal link between atmospheric ammonia and lake visitation.  The 
chemical and biological dynamics of the lake ecosystem are complex and some measures may be correlated with 
both ammonia emissions rates and lake visitation without being a direct driver of lake visitation.   
** p<0.01, *p<0.05, #p<0.1 

 
The Sobel test confirms that water quality variables PC2, PC3, and PC8 mediate the effects 

of hogPC1 and hogPC3 on lake visitation.  This means that hogPC1, which describes geographic 
hog industry intensity, correlates with variations in PC3, water quality variables related to fish 
health, and PC8, water quality variables related to plankton diversity, which in turn correlate 
with variation in lake visitation.  Variation in hogPC3, which describes the ratio of large 
operations to neighboring county hog production, correlates with variations in PC3, PC8, and 
PC2, eutrophication, which in turn correlate with lake visitation.  These results suggest that 
geographic hog industry intensity and the ratio of large operations to neighboring county hog 
production have pollution implications for eutrophication, fish health, and plankton species 
diversity at lakes that impact peoples’ decisions to visit lakes for recreation.  Recreation-seekers 
can easily observe these three water quality characteristics and they directly impact the 
desirability of a lake for boating or fishing.   

Eutrophication and plankton both relate to water visibility and fish health, the most 
significant water quality predictors of lake visitation.  Nutrients and acidity, which are direct 
chemical effects of ammonia deposition, both directly affect eutrophication and fish health. The 
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fish health variable is most likely to reflect air pollution rather than nitrate runoff because fish 
health depends on ammonia levels relative to pH and temperature, the strongest contributors to 
PC3.  Eutrophication and plankton health relate to the combination of the nitrate level from 
runoff and the ammonia level from air pollution, with the ratio leading to either a promoting or 
suppressing effect on phytoplankton nutrient uptake (Glibert, et al., 2015).  Regression Appendix 
II: Mediation, Appendix Table I reports the coefficients of the principal components of hog 
production as predictors of eutrophication, fish health, and plankton water quality components.  
The overall implication of the mediation relationships is that greater geographic hog industry 
intensity in an area predicts less desirable water quality for lake recreation, but higher 
proportions of production at large operations lessen the effect.   

Estimating Direct and Indirect Impacts 

Direct and indirect impacts were calculated for a hypothetical ten percent decrease in hog 
production in 2014, the last year in the dataset.  Direct impacts were calculated from the sum of 
hog production principal component terms and interactions and their coefficients in the full 
model.  Indirect impacts were calculated from the mediated hog production principal component 
term predictors of the eutrophication, fish health, plankton (second, third, and eighth) principal 
components of water quality as shown in Appendix Table I and the eutrophication, fish health, 
plankton (second, third, and eighth) principal component terms, interactions and their 
coefficients in the full model.   

The median change in annual visits to a lake due to direct effects of a ten percent decrease in 
hog production was 167 fewer visits and the median for indirect pollution effects was 56 more 
visits, as shown in Table 4.5.  The model suggests that economic activity and other non-pollution 
correlations play a significant role in the direct effect, especially for small AFOs, suggesting that 
any potential policy efforts aimed at mitigating ammonia should allow hog operations to 
continue their business at normal rates to avoid poor economic results.  The indirect effects tie 
more directly to ammonia emissions rates, so an estimate of impact based solely on indirect 
effects would be a reasonable lower bound on the overall hog industry ammonia pollution impact 
on lake visitation.  The model predicts that reducing the hog ammonia rate by ten percent would 
lead to a lower bound of 7,554 more lake visits because of water quality improvements.  Based 
on Iowa Lake Valuation Project survey data, the same source as the visitation data (Jeon, et al., 
2016), adding up the spending per additional lake visit would yield approximately $716,822 in 
direct spending in 2014 on additional recreational trips to the 130 most popular lakes in Iowa. 
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Table 4.5 Estimates of median [1st and 3rd quartile] increase in lake visits due to 10 percent 
decrease in emissions from hog industry, per lake 

County AFO 
variable 

Direct effects* holding mediators 
constant 

Direct effects* excluding 
mediator terms 

Indirect effects** 

NNcounties 159.8 [-139.2, 598.5] 105.6 [-234.5, 463.4] 48.3 [23.1, 79.1] 
Small operations -256.6 [-517.6, -71.1] -193.2 [-401.9, -41.2] 4.0 [-1.2, 8.1] 
Mid-size operations 28.5 [-41.2, 120.1] 22.9 [-37.0, 82.5] 14.6 [7.5, 23.8] 
Large operations -88.4 [-338.4, 108.0] -12.3 [-185.4, 148.0] -8.3 [-14.8, -4.9] 
Total -166.8 [-449.3, 78.8] -165.1 [-338.7, 115.9] 56.4 [22.4, 99.4] 

*Calculated as if 10 percent of industry were to cease, so includes non-pollution correlations.  **Calculated as if 
industry production were to continue normally except for the water quality mediators, which react to the 10 percent 
change in industry emissions rate. 

Findings and Implications 

This analysis set out to demonstrate whether ammonia emissions rates from the Iowa hog 
industry were impacting lake visitation in the period 2003 to 2014 and that policy to implement 
ammonia mitigation in the hog industry would have positive impacts on the value of natural 
ecosystems.  Year and lake fixed effects linear regression demonstrated that lower local hog 
production intensity and more large hog operations in a county correlated with increased lake 
visitation, an effect which increased with county population.  This finding supports this chapter’s 
first hypothesis.  Water quality measures including water clarity were also significant predictors 
of lake visitation, in agreement with the literature.   

In a linear regression model without controlling for fixed effects, Keeler et al. (2015) found 
that lake size, water clarity, chlorophyll, total phosphorus, cyanobacteria, phytoplankton 
biomass, temperature, and presence of a boat ramp were all significant predictors of average per-
lake visitation in Iowa.  These findings roughly agree with the results of this fixed effects linear 
regression model as shown in Table 4.2: water clarity, lake depth, total phosphorus (negative 
loading), and chlorophyll (negative loading) drive the first principal component of water quality; 
cyanobacteria and phytoplankton biomass play a role in the sixth and eighth principal 
components of water quality; and temperature drives the third principal component of water 
quality.   

The second hypothesis was that the magnitude of the relationship between hog production 
rates and lake visitation varies with water quality, representing a moderating effect of lake water 
quality.  The analysis suggests that the effect of air pollution from hog production on household 
visits to Iowa lakes is moderated by water clarity, eutrophication processes, fish health, lake 
depth, taxonomic richness of plankton, and impairment and mediated by eutrophication, fish 
health, and plankton.  Eutrophication processes and fish health both moderate and mediate the 
effects of the rate of ammonia emissions as represented by the intensity of hog production in 
neighboring counties and the number of different size in-county hog operations, reflecting the 
complexity of the lake ecosystem.  Increased ammonia emissions rates lead to worse 
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eutrophication and worse conditions for fish.  As eutrophication risk increases, the effect of 
additional hog production intensity and the resulting emissions is more damaging to lake 
visitation.  The main policy implication of these interactions is that a policy or program aimed at 
reducing ammonia impacts on lake recreation would be more efficient if it could target 
mitigation at areas where lakes are not yet impaired but risk eutrophication from intensified or 
intensifying hog production.   

The hog industry likely creates effects in the local economy which may correlate directly to 
increased lake visitation. The direct effects of reducing small hog operation production on 
expected lake visitation appear to be stronger and more negative than any other size operation.  
Production from the largest operations appears to balance against overall industry intensity, 
suggesting that large operations have less of an impact on lake visitation per hog produced. The 
moderated direct correlations imply that if potential policies to reduce ammonia emissions also 
reduce in-county hog production, there might be a negative impact on lake visitation. 

The third hypothesis was that the pollution effect of the hog industry ammonia emissions rate 
could be estimated separately from non-pollution effects by estimating the indirect effect of hog 
production on lake visitation via mediating water quality variables.  Traditional mediation 
analysis steps and the Sobel test confirmed that the ammonia emissions rate from hog industry 
intensity and the negative ratio of large operations to neighboring county production intensity 
had an indirect effect on lake visitation mediated by eutrophication, fish health, and plankton 
measures.  This effect agrees with theory because ammonia promotes acidification, which harms 
fish and contributes to eutrophication.   

Overall, industry intensity in neighboring counties appears to have the largest pollution 
impact, with mid-size operations having the next largest pollution impact, via indirect pollution 
effects on local lake visitation.  This suggests that ammonia control policy could effectively 
target areas with intense hog production.  Policymakers or stakeholders interested in encouraging 
voluntary ammonia control may want to pay special attention to developing programs attractive 
to mid-size hog farm operators.  Potential policy designs may be able to target emissions rate 
mitigations near certain lakes based on water quality to maximize lake visitation.  Finally, those 
interested in encouraging ammonia control to reduce impacts on lake recreation may want to 
focus on mitigation projects near lakes which are not currently impaired but are at higher 
pollution risk based on eutrophication processes, plankton diversity and organic contamination.  
These lakes appear to suffer larger marginal decreases in visitation from additional local hog 
industry intensity. 

A final observation is that lake ecosystems are complex and measures of water quality are 
interrelated.  Despite being an approximation, the model has demonstrated relationships that 
agree with theory and the literature.  The model separated pollution from other effects through 
mediation analysis.  If a policy could encourage a ten percent reduction of ammonia emissions 
rates without affecting the economic health of the industry, the model estimates that in 2014 the 
policy would have led to more than seven thousand more trips and ~$0.7 million in additional 
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direct spending annually on lake trips in Iowa.  That money would circulate through the 
economy and lead to even more benefit, especially since other surface waters and ecosystems 
would also benefit.  Compared to the estimate by Hoque and Kling (2016) of the lake visitation 
benefit of reducing total nitrogen overall by 42 percent (reaching the INRS goal), which was 
$5.34 million annually, a ten percent mitigation of hog industry pollution alone might reach more 
than an eighth of this lake recreation level increase, although by a different nitrogen pollution 
pathway than the alternatives considered by Hoque and Kling.   

Limitations and Next Steps 

One study limitation was that data was only available from six years of lake visitation 
surveys, and the year 2002 was unusable for lack of comparable hog industry data.  If the Iowa 
Lake Valuation Project carries out more surveys in the future, it will help to validate this model 
and potentially capture more of the system complexity with more predictors.  The complexity of 
this model was both extremely limited compared to the actual complexity of lake ecosystems and 
pollution and possibly complex enough relative to available data to encounter spurious or 
inaccurate results.  Another issue was that due to imputation of some missing water quality data, 
the standard errors were not calculated precisely.  An additional limitation was that the model 
lacked controls for other potentially polluting industries aside from controlling for water quality 
measures.  If hog industry emissions are correlated with pollution from another industry or 
commercial fertilizer over time, the estimated effects on water quality and lake visitation could 
be biased.  Finally, although correlation between neighboring county hog production and lake 
visitation is likely related to ammonia emissions and AFOs are not supposed to allow manure to 
come into contact with surface waters, none of the hog variables’ indirect correlation effects 
could completely be attributed to airborne emissions rather than runoff. 

Future studies relating lake visitation to environmental quality should investigate the 
relationship between population and lake visitation, which was here found to be negative.  It 
could be related to city populations not having preferences for lake recreation, city residents 
preferring to travel to other counties for recreation, or cities being sources of environmental 
degradation at lakes.  Future research could also investigate the effect of the “ruralness” of a 
county on lake visitation, in terms of the percentage of developed land or other measures. 
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Chapter 5 Estimating Local Benefits of Reducing Ammonia 
Emissions 

Introduction 

This chapter constructs a local estimate of how Iowans would benefit from reducing airborne 
emissions from hog production by ten percent.  Ten percent represents a modest, likely 
achievable goal and it does not stray far from the margin where statistical models are most valid.  
To represent environmental-recreational impacts, this chapter applies the lake visitation model 
developed in Chapter 4, as reflected in Figure 5.0, alongside statistical models from the literature 
to estimate the local effects of airborne emissions from Iowa hog operations on human health 
and residential property values.   

Figure 5.0 Estimating local hog production impacts 

 

Atmospheric ammonia has the potential for serious impact on the environment and human 
health.  On short distance scales, large quantities of ammonia contribute to odor as well as 
respiratory health issues, negatively impacting the quality of natural ecosystems like lakes as 
seen in the previous chapter and the quality of life of people living near livestock operations.  On 
long distance scales, ammonia contributes to the formation of particulate matter and has further 
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environmental and health consequences. A large proportion of the literature on estimating 
ammonia damages calculates instead the environmental or health impacts of PM 2.5 (E.g. 
McCubbin, Apelberg et al. 2002, Lelieveld, Evans et al. 2015, Bauer, Tsigaridis et al. 2016), a 
particulate which may form from ammonia in uncertain amounts on longer distance scales 
depending on the balance of chemical ions in the air.   

Air pollution emissions from AFOs are dominated by ammonia but also include hydrogen 
sulfide, dust, and biological particles (Iowa State University, 2002).  Like ammonia, hydrogen 
sulfide emits from waste breakdown.  Some of the same control strategies reduce emissions of 
ammonia and hydrogen sulfide or ammonia and other odor contributors (Powers, 2004).  The 
benefits estimated in this chapter are mostly attributable to ammonia but also include these other 
gaseous compounds. 

This chapter constructs a local estimate of ammonia damages from hog production emissions 
on environmental quality, human health, and residential property value in Iowa.  Environmental 
quality, human health, and property value cover most of the avenues that pollution can cause 
harm.  The three types of pollution damage can be interrelated and complex.  The three pollution 
damage cost estimates are not combined into one dollar value estimate out of a concern for 
transparency and traceability, and because of the different sources of uncertainty and sensitivity 
to assumptions about ecosystem costs, health, and property damage.   

This work uses models which are limited by the simplicity of estimating one local impact per 
damage type, certainly underestimating the full pollution damages but creating a composite 
estimate intended to be understandable and relatable to Iowa stakeholders.  Although the 
estimate incorporates statistical models of different types of pollution damage, these models will 
not capture all pollution impacts. There are other potential ammonia emissions impacts such as 
crop damage, biodiversity, and particulate matter, but all of these were either unmodeled for 
Iowa, uncertain, or on the wrong distance-scale. 

This research focuses on estimates of ammonia and nutrient pollution damages directly 
linked to hog production which would occur in Iowa rather than on longer distance scales like 
Illinois or other Midwest states because policymakers in those states have little potential 
influence on Iowa production. This estimate of ammonia damages within the state of Iowa will 
support a stronger argument for the need for state-level policy action to encourage ammonia 
control in the hog industry.   

Types of Pollution Damage 

Environmental damages are rarely estimated for nitrogen in the United States.  The 
regression model developed in the previous chapter estimates local environmental costs of hog 
production ammonia and nitrogen pollution by their relationship to annual recreational lake visits 
and water quality variables.  Again, the ecosystem estimate based on lake recreation will 
underestimate total environmental damages because Iowa contains many additional types of 
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ecosystems in which Iowans enjoy the outdoors, and ammonia and nitrogen in Iowa waters will 
eventually cause environmental damage downstream on the Mississippi River and in the Gulf of 
Mexico. 

The health impact calculation in this chapter uses an infant mortality model rather than health 
across the full range of demographics because infants are relatively immobile and vulnerable to 
air pollution, and because researchers have found that emissions impacts on infant mortality rates 
extend geographically similarly to discernable property value effects (Currie, et al., 2013). The 
usual PM 2.5 health calculation only models people age thirty or older and has little geographic 
specificity, so the infant mortality model developed by Sneeringer (2009) is superior for the 
goals of this research.  

This chapter estimates property value damage using the value of owner-occupied residential 
homes near AFOs, not including nonresidential buildings or rental units, with a hedonic model 
developed by Isakson & Ecker (2008) based on Black Hawk County, Iowa which relates the hog 
production rate at AFOs to nearby home values.  

There is a limited amount of double-counting between the hedonic property cost estimate and 
the other two cost estimates.  This is because the value of a residential property is assumed to be 
affected by local health conditions and conditions at nearby natural recreational sites relative to 
other locations.  However, each local estimate captures some unique costs not counted by the 
others.  The infant mortality calculation runs on the county level, while the property value 
calculation considers impacts only within a three- or five-mile radius of AFOs.  The hedonic 
property value model from Isakson & Ecker focuses on the relative value of residences in the 
near vicinity of AFOs versus others in the same region and will not reflect people’s outdoor 
recreation ecosystem quality preferences beyond local access, i.e. recreational trips involving 
travel over distances greater than five miles.  This latter value will be captured to some extent by 
the lake water quality-recreational trip estimation. 

Pollution Modeling Methodology 

For the purposes of estimating the potential benefits of pollution reduction simply, this 
chapter assumes a uniform emissions reduction of ten percent across all AFOs in Iowa for which 
the waste storage type and herd size are known, from the Iowa DNR AFO Database Storage 
Structure and Animal Units report (Iowa DNR, Storage Structure and Animal Units Report). 
Approximating the ten percent reduction in emissions by a ten percent hypothetical reduction in 
herd size as an ‘effective’ herd size as shown in Equation 5.1, this chapter aggregates effective 
herd sizes across the AFOs in each county for the health cost estimation and considers effective 
herd sizes at individual AFO facilities for the property and environmental cost calculations.  The 
effective herd size is intended to represent the fraction of emissions that would be released under 
a mitigation technology adoption scenario, not a scenario where farmers raised fewer hogs. 
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Equation 5.1. Effective herd size reduction 

0.1 ∗ 	  
Where α is the effective herd size reduction, measured in animal units 
i is the individual AFO, 
and H is the original herd size at the AFO i, measured in animal units. 

Recreational Benefits from Reducing Environmental Damage 

Increase in demand for lake recreation due to a reduction in hog production pollution and 
correlated environmental damages at Iowa lakes is predicted using the mediated regression 
model developed in the previous chapter.  As described in Chapter 4, the model relates hog 
production intensity and facility sizes to recreational utilization of Iowa’s lakes by predicting the 
correlation between hog production and variation in water quality variables representing 
eutrophication, plankton diversity, and fish health, then predicting the correlation between the 
correlated water quality variation and lake visitation.  The model does not capture pollution 
effects on forests, rivers, grassy areas, or other ecosystem types aside from lakes.  This means 
that the true relationship between hog industry pollution and recreational demand could be larger 
than estimated here.  The estimates are slightly different in this chapter in comparison to Chapter 
4 because this chapter uses the spatial hog AFO dataset, which does not quite match the annual 
production snapshot datasets used to construct the lake visitation model, though both datasets 
originate from the Iowa DNR AFO database. 

For this analysis, the hog production variable predictors of lake visitation from the spatial 
hog AFO dataset are projected along the principal component loadings of the original predictors 
to create baseline principal components of hog emissions and the spatial dataset hog variables 
reduced by 10 percent are projected the same way to create mitigated principal components of 
hog emissions.  The difference between the mitigated and unmitigated principal components of 
hog production shown in Equation 4.3 is multiplied by the hog production coefficients predicting 
mediated water quality variables to predict the change in water quality after emissions reduction 
as shown in Equation 4.5.  Finally, the calculated terms from Equations 4.3 and 4.5 are 
multiplied by their coefficients and interactions in the lake visitation model to predict change in 
lake visitation after reducing hog production pollution in Equation 4.6.  Multiplying the 
predicted change in lake visits given a reduction in emissions by the average direct spending per 
trip estimate for each lake from the Iowa Lakes Valuation Project 2014 yields a monetary 
estimate of the recreational damage correlated with hog production emissions.  Predicted change 
in visits and change in direct spending for each lake are finally summed by county and across the 
entire sample of lakes.   

A benefit of this approach is that it capitalizes environmental benefits of reducing hog 
production pollution through recreational benefits.  Limitations include that the model cannot 
distinguish between airborne emissions and potential runoff effects.  The relatively low degrees 
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of freedom versus model parameters also pose a risk of overfitting and low accuracy predictions.  
To compensate, the benefit estimate is reported to only one significant figure.  

Equation 4.3. Predicted change in principal components of hog emissions after emissions 
reduction 

ΔPCEc,t= MitigatedPCEc,t - PCEc,t 

Where PCE are the three principal components of hog production, MitigatedPCE are the three 
principal components of hog production projected from the effective AFO herd sizes after 
emissions reduction, i is lake, c is county, and t is year. 

Equation 4.5. Predicted change in principal components of water quality variables after 
mitigation 

ΔPCWi,t = β’2ΔPCEc,t 

Where PCW are the three principal components of water quality, eutrophication, fish quality, and 
plankton and β’2 are the coefficients of hog production predicting water quality. 

Equation 4.6. Predicted indirect change in lake visitation from mitigation of hog emissions 
effects on water quality variables 

ΔVindirecti,t =β1β’2*ΔPCEc,t + λ0β’2ΔPCEc,t*Pc,t + λ1β’2ΔPCEc,t*PCEc,t 

Where Vindirect is the prediction of lake visitation based on mediated water quality terms, P is 
county population, β1 are the coefficients of the three water quality components in the regression 
equation predicting lake visitation, λ0 are the coefficients of interaction terms between water 
quality and county population in the regression equation predicting lake visitation, and λ1 are the 
coefficients of interaction terms between hog production and water quality in the regression 
equation predicting lake visitation. 

Equation 5.2. Estimating lower bound on pollution damage to the local environment 

, ∗  

Where η is the average direct spending made on trips to lake i in 2014. 

Health Benefits from Reducing Hog Emissions 

The health benefits of reducing hog ammonia emissions by 10 percent in Iowa were 
estimated using a model developed by Sneeringer (2009).  Sneeringer developed a fixed-effects 
correlation model between changes in livestock herd size and changes in infant mortality at the 
county level, based on 20 years of data for the entire United States.  This type of natural 
experiment is widely used in microeconomics to estimate various effects.  Sneeringer estimated 
that a 100,000-animal unit increase in a county corresponds with 123 more infant deaths per 
100,000 births, directly attributable to air pollution from livestock facilities.  
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The health benefit calculation of reducing hog ammonia emissions in Iowa, defined in 
Equation 5.3, multiplies the effective herd size in each county after a ten percent ammonia 
emissions reduction by the average annual birth rate in each county and Sneeringer’s correlation 
estimate to predict how many infant lives might be saved in each county.  The analysis then sums 
over all Iowa counties to get a state level estimate of avoided infant deaths.   

The EPA recommends using the estimate of $7.4 million ($ 2006) as the statistical value of a 
life (VSL) to convert deaths to a cost (https://www.epa.gov/environmental-economics/mortality-
risk-valuation).  This study adjusts the EPA estimate to $ 2016 and multiplies it by the expected 
avoided infant deaths to monetize the health benefits.   

The benefit of Sneeringer’s approach is that health impacts are directly linked to airborne 
emissions from livestock in the same county, without trying to model uncertain links to PM 2.5 
concentrations.  A limitation for this study is that the estimated health benefits cannot be 
considered additively with the property value benefits calculated in the next section, since health 
effects may already be capitalized to a degree in residential property value. 

Equation 5.3. Expected Infant Deaths Avoided 

∗
123

100000
∗
100000

 

Where D is the number of fewer expected infant deaths annually, 
c is the Iowa county,  
i is each individual AFO in each county c,  
α is effective herd size reduction at AFO i, measured in animal units, 
β is the average annual births in county c, averaged over 2001 to 2015 in data from the Iowa 

Department of Education (2017). 

Property Value Benefits from Reducing Hog Emissions 

Property value effects are estimated using the relationship between hog operation proximity 
to homes and home value modeled by Isakson & Ecker, (2008) for Black Hawk County, Iowa to 
estimate the property value benefits from reducing ammonia emissions across the state.  Isakson 
& Ecker did a spatial, hedonic regression on house sales, controlling for wind direction, selection 
bias, and spatial correlation as well as house characteristics.  The Isakson & Ecker model 
estimates the elasticity of house prices to the number of animal units at an AFO within three 
miles is -0.137 and -0.0668 within 5 miles.  The definition of elasticity for this context is 
presented here: 

Δlog 	
Δlog 	 	

 

Iowa publishes data for each city and census place for how many owner-occupied homes fall 
into each value bracket.  The housing census data includes a margin of error on the counts of 

https://www.epa.gov/environmental-economics/mortality-risk-valuation
https://www.epa.gov/environmental-economics/mortality-risk-valuation
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residences in each price bracket in each city or census place, which was used to create low and 
high estimates of the property value impact calculation described below.  Iowa DNR publishes 
the PLSS township, range, and section where each hog AFO is located.  Shapefiles of Iowa city 
boundaries and PLSS township, range, and section enabled a merger in ArcGIS software of hog 
AFO listings with the areas of each city or census place within three or five miles of each AFO.  

 Dividing the affected area by the area of each city or census place yielded a proportion 
summarizing the effect of each AFO on the housing value contained in each place.  The three-
mile proportion was subtracted from the five-mile proportion to avoid double counting.  Next, 
because the property value effect of being near multiple AFOs is not simply additive, the 
researcher calculated the aggregate herd size faced at each distance by each tenth of the city or 
place area, so that all AFO herds reaching at least a tenth of the city at a given radius were 
counted as an aggregate herd affecting the first tenth of the city’s property, all AFO herds 
reaching at least two-tenths of the city were counted as an aggregate herd affecting the second 
tenth of the city’s property, etc.  Finally, the property value increase from a ten percent reduction 
in emissions was calculated according to Equation 5.4 for the aggregate herd affecting each tenth 
of the city or place area.  Essentially, Equation 5.4 represents that for each tenth of the property 
value distributed over each Iowa city or census place area, the reduction in herd size within three 
or five miles of that tenth of the place area leads to an increase in property value according to the 
elasticities calculated by Isakson & Ecker (2008).   

The benefits of the Isakson & Ecker approach include that property value impacts may be 
attributed to airborne emissions from nearby AFOs and are related to the herd size and distance 
of the AFOs.  A limitation of using their model without exact house coordinates is the 
assumption that home value is evenly distributed over city areas.  However, the median standard 
deviation of residence values in each city or census place is about $57 thousand and the average 
proportion of each city or place within range of the AFO is about 0.52 for the three-mile radius 
and about 0.75 for the five-mile radius.  This suggests that for most populated places near AFOs, 
the majority of property is affected and the assumption of evenly distributed property value is not 
too strenuous.  Calculating the property value impact for all owner-occupied residences instead 
of just those for sale also implies somewhat that either home owners would be able to access the 
increased value of their home immediately or that the emissions reduction benefit would remain 
until the home was sold.   

Equation 5.4. Property value impact of AFO emissions changes 

	 exp log 0.1 ∗ ∗ log , , , , log	 , , 0.1 ∗
, ,

 

Where  
χ is the total impact on the value of owner-occupied residential property in Iowa, 
p is city, i is AFO, r is three- or five-mile radius from AFOs, 
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ψ is the total property value of owner-occupied residences in city p, 
ϵ is the elasticity at radius r: -0.137 at three miles or -0.0668 at five miles, 
H is the aggregate, original herd size across the AFOs i within the three- or five-mile radius 

of tenth a of the city, 
α is the aggregate, effective herd size reduction across the AFOs i within the three- or five-

mile radius of tenth a of the city. 
Property values are from the State Data Center of Iowa (2016); the city boundaries shapefile 

is from Iowa Department of Transportation’s GIS Services (2018).  

Results 

The three types of impacts each reveal significant benefits to reducing hog production 
ammonia emissions by ten percent.  The models used to calculate property value and infant 
mortality impacts are directly linked to ammonia emissions and the lake visitation model 
represents potentially a mix of ammonia emissions and unpermitted nutrient runoff from hog 
AFOs.  For a proposed ammonia emissions reduction of ten percent while keeping herd size and 
production rates constant, the estimates of environmental, health, and property value benefits are 
shown below in Table 5.1.  The total annual increase in direct spending on visits to Iowa lakes is 
smaller in magnitude than the other mitigation benefits, but the lake model represents citizen 
appreciation of only one of the ecosystems in Iowa.  The true recreational benefits may be larger.  
The number of avoided infant deaths is more than two on average annually in the state of Iowa.  
The property value increase results show about a $200 million increase in property value across 
the state, although the property model describes all homes collectively and not just those that will 
be for sale in any given year.     

Table 5.1. Local benefits of 10 percent reduction in Iowa hog emissions 

Pollution type State level estimate ($ 2014) 

Lake visitation 10,000 visits, $900,000 annual direct spending 

Infant mortality 2-3 deaths, $20 million in VSL annually 

Property value $200 million (total, not annual) [$80 million, $400 million] 

It is not possible to extrapolate far from observed values with much confidence using linear 
or log linear statistical models, because the complex dynamics of the represented systems may 
not actually be linear.  Accordingly, the benefits are estimated for a ten percent reduction in 
emissions that each model predicts spatially to determine which counties may benefit most.  
Figures 5.1, 5.2, and 5.3 show the expected lake recreation, infant mortality, and property value 
benefits from a ten percent decrease in hog AFO emissions by county.  The distribution of 
change in lake recreation shown in Figure 5.1 shows the highest benefits near Iowa’s largest 
cities.  The change in infant mortality in Figure 5.2 shows the highest impact on expected infant 
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mortality in Sioux County, the top hog producing county in Iowa.  The highest property value 
change in Figure 5.3 occurs in Plymouth County, the third highest hog producing county in Iowa.   

 Figure 5.1. Change in expected annual lake visits after 10 percent NH3 emissions reduction 

 

Figure 5.2 Change in expected annual infant mortality after 10 percent NH3 emissions reduction 

 

Figure 5.3 Expected residential property value change after 10 percent NH3 emissions reduction 

 
These county-level maps of benefits from reducing hog industry ammonia emissions show 

that the highest impacts are concentrated in a few counties, though not always the same counties 
for the different types of damage.  These findings suggest that investment in ammonia control in 
a few counties could substantially lower the overall impacts of hog industry ammonia emissions 
in Iowa.  The concentration of potential benefits in certain counties suggests again, like the 
county clustering of different manure storage structures in Chapter 3, that geotargeting might be 
an option to increase the efficiency of ammonia control policy.  The size of the potential annual 
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benefits from a ten percent reduction suggests that policy efforts to encourage ammonia control 
at hog farms could potentially be cost-beneficial overall for any of these three types of damage, 
especially if the policy leads farmers to adopt ammonia controls that can be sustained at low cost 
in future years. 
 

  



63 
 

Chapter 6 Barriers to Adoption of Ammonia Control Technology 

Introduction 

The observations of policy coverage related to the size and/or age of hog AFOs and 
geospatial patterns in hog production and the use of different manure storage structure types in 
Chapter 3 lead to additional questions about existing adoption of ammonia control measures and 
farmer concerns which were not captured in the Iowa DNR AFO dataset.  Figure 6.0 reflects how 
these knowledge gaps motivate the interview questions asked of hog industry experts for the 
analysis in this chapter. 

Figure 6.0 Identifying ammonia control technology adoption concerns 

 

The previous chapter illustrated that nitrogen released from hog AFOs in Iowa leads to 
significant property value, human health, and environmental damages, such that hog farmers 
might consider ammonia control actions.  This chapter reports expert observations on ammonia 
control adoption, which for most technologies is not widespread among Iowa hog AFO 
operators.  If the reason is economic, knowledge-related, or due to other barriers, these could 
potentially be ameliorated through voluntary or regulatory policy actions.  A policymaker 
interested in encouraging hog AFO operators to reduce emissions would want to know whether 
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farmers are already adopting some ammonia and nutrient mitigations, and what factors are likely 
to motivate or constrain farmers in their efforts to reduce emissions.  If the major barriers to 
mitigation adoption can be identified, policymakers or other stakeholder organizations could 
devise policies or programs to address those barriers.   

This chapter examines current trends in ammonia emissions mitigation in the hog AFO 
industry, describes the main categories of barriers to ammonia mitigation adoption at AFOs, and 
identifies trends in the incentive programs which have attempted to address these types of barrier 
in the agriculture industry.  The results inform Chapter 7, which simulates how mitigation 
technology adoption rates would likely respond if various barriers were lowered, illustrating 
which barriers have the most influence on the decisions of hog AFO operators.  As shown in 
Figure 6.0, the results also inform Chapter 8, which explores the range of different voluntary 
policy designs which have been applied in agriculture and elsewhere and how they have 
performed against each of the barrier categories. 

Interviews 

To learn about the Iowa hog industry, the researcher asked experts about farmers’ awareness 
of ammonia and nutrient pollution issues, emissions mitigations currently in use, existing 
programs and regulations, farmer awareness and compliance with government nutrient 
management policies, mitigation adoption decision factors, characteristics of farmers willing to 
adopt new mitigation technologies, and farmer receptiveness to potential incentives.  Interviews 
were conducted covering these topics with each of the following organizations representing 
government, industry, and research stakeholders, to be cited as follows: the Iowa DNR animal 
feeding operations program (DNR AFO program interview, February 2, 2016), the Iowa Pork 
Producers’ Association (IPPA interview, May 31, 2017), the National Pork Board (NPB 
interview, November 29, 2017), and the Iowa State University Extension and Outreach program 
(Iowa Extension interview 1, July 26, 2017; Iowa Extension interview 2, November 30, 2017).   

The researcher conducted a second group of interviews with policy administrators from 
various voluntary programs focused on ammonia or nutrient mitigation in agriculture, some 
specific to the livestock or hog industry.  These program administrators represent efforts to 
manage nitrogen emissions nationally (EQIP interview, October 25, 2017) and at the state level 
in California (LWQTP interview, November 30, 2017), Colorado (RMNP interview 1, 
November 30, 2017 and RMNP interview 2, November 20, 2017), Michigan (MAEAP 
interview, October 26, 2017), and Iowa (Iowa Extension interview 2, November 30, 2017, 
LWQLP interview, January 17, 2018).  Policy administrators were asked about incentives and 
barriers for farmers to participate in their programs and about participation rates, among other 
topics.  This chapter includes observations from these interviews relevant to the hog industry’s 
views on technology adoption and emissions mitigation.  Chapter 8 of this dissertation discusses 
the voluntary program case study selection protocol and the policy administrator interviews in 
more depth.  
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Observations on the Hog Industry and Ammonia Mitigation 

The interviewed government, university, and industry experts presented similar impressions 
of the state of ammonia and nutrient mitigation in the Iowa hog industry, barriers to mitigation 
technology adoption, and farmer motivations which could be employed to encourage nitrogen 
pollution reduction.  The experts identified important barriers that fell into four categories: 
awareness of environmental issues and alternative technologies, access to capital, profiting under 
alternative technology investments, and administrative capacity at the farm level.  These barriers 
can also be expressed as costs: respectively, the cost to gather information; technology 
investment, operation, and maintenance costs; transaction costs and thin markets for waste 
products; and administrative costs in terms of time and effort.  The experts also commented on 
the strengths and weaknesses of the types of programs which have been used to address 
externalities in agriculture based on policy sponsorship and incentive types.  The following 
sections summarize the expert commentary, occasionally giving context from the literature. 

The State of Mitigation Adoption at Iowa Hog AFOs 

A broad range of AFOs have already adopted some conservation measures such as knifing or 
other same-day incorporation techniques for the land application stage of manure management 
(Iowa Extension interview 1, July 26, 2017), likely because Iowa state law requires AFOs to 
apply manure without polluting state waters (Iowa DNR, Manure Management).  Most Iowa hog 
facilities use the below-building manure pit design for waste storage, as illustrated in Figure 3.2 
of Chapter 3, which is not a mitigation but potentially increases the impact of mitigations applied 
to the housing stage of manure management.  Most outdoor manure storage in Iowa is 
uncovered, with permeable covers added only where neighbors have complained or filed a 
lawsuit (Iowa Extension interview 1, July 26, 2017).   

Increasing numbers of AFOs are adopting a few additional mitigation technologies.  Hog 
operations are starting to install wet and dry feeders to reduce the water content of manure (IPPA 
interview, May 31, 2017), which reduces the ammonia emissions rate.  Vegetative buffers are 
becoming popular because they have low costs and additional aesthetic and functional benefits 
(Iowa Extension interview 1, July 26, 2017).  Vegetative buffers reduce ammonia emissions 
because plant leaves absorb ammonia from the air.  Poultry AFOs have begun to set up belt 
systems which catch waste and move it to sealed storage, and for hogs could be used to segregate 
urine and waste solids, slowing down waste breakdown.  However, the Iowa hog industry has not 
adopted this innovation (Iowa Extension interview 1, July 26, 2017). 

Other mitigation technologies are still uncommon at hog AFOs.  These tend to be both the 
most expensive and most effective options, sometimes requiring extensive facility retrofitting.  
Biofilters are somewhat uncommon because of maintenance cost and complexity of operation 
(Iowa Extension interview 1, July 26, 2017).  Only one AFO in the state has implemented a 
methane digestion system, likely because of costs and the requirement for a large volume of 
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manure to operate (Iowa Extension interview 1, July 26, 2017).  A representative of the Iowa 
Pork Producers’ Association found the concept of precision feeding to reduce nutrients in 
manure unfamiliar, expressing a concern that the hog farming community would perceive 
precision feeding as high risk to production level (IPPA interview, May 31, 2017).  But a few 
AFO operators are innovating to reduce emissions, for example with cool cell technology which 
is a form of evaporative air filter (IPPA interview, May 31, 2017; PigSite, 2016). 

Barriers 

The experts identified significant barriers to ammonia mitigation technology adoption mainly 
related to the costs of obtaining awareness and education, upfront investment, future profit, and 
farm administrative capacity constraints.  The types of assistance commonly offered by 
agricultural externality programs mirrored most but not all of the cost barrier categories 

Awareness of environmental impact and solutions: the cost of gathering information 

Almost all producers know of air and water pollution regulations, but usually only farmers 
building new AFO facilities or existing AFO operators who have received neighbor complaints 
engage with the university extension program to learn about air emissions management options 
(Iowa Extension interview 1, July 26, 2017).  AFOs smaller than 500 animal units need not 
create manure management plans because they are exempt from the requirement (Iowa DNR, 
2015: Introduction and Instructions for the Manure Management Plan Form), so small AFOs 
may not be aware of their own emissions generation or environmental impact.  AFOs smaller 
than 500 animal units are also exempt from the requirement to hire certified manure applicators 
(Iowa DNR, Manure Management).   

A 2011 study of North Carolina hog AFO operators found that the farmers they interviewed 
did not believe their current manure management systems were environmentally harmful and 
they did not know much about alternative technologies nor about available financing 
opportunities (Karan, 2011).  Even when government agencies or conservation organizations 
attempt to measure or monitor ammonia levels, they may face difficulty convincing farmers that 
they are responsible for the levels of ammonia or nitrates in the environment (RMNP interview 
1, November 30, 2017).  Many AFOs lack capacity to monitor or estimate their own emissions, 
so they must be persuaded of their responsibility through scientific models developed by others, 
but the science is not perfect.  The nonpoint nature of emissions from hog facilities makes it hard 
to attribute pollution to specific AFOs and scientific models may estimate the origin and amount 
of ammonia emissions with a significant degree of uncertainty (Piña, 2017).   

This study does not have data on Iowa hog AFO operators’ awareness of the potential for 
environmental damage from ammonia emissions, but studies and programs in other states 
(Karan, 2011; RMNP interview 1, November 30, 2017) suggest that the hog industry in general 
might benefit from more education and awareness of ammonia and nutrient concerns and 
possible conservation measures.  The Iowa Pork Producers’ Association representative reported 
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that word-of-mouth between government agencies, livestock associations, university extension 
programs, and participating farmers was currently the primary mode for spreading conservation-
related information (IPPA interview, May 31, 2017).  In the experience of the industry 
association, early adopters of mitigation technology systems were the most effective at 
encouraging other farmers in the same region to consider trying a new practice (IPPA interview, 
May 31, 2017).  Future programs seeking to address farmer awareness of conservation practices 
might save effort by capitalizing on existing word of mouth networks. 

Capital investment: upfront costs 

Once a farmer has realized that their AFO may have a nitrogen pollution issue and identified 
appropriate conservation actions, the next barrier they face is how to finance the installation of 
mitigation technologies at their operation.  Some mitigation technologies, while very effective, 
may also require AFO facilities to be rebuilt.  Farmers considering strategies to reduce emissions 
are often limited by access to capital (IPPA interview, May 31, 2017), which would require 
either spending the farmer’s savings or borrowing against expected future earnings under 
operation of their farm with the new ammonia mitigation strategy.  Ammonia control 
technologies might decrease or increase the amount of nitrogen present in the manure produced 
by a facility.  Either situation might be costly depending on whether the farmer can sell the 
manure nitrogen or if they are treating it as a waste product.  Even if a farmer has enough money 
available to install a mitigation technology, they will probably choose not to do so if operating 
their AFO under the new processes leads to a decrease in expected profits.   

While the value of manure nitrogen and manure utilization has increased because of 
increased fertilizer costs for crop farmers (Iowa Extension interview 1, July 26, 2017; IPPA 
interview, May 31, 2017), hog AFO operators still have tight financial margins and usually 
implement the least expensive legal options for manure management (Iowa Extension interview 
1, July 26, 2017).  Early adopters of mitigation technology tend to be farmers who can afford to 
take a financial loss if the project does not work (IPPA interview, May 31, 2017).  Farmers 
participating in an integrated production system owned by a large distribution company may also 
have higher access to resources through the company to invest in mitigation projects. 

Smaller AFOs may be more constrained economically because they have less income and 
tend to have older equipment than the larger AFOs (Vollmer-Sanders, et al., 2011).  Some 
mitigation technologies require a large volume of manure to operate economically (IPPA 
interview, May 31, 2017).  Mid-size and smaller farms may also have more difficulty 
implementing conservation measures because their facilities may require substantial 
reconstruction for mitigation technology to be effective (MAEAP interview, October 26, 2017).   

Financial assistance programs 

Many of the interviewed voluntary program administrators reported that costs were a 
significant barrier for nutrient mitigation (MAEAP interview, October 26, 2017; NPB interview, 
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November 29, 2017; LWQLP interview, January 17, 2018) or that financial assistance was the 
strongest incentive for participating in their program (LWQLP interview, January 17, 2018; 
LWQTP interview, November 30, 2017; EQIP interview, October 25, 2017).  The appeal of 
financial assistance programs will depend on the administrative burden of applying (IPPA 
interview, May 31, 2017).  AFO operators will only consider participating in financial assistance 
programs if the burden of applying is less than the expected benefit (IPPA interview, May 31, 
2017).   

Government programs may include strict rules and requirements and funds may not be 
available to match demand (EQIP interview, October 25, 2017; LWQTP interview, November 
30, 2017; Karan, 2011).  The rules of financial assistance programs may also prevent certain 
farmers from applying.  Funds available only to facilities with existing resource concerns rather 
than new or proposed facilities may miss one of the groups most engaged with technical 
resources on emissions mitigation, farmers constructing new facilities (Iowa Extension interview 
1, July 26, 2017).  Financial assistance programs that fund only a specific list of practices or 
technologies create a risk that farmers may adopt inefficient mitigations (Iowa Extension 
interview 1, July 26, 2017).   

Benefiting from conservation 

Environmental stewardship and consumer values 

Farmers typically self-identify as stewards of the land (RMNP interview 2, November 20, 
2017 interview) and most want to believe that their facilities and practices are not 
environmentally harmful (Karan, 2011).  Producers also have a long-term interest in maintaining 
the environment to preserve the value of their own lands, production levels, and the area where 
they live (Iowa Extension interview 1, July 26, 2017).  Early adopters of mitigation technology, 
who tend to be more educated (Wardropper, et al., 2015; Ma, et al., 2012) and capable of 
absorbing a financial loss (IPPA interview, May 31, 2017), are strongly motivated by 
environmental stewardship (IPPA interview, May 31, 2017).  However, farmers who are not 
aware of mitigation opportunities or who cannot afford to make changes to their operation may 
not find environmental stewardship a strong enough motivation to overcome these barriers. 

Transaction costs  

All manure management systems produce either manure in some form that can be used as 
fertilizer, or another byproduct, and mitigation processes may either reduce or increase the 
nutrient content of manure produced, changing its value as fertilizer.  Some ammonia and 
nutrient mitigation technologies produce potentially marketable products as an alternative to raw 
manure, whether carbon or nutrient credits, energy, pure ammonia, or more stable manure.  
However, farmers may struggle to find buyers for raw manure (Iowa Extension interview 2, 
November 30, 2017) or for the products of alternative manure management systems (Karan, 
2011; LWQTP interview, November 30, 2017).  The geographic concentration of hog AFOs in 
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some areas leads the manure transportation cost to crop farmers still in need of additional 
nutrients to be too high to make the trip (Iowa Extension interview 2, November 30, 2017).   

Policies to increase profits for conservation 

Programs designed to create profits from conservation, such as water quality trading 
programs or carbon credit programs, have also faced challenges.  The markets for conservation 
products do not yet have enough buyers to finance many farmer nutrient reduction projects.  
Markets for nutrient credits are sparse enough to constrict to a few trades conducted in relatively 
high-cost negotiations between two parties (LWQTP interview, November 30, 2017; Iowa 
Extension interview 2, November 30, 2017).  In another example, an alternative manure 
management technology company in North Carolina struggled to find any buyers for carbon 
credits from adoption of their technology at hog AFOs and only generates carbon credits at one 
AFO (Karan, 2011; Nicole, 2013 (CAFOs and environmental justice)).  Sometimes when there 
are potential buyers for an AFO conservation product, the manure product is not competitive as 
alternatives.  For example, though one of Iowa’s energy utilities buys electricity from farms with 
anaerobic digesters (Alliant Energy, 2018), wind dominates renewable energy production in the 
state (Gross, 2016) because wind is the least expensive renewable energy source (Carley & 
Browne, 2013).  

Administrative burden: the cost of managing change 

A farmer might miss the chance to learn about affordable, profitable conservation practices 
or technologies because of a lack of time or energy to spare from daily farm management 
activities.  Or, if a farmer has learned about conservation options that will contribute to profitable 
facility operation, the farmer may still not pursue the opportunity because they do not have time 
or energy to spare to implement it.  Operations may need to be large enough to hire an additional 
employee or firm to oversee implementation of a new mitigation technology system (Iowa 
Extension interview 1, July 26, 2017).  Smaller AFOs such as family-run operations may not be 
able to take time away from raising their animals to keep records of their manure nutrient content 
or manure management practices, to learn about new conservation practices, or to plan 
conservation projects (NPB interview, November 29, 2017).  The voluntary programs in this 
study sample have not targeted the barrier of administrative cost beyond providing on-the-ground 
technical assistance.  

Technical assistance programs 

Iowa already offers many sources of technical assistance to hog AFO operators for planning 
and implementing ammonia mitigation systems, including the Iowa University Extension and 
Outreach program and the Coalition to Support Iowa’s Farmers (Iowa Extension interview 1, 
July 26, 2017, DNR AFO program interview, February 2, 2016).  It is important that 
individualized, local technical assistance be available from trusted experts rather than directly 
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from the government enforcement agency (Gianotti & Duane, 2016; MAEAP interview, October 
26, 2017; LWQLP interview, January 17, 2018).  However, not all farmers are motivated to seek 
out technical assistance.  Better-equipped, more highly-educated farmers tend to utilize technical 
and financial conservation resource offerings more than other farmers do (Wardropper, et al., 
2015; Ma, et al., 2012). Farmers who are constructing new facilities or who have received 
complaints also seek out technical assistance (Iowa Extension interview 1, July 26, 2017).  
Voluntary policies and programs for ammonia mitigation will need to raise awareness of nutrient 
conservation issues among producers and consumers to motivate farmers to engage with 
available resources.   

Sources of Intervention 

The sponsorship of a policy or program intended to encourage AFO operators to adopt 
ammonia mitigations may affect hog farmers’ willingness to participate.  Sponsorship also 
affects the incentives that programs may offer, since command and control regulation is strictly a 
tool of government.   

Government intervention 

The threat of new regulation might motivate farmers to adopt mitigations, but would depend 
on their expectation that the government would not change course and implement stronger 
regulations later (IPPA interview, May 31, 2017).  On the other hand, while legislation aimed 
specifically at regulating hog AFOs has passed in other states like North Carolina and Colorado, 
the threat of new regulation in Iowa is small because state lawmakers are afraid of damaging an 
economically important industry (DNR AFO program interview, February 2, 2016) or getting 
significant pushback (IPPA interview, May 31, 2017).  Technical difficulty further reduces the 
attractiveness of regulation: any quantity-based regulation will only perceive emissions levels as 
accurately as the scientific model used to estimate emissions (Iowa Extension interview 1, July 
26, 2017); and every AFO has unique geographic location, equipment, and construction, so that a 
technology standard that works at one AFO will not necessarily be appropriate at others (RMNP 
interview 1, November 30, 2017 interview).  Mandatory technology or process requirements may 
even prevent the implementation of new or innovative mitigations (NPB interview, November 
29, 2017). 

Livestock farmers tend to distrust the government, especially enforcement agencies, and do 
not want to be singled out in a way that might lead to revealing some aspect of their operation 
that should have been or could be regulated, creating a barrier to regulatory and nonregulatory 
government interventions alike (RMNP interview 1, November 30, 2017 interview).  Regulatory 
agencies need information to devise new standards and farmers do not want to share information 
with any program connected with a regulatory or enforcement agency (IPPA interview, May 31, 
2017).  One government-sponsored voluntary program spent several years talking to livestock 
groups before reaching a degree of buy-in (RMNP interview 1, November 30, 2017).  Even 
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purely voluntary government programs may experience setbacks.  Livestock farmers do not have 
a history of receiving subsidies like crop farmers, so few AFO operators have experience with 
the complex application processes of voluntary government cost-share programs (IPPA 
interview, May 31, 2017).   

Community-led programs 

Governments and consumers are not the only stakeholders interested and capable of 
encouraging farmers to adopt ammonia mitigation technology.  Community efforts may lead to 
pollution reduction in several ways.  AFO facilities with close neighbors may be increasingly 
motivated by community recognition (IPPA interview, May 31, 2017), especially if neighbors 
complain or file lawsuits about odors (Iowa Extension interview 1, July 26, 2017).  Communities 
can also offer positive incentives such as environmental stewardship awards.  Hog farmers may 
also be driven to reduce emissions by peer pressure from other farmers and from industry 
associations, who wish to present an image of a responsible, sustainable hog industry (MAEAP 
interview, October 26, 2017).   

Market forces 

Consumer demand could prove a powerful force for encouraging ammonia and nutrient 
mitigation, stronger even than government regulation (NPB interview, November 29, 2017).  The 
interviewed industry experts believe that establishing a market niche or an ecolabel for 
conservation in hog production would be feasible and has already started to some degree with 
companies like Niman Ranch (Iowa Extension interview 1, July 26, 2017, IPPA interview, May 
31, 2017).  Efforts to use consumer demand as an incentive to increase profits for farmers 
implementing ammonia mitigations must first establish consumer awareness, trust, and 
willingness to pay for an eco-label or eco-brand, and distinguish it from the many others 
available (Iowa Extension interview 1, July 26, 2017, IPPA interview, May 31, 2017). 

Conclusion 

The hog production experts agreed that while some mitigations are becoming common, Iowa 
hog production still has considerable potential for further ammonia mitigation technology 
adoption.  Experts mentioned land application mitigations and vegetative buffers as popular 
ammonia control strategies.  Other mitigations were commented as less common, with the most 
expensive options the rarest.  Unless there are neighbor complaints, even the simplest mitigations 
like permeable covers for outdoor manure storage tend not to be adopted.   

The barriers against ammonia mitigation adoption loom largest for the AFOs with the least 
resources, which tend to be those that are smaller and independent from large corporations.  
Time, financial concerns, and awareness hold hog farmers back from implementing potential 
pollution reductions.  Highly effective ammonia mitigation technologies tend to be capital 
intensive investments, dissuading farmers without financial reserves.  Markets for 
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environmentally sustainable pork, pork waste byproducts, or nutrient credits could help but 
farmers have a difficulty of finding buyers willing to pay for these goods with low enough 
transaction costs to make the effort worthwhile.   

When asked about the applicability of different types of incentive, the hog production experts 
expressed reservations about most of the options.  Some incentives may not motivate mitigation 
uniformly across AFOs in the state.  Others depend on education and awareness among the non-
industry community and consumers of pollution concerns at hog AFOs and reasonable 
expectations for ammonia and nitrogen mitigation.  Policies may need to create a range of 
incentives to engage hog AFO operators across demographics and geographic locations in 
pollution reduction efforts. 

No one policy incentive will easily motivate all farmers to implement ammonia mitigations 
because farmers have heterogeneous circumstances defined by the size, location, age, and 
construction of their facility; whether their farm is run independently or part of an integrated 
production system; as well as personal constraints on time, awareness, priorities, and wealth.  
Regulations would suffer either from lack of ability to collect precision data or the inefficiency 
of prescribing technologies that will not be ideal for all facilities and potentially discourage 
future innovation.  Consumer demand could be effective if consumers had enough information to 
discern between sustainability claims and cared enough to insist on buying low polluting meat 
even at a premium. Technical and financial assistance helps the farmers who seek it out but 
cannot help farmers who lack the capacity to spend sufficient time and effort on the project 
development process.  AFO operators, especially those with near neighbors, may be influenced 
by neighbor concerns and peer pressure.  Finally, most farmers value environmental stewardship 
but finances and lack of awareness or certainty of the “right” thing to do may limit the strength 
of this incentive. 

A repeated theme in the interviews was the idea that every hog AFO is unique.  Policy aimed 
at overcoming the access to capital, profitability, awareness and trust, or capacity barriers to 
ammonia mitigation will need to help small AFO operators in different ways than large ones and 
work around various manure management setups.  Given these variations in the population of 
AFO operators, it remains to be seen which of the four barriers binds most constrictively. The 
next chapter reports the results of a simulation exploring the impact on the level of industry 
emissions that might be expected if the barriers could be lifted separately or together.   
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Chapter 7 Simulating Ammonia Control Technology Adoption 

Introduction 

This chapter incorporates the information gleaned from hog industry experts in Chapter 6 
about the factors that may interest farmers in ammonia control or discourage them.  Figure 7.0 
shows how the expert interview results such as the importance of cost as a barrier to ammonia 
control motivate a linear optimization model to estimate how costly it would be to the Iowa hog 
industry to reduce ammonia emissions. The expert-identified barriers also motivate a model of 
how farmers would decide voluntarily whether to be willing to consider or willing to implement 
specific ammonia control measures. 

Figure 7.0 Modeling ammonia control technology adoption 

 

As shown in the literature and estimated in previous chapters, emissions from hog farming in 
Iowa may cause considerable damages in terms of property values, human health, and 
environmental quality.  Researchers, scientists, and innovating farmers, aware of the problem, 
have developed various ammonia control technologies for the manure management process.  
Improving manure management with ammonia control technologies could reduce the amount of 
ammonia emitted from the hog industry and reduce pollution damages.   
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If Iowa community, environmental advocate, or state or local government stakeholders such 
as Iowa DNR were interested in incentivizing voluntary ammonia control technology adoption in 
the state’s hog industry, they want to know which costs, incentives, or barriers to address for the 
biggest impact.  The first question this chapter intends to answer is how much ammonia 
mitigation policy could reasonably be expected to achieve in the Iowa hog industry, before 
considering policy details and implementation barriers.  The study calculates an optimized cost-
effectiveness curve for ammonia control technology investment in the Iowa hog industry to 
create a benchmark for comparison before modeling farmers’ technology choices under 
voluntary policy.  

Farmers already face uncertainty in input and output prices and in production levels given set 
inputs.  Implementing an unfamiliar ammonia control technology or process at an AFO presents 
additional production risk.  Voluntary initiatives might raise the expected utility of ammonia 
control technologies through outreach or other strategies to decrease farmers’ uncertainty about 
the production impacts of ammonia control technology and increase their awareness of the 
benefits of reducing ammonia emissions. 

Customers or buyers further along the supply chain could also impose a standard of 
environmental stewardship as their price of doing business (Food Alliance interview, February 
27, 2018; Asbed & Sellers, 2013).  Ammonia control technologies can be costly and require the 
farmer’s time and effort to decide, plan, and oversee installation and operation of the new 
technology that otherwise might have been spent on hog production or leisure.  This research 
summarizes these ammonia control technology adoption concerns as barriers related to farm 
value, i.e., technology cost and administrative cost of technology implementation, or related to 
uncertainty, i.e., financial risk or unfamiliarity with environmental issues or management 
options, while some could be classified as incentives, i.e., operational benefits or increased 
environmental value after implementing the technology.   

In this chapter, the likely impacts of voluntary policy approaches for ammonia control are 
estimated by modeling hog AFO operators’ individual decision-making processes in reaction to 
bundles of barriers and incentives related to stakeholder perceptions of the barriers to ammonia 
control adoption in the industry.  The model incorporates a geographic information spillover 
effect to include the potential for word-of-mouth to amplify the impact of voluntary incentives 
on farmer awareness of air pollution issues and control options.  The analysis calculates 
ammonia control technology adoption rates and ammonia emissions under voluntary incentive 
scenarios and optimized cost-effective investment scenarios.  The results compare ammonia 
control technology adoption and expected emissions, dependent on modeling assumptions, 
across these scenarios. 

Modeling literature 

There are two major types of models for industry behavior in agriculture, the ‘simultaneous 
equilibrium approach’, which assumes that one utility function could describe an entire industry, 
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and the ‘representative independent farm approach’, which calculates a model for each farm and 
aggregates results to describe the industry (Berger, 2001).  This study predicts ammonia control 
technology adoption choices for hog AFOs in Iowa using the first approach to show the 
maximum emissions reduction that the industry could achieve at a given cost. This study also 
implements the second approach to illustrate how farmer decisions might differ from simple 
cost-benefit maximization.  In situations of voluntary action regarding externalities, farmers are 
motivated by private costs and benefits (We Care interview, November 29, 2017; Iowa Ag 
Extension interview 1, July 26, 2017), risk management (Iowa Ag Extension interview 1, July 
26, 2017; Aimin, 2010), and sometimes environmental stewardship (We Care interview, 
November 29, 2017; IPPA interview, May 31, 2017; Bond, et al., 2011).  Farmers are 
heterogeneously risk-averse and may also have different preferences over environmental 
outcomes and administrative capacity, and different rates of wealth generation from their herds.   

Simulations are a common method to evaluate the potential performance of policy strategies 
before they have been implemented.  Researchers such as Key & Kaplan, (2007) and Wang & 
Baerenklau, (2014) have created models of differently targeted command and control regulations 
on nutrient management to compare potential policy performance, and some studies have 
simulated price and quantity economic instruments (Wang & Baerenklau, 2014; Drucker & 
Latacz-Lohmann, 2003; and Wainger & Shortle, 2013), or tradeable permit schemes (Shih, et al., 
2008; Prabodanie, et al., 2009; Wainger and Shortle, 2013; Stephenson and Shabman, 2015).  
Gebrezgabher et al. (2014) model conflicting economic, social, and environmental objectives for 
farm emissions management in the Netherlands, but their approach solves for an ideal 
equilibrium between stakeholder preferences without suggesting how it might be realized by 
policy. 

Some simulation models have compared the effectiveness of different technology alternatives 
to address nutrient management (Prapaspongsa, Poulsen et al. 2010).  There is still a need to 
evaluate the cost-effectiveness of alternative technology scenarios across all on-farm stages of 
manure management to provide decision-support, and although there are many software tools for 
manure nutrient management, few focus on ammonia control options (Karmakar, et al., 2007).  
Voluntary financial incentive strategies for conservation have been modeled and compared 
before, especially in the systematic conservation planning literature (Brown, et al., 2007; Lewis, 
et al., 2011).  To the author’s knowledge, no study has been reported in the literature that 
predicts and compares the potential performance of different VEP incentive strategies in 
agricultural externality situations while considering risk-reducing incentives in addition to 
financial incentives.   

Prior research on agricultural pollution control adoption 

Agricultural stakeholders may not be fully aware of the impacts of agricultural air pollution 
(Joint Research Center, 2015).  A 2011 study of hog producers in North Carolina found that they 
did not believe the common anaerobic lagoon system was environmentally harmful and that they 
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were not well-informed about alternative manure management technologies (Karan, 2011).  A 
California survey found that landowners were more likely to implement more BMPs if they had 
recently applied for permits or interacted with voluntary financial or technical assistance 
programs (Gianotti & Duane, 2016).  In Iowa, an Iowa University Ag Extension researcher noted 
that the farmers who seek out resources and information about air pollution management tend to 
be those constructing new facilities, which require construction permits that consider planned 
odor control strategies, or those who have received complaints (Iowa Ag Extension interview 1, 
July 26, 2017).  These research findings suggest that established Iowa AFO operators who have 
not recently received complaints or applied for permits are probably not fully aware of the 
pollution implications of ammonia releases nor of the technical details of control strategies, and 
that voluntary policies might help spread information and raise awareness of ammonia concerns. 

Network effects for information sharing are a common factor in studies of farm decision-
making (Berger, 2001; Baumgart-Getz, et al., 2012) and in studies of voluntary policies 
generally (Bui & Kapon, 2012; Prakash & Potoski, 2013; Gianotti & Duane, 2016; Jaffe, et al., 
2002).  According to a meta-analysis by Baumgart-Getz, et al. (2012), the most important factors 
for BMP adoption in agriculture in the United States are availability of good information, 
finances, and links to local groups.  Several studies of voluntary policies and hog industry 
experts interviewed during this study mentioned that information and learning about new 
technologies spread between farmers or landowners through word-of-mouth (IPPA interview, 
May 31, 2017; Iowa State Ag Extension interview 1, July 26, 2017; Gianotti & Duane, 2016; 
Coglianese & Nash, 2014; Boyd & Manson, 2011).   

In This Chapter 

This chapter addresses two questions:  how much ammonia control technology could be 
accomplished through technology adoption; and of the barriers preventing pork farmers from 
adopting ammonia control technologies, which incentives could have the biggest impact for 
voluntary adoption actions?  To answer these questions, this chapter first describes the ammonia 
emissions process at hog AFOs and then presents a model for hog AFO ammonia emissions from 
the literature to describe baseline emissions and adds technology to the model to show how 
ammonia control might reduce emissions and impose costs at each AFO.  Next, the chapter 
presents the methods used to parameterize the individual risk and cost-benefit thresholds to 
technology adoption faced by each AFO operator, based on the barriers of technology cost, 
administrative burden, financial risk, and risk of changing farm practices, and the incentives of 
cost-savings and environmental values.   

The next section defines two model applications. The first is a simultaneous equilibrium 
optimization to minimize ammonia emissions across the entire Iowa hog AFO industry within a 
budget constraint, to explore the physically possible potential cost-effectiveness of implementing 
ammonia control technology in the industry, putting aside policy or farmer concerns.  The 
second represents an independent, agent-based farmer decision-making simulation wherein 
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farmers individually decide on a manure management strategy under the different incentive-
barrier scenarios.   

This chapter concludes with a discussion of results from both simulations, defining a cost-
effective frontier for comparison to ammonia emissions reductions under the voluntary 
incentive-barrier scenarios.  The results will inform the analysis in Chapter 7 on the suitability of 
different policy designs to address ammonia pollution from the Iowa hog industry, using case 
studies of existing voluntary and regulatory programs and examining their success and 
applicability to the mitigation barriers explored here. 

Ammonia Emissions Process  

Ammonia can be emitted during three stages of manure management: from the animal 
housing, manure storage, or land application.  Animals excrete an initial amount of nitrogen, 
based on their diet, and a percentage of the nitrogen is emitted as ammonia while the manure is 
in the housing structure.  From the amount of nitrogen left after the manure is transferred from 
housing to storage, another percentage is emitted as ammonia during manure storage.  Finally, 
from what nitrogen is left in the manure at the time of land application, another percentage is 
emitted as ammonia and the rest enters the soil.  The model used in this chapter calculates the 
expected emissions during each of these emissions stages to estimate the emissions rate per hog 
at each AFO.  The ammonia emissions process is illustrated in Figure 7.1.  

Figure 7.1 Ammonia emissions process 

 
Housing stage photo courtesy of National Pork Board and the Pork Checkoff. Des Moines, IA USA. Storage and land 

application photos from the U.S. Department of Agriculture, NRCS.   

The emissions rates from hog housing and from manure storage depend on the type of 
manure storage structure installed at the AFO, since manure can be stored in pits in the hog 
housing or outdoors in several different storage structures.  The emissions rate during land 
application depends on the herd size at the operation because small AFOs may not be able to 
apply manure as efficiently as larger operations.  Land application may occur at the AFO site or 
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AFO operators may create a manure agreement with a nearby crop farmer for the value of the 
manure nutrients, the cost of manure application, or both (Rieck-Hinz, et al., 2008).   

Ammonia control technologies 

Ammonia control technologies present varying opportunities for farmers to reduce emissions, 
generating environmental value by reducing the rate of ammonia emissions in one or more of the 
manure management stages.  Each technology has a cost to install depending on the manure 
storage structure type at each AFO and a cost to operate depending on the AFO’s herd size.  The 
ammonia control technologies considered in this study are acidification of manure, biofilters, diet 
manipulation, direct injection, impermeable covers, permeable covers, scrubber systems, urine 
segregation, and vegetative buffers.   

Modeling Approach  

The two analyses in this chapter are based on the same model for baseline expected ammonia 
emissions, and the same model for ammonia control technology costs and effectiveness.  The 
optimization analysis uses the models to minimize ammonia emission from the Iowa hog 
industry under a budget for investment in ammonia control technologies.  The independent, 
individual farmer decision-making analysis incorporates additional modules to describe 
thresholds to voluntary technology adoption into the model and simulates the control technology 
investments that hog farmers might choose to make voluntarily under different barrier-incentive 
scenarios. 

Hog-Level Emissions Modeling Based on AFO Characteristics 

The National Emissions Inventory (2004) model for ammonia emissions defines eighteen 
manure management pathways through the three stages illustrated in Figure 7.1 based on manure 
collection practices and storage structure types for different kinds of animals, but without any 
ammonia control technology.  Only six of the NEI manure management pathways and associated 
parameters to describe ammonia emissions are needed to describe nearly all hog production in 
Iowa due to the predominant manure management strategies.  Data are not available on current 
ammonia control technology use across the hog industry in Iowa, so the model implements the 
exact NEI (2004) pathways as a baseline.  This study will expand on the NEI model by adding 
ammonia control technologies as an additional layer to the manure management pathways, so 
that a pathway combined with an ammonia control technology modifies the expected rate of 
emissions by a technology-specific proportion at each manure management stage from the 
baseline rate.  Some technologies also increase or decrease the amount of nitrogen remaining in 
the manure after each manure management stage by the amount that emissions were reduced. 

The basic NEI model represents all hog AFOs in Iowa by a calculated hog-level baseline 
emissions rate, a herd size, and a manure storage type.  The model calculates the baseline 
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expected rate of ammonia emissions per hog, , , , where h represents herd size, s represents 

manure storage structure type, and 0 represents the absence of ammonia control technology. As 
described in Equation 7.1, the model calculates the expected rate of ammonia emissions in each 
of the three manure management stages as a proportion of the remaining manure nitrogen 
content, and then sums the emissions over the three stages.   

Equation 7.1. θh,s,0, baseline ammonia emissions rate (lbs. NH3/head/year) for the NEI pathway 
defined for manure storage type s and herd size h.   
14
17

∗ , ,

∗ , 1 , ∗ , 1 , 	 1 , ∗ , ∗ ,  

 
The expected emissions in each stage is the product of the initial manure nitrogen content, 

(Ninitial), in the housing stage or the amount of nitrogen remaining in the manure from the 
previous stage in the storage or land application stages, and the pathway emissions factor for the 
stage, α, a proportion of remaining manure nitrogen expected to be emitted as ammonia. α is 
defined over manure management stage (housing, H, storage, S, or land application, L), and, if 
the stage is housing or storage, the AFO’s manure storage structure type (s), or if the stage is 
land application, the AFO’s herd size (h).  The fraction 14/17 converts mass ammonia to mass 
nitrogen, in pounds per hog per year. The basic NEI model calculates the amount of nitrogen 
expected to remain in manure after the land application stage, ‘final’ nitrogen content (Nfinal,h,s), 
by subtracting the baseline amount of nitrogen expected to emit during the three manure 
management stages, (14/17)θh,s,0, from the initial manure nitrogen content (Ninitial). The model 
uses the same Ninitial estimate as the EPA (2004) draft report which assumes that market hogs 
excrete approximately 19.2 lb. N/head/year and breeding hogs excrete 38.2 lb. N/head/year, and 
that approximately ten percent of hogs are breeding hogs, so on average Ninitial is 21.1 pounds 
nitrogen per hog per year (EPA, 2004). 

Equation 7.2 describes the amount of nitrogen remaining in manure after land application 
after the same emissions process.  Without any added control measures, all nitrogen that is not 
emitted as ammonia remains in the manure after land application.  Equation 7.2 shows that the 
final nitrogen content at baseline is the difference of initial nitrogen content and baseline emitted 
nitrogen. 

Equation 7.2. Nfinal,h,s, baseline nitrogen remaining in manure (lbs. N/head/year) after land 
application for the NEI pathway defined for storage type s and herd size h. 

, ,
14
17

∗ , ,  
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These baseline model equations describe the baseline emissions pathways for Iowa AFOs 
with no ammonia control technology.  The next section describes the addition of technology 
adoption to the basic emission model. 

Technology Adoption 

The next model module adds the effects of ammonia control technologies to the emissions 
pathways to calculate the expected change in emissions using various ammonia controls.  
Ammonia control technologies reduce emissions by a percentage at either the housing, manure 
storage, or land application stages, or at multiple stages.  Some technologies cause the amount of 
nitrogen remaining in manure at the following stage to increase by the amount of prevented 
ammonia emissions; others simply absorb a fraction of the emitted ammonia.  Diet manipulation 
acts to decrease the initial amount of nitrogen excreted by each hog.   

Equation 7.3 formally describes the resulting annual expected ammonia emissions rate per 
hog (θh,s,t) after incorporating an ammonia control technology.  Multiplying the difference 

between the baseline expected ammonia emissions rate, , , , and the expected ammonia 

emissions rate using an ammonia control technology, , , ,by an operation’s herd size yields the 

total annual effectiveness of implementing an ammonia control technology at a hog AFO.    

Equation 7.3 θh,s,t, mitigated NH3 emissions rate (lbs. NH3/head/year) for storage type s and 
herd size h.   
14
17

∗ , ,  

Housing stage ∗ , ∗ 1 ,  

Storage stage 1 	 1 ∗ , ) , ∗ , ∗ 1 ,  

Land application 
stage 

1 	 1 ∗ , ) , 1 1 ∗ , ) ,

∗ 	 1 ∗ , ) , ∗ , ∗ 1 ,  

The model builds on the baseline NEI pathways by incorporating technology emissions 
reduction proportions, η(H, S, or L),t, which represent the expected proportion decrease in ammonia 
emissions during each manure management stage using technology t.  In Equation 7.3, the 
expected rate of ammonia emissions using technology t during each of the three manure 
management stages is calculated by multiplying the complement of the expected proportion of 
ammonia emissions reduction during a manure management stage using technology t, 1-η(H,S, or 

L),t, by the product of the expected baseline emissions rate for the NEI emissions pathway, α, and 
by the amount of nitrogen remaining in the manure from the previous manure management stage 
or the initial manure nitrogen content using technology t, Nt.  The total expected ammonia 
emissions rate is the sum of these products over the three manure management stages.   

If the technology affects how much nitrogen remains in the manure at the next manure 
management stages, if yt=1, then the amount of nitrogen remaining in the manure at the storage 
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and land application stages is calculated by multiplying the manure nitrogen content from the 
previous stage by one minus the product of the NEI pathway emissions rate α(S or L),s and the 
complement of the expected technology emissions reduction for the stage, 1-η(S or L),t.  Otherwise, 
if yt=0, the amount of nitrogen remaining in the manure at each stage is the same as it would be 
in the corresponding baseline NEI pathway.  Nt is measured in pounds nitrogen per hog per year 
excreted using technology t, and it is the same as the baseline nitrogen content Ninitial for all 
technologies except for diet manipulation.   

Figure 7.2 shows how the ammonia control technologies would be expected to change the 
proportion of remaining nitrogen expected to be emitted as ammonia at each manure 
management stage and how much nitrogen would be expected to remain in the manure after each 
manure management stage.   

Figure 7.2 Ammonia emissions process with ammonia control technology 

 

Ammonia control technology cost 

Implementing a control technology imposes several kinds of cost on the AFO operator.  Each 
technology has an initial capital cost for purchase and installation and an operational cost to keep 
it maintained and running.  If the technology increases or decreases the amount of nitrogen 
remaining in manure at the land application stage, it will proportionally increase or decrease 
necessary land application costs.  This study assumes that farmers who sell manure will still be 
subject to both the cost of manure application and the local price of the manure nutrients, as if 
they were land applying manure onsite.  Iowa requires manure to be applied at no more than 
agronomic rates for the crops being grown, meaning that nutrients should not be applied in 
quantities that would leave more than crops need in the soil.  Accordingly, if the nutrient content 
increases, the manure will need to be spread over more land, raising the cost of land application 
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and potentially increasing the value of the manure depending on local manure nitrogen price.  
The cost to spread manure per acre is $67.55 (adjusted to $ 2016; Gray, et al., 2014).   

Equation 7.4 describes how the model calculates the change in land application cost after 
implementing an ammonia control technology.   

Equation 7.4. Additional manure spreading cost for technologies other than direct injection 
based on change in land application area to remain at agronomic rate for nitrogen, broadcast 
manure application method 

, , $67.55 ∗ ∗ , , ∗
14
17

∗ , , /124 

If the technology preserves more nitrogen in the manure at the time of land application than 

there would be otherwise ( 1 , the change in application cost is the cost to land-apply 
manure per acre ($67.55/acre $ 2016) times the change in land area needed to spread manure.  
The change in land area is proportional to the difference per hog between the nitrogen expected 
to remain in the manure at baseline after land application and the nitrogen expected to remain in 
manure with an ammonia control technology after land application, multiplied by the herd size 
and divided by the expected agronomic rate for fertilizer N application per acre.  This study 
assumes manure will be applied to land an agronomic rate for a corn-soybean rotation, 124 lbs. 

N/acre (Shanahan, 2011).  If 0, the technology does not change the AFO’s land application 
cost.   

Manure spreading cost is calculated slightly differently for the direct injection technology 
because direct injection technology raises the cost to apply all manure nitrogen, not just the 
additional area required to remain at agronomic rates because of the ammonia control 
technology.  Direct injection costs about 66 percent more per acre (Gray, et al., 2014) than the 
baseline land application method, for the entirety of the manure nitrogen remaining at the time of 
land application.  The increase in cost per hog to use direct injection is 1.66 times the new 
nitrogen content minus the old nitrogen content, multiplied by the herd size and baseline 
spreading cost per acre at an agronomic rate to describe the increase in manure spreading cost for 
the AFO as shown in Equation 7.5. 

Equation 7.5. Additional manure spreading cost for direct injection technology 

, ,
∗ 67.55
124

∗ 1.66 ∗
14
17

∗ , , , ,  

Equation 7.6 describes how the model calculates additional manure value at the AFO level 
from increased nitrogen content by multiplying the fraction change in manure nitrogen content 
by the baseline nitrogen value per hog, m, and by the herd size, h.   
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Equation 7.6. Annual manure value created by the technology  

, , , ∗ ∗

14
17 ∗ , , , ,

, ,
 

Equation 7.7 combines the capital cost of installation with the present value of the change in 
land application and operational costs to estimate an overall technology cost.  This analysis 
assumes that farmers plan for a five-year horizon into the future before re-evaluating their 
decisions, so five years of annual costs and benefits will be discounted to the present for any 
calculation with repeating costs.  The net cost of a technology change for an AFO is the sum of 

manure value and technology cost, , , , , , , . 

Equation 7.7. Ammonia control technology cost with installation cost I, operational cost Ф, and 
manure spreading cost M discounted at r=20 percent over five years. 

, , , , , ,, , / 1 Ф , , / 1  

Thresholds to Adoption 

There are two thresholds that separate technology non-adopters from potential adopters, 
willingness to implement and willingness to consider ammonia control technology.  The model 
represents willingness to implement as a risk threshold for adoption and willingness to consider 
as a cost-benefit threshold.  Individual AFOs fall into groups of non-adopters, for whom the 
positive benefits of an ammonia control technology are less than the adoption costs, potential 
adopters, for whom a technology’s net benefits would be positive but perceived risk prevents 
adoption, and adopters, for whom a technology’s net benefits outweigh costs and they are willing 
to accept technology adoption risks.  When an AFO would be an adopter for more than one 
technology, the model assumes that the farmer would choose the option with the higher net 
benefits.   

Potential adopters may be convinced to adopt a technology through policies aimed at 
reducing the perceived risk of technology adoption, such as outreach for awareness and 
education, and non-adopters may be convinced to become adopters or potential adopters through 
policies aimed at reducing technology cost or increasing benefits.  In the equilibrium model 
approach, the model includes the assumption that all farmers have access to the information to 
eliminate perceived technology risk and adoption decisions are made solely based on cost-
effectiveness.  In the independent farm approach, the model includes the assumption that 
perceived technology risk-reducing information may either spread among farmers from early 
adopters (those willing to accept higher levels of risk) to nearby farmers in an information 
spillover-type effect or spread through various levels of outreach efforts from voluntary 
initiatives offering educational and technical support.   



84 
 

Risk threshold 

Traditionally, economists describe risk preferences in terms of absolute or relative risk 
aversion. Menapace et al. (2012) calculated a distribution of constant relative risk aversion for a 
group of farmers in an experiment by asking if they would accept wagers of certain fractions of 
their wealth.  Menapace et al.’s survey question describes the behavior of investing in a risky 
technology well, so the analysis in this chapter uses their original expression of risk-taking to 
parameterize farmer willingness to accept risk.  Farmer willingness to accept risk, ua, is thus 
expressed in the model as the fraction of a farmer’s wealth they would be willing to risk in a 50-
50 wager according to the experimental distribution from Menapace et al., presented in Table 7.3 
alongside their constant relative risk aversion value in the data section.   

The farmer decision-making model calculates the risk presented by adopting a control 
technology as the sum of financial risk and the local awareness of ammonia concerns and 
confidence in expected performance of control technology options.  Like the Menapace et al. 
(2012) expression of risk in terms of a wager of a fraction of a farmer’s wealth, this study 

expresses financial risk as the ratio of a control technology’s cost ( , , , 	, Equation 7.7) to the 

discounted expected income from hog sales over a five-period planning horizon.  $69.5 was the 
average hog sale price from 2002 to 2016 (Shulz, 2017).  If the sum of financial risk and the 
technology awareness barrier is higher for a technology than the farmer’s threshold willingness 

to accept risk ( ), in other words, if willingness to implement the technology ( , , , , , ) is 

negative, the farmer will not be willing to implement that technology and the model excludes it 
from consideration at that individual AFO.  Equation 7.8 shows how to calculate willingness to 
implement ammonia control technology t. 

Equation 7.8. Farmer willingness to implement technology t given awareness and willingness to 
accept financial risk 

, , , , , , , , , 	/ ∗ 69.5/ 1  

If a farmer is less aware of the pollution impacts of ammonia or ammonia control options or 
fewer resources are available to help understand technical issues and implementation concerns, 
the farmer is likely not to anticipate the full benefits or realistic production risks from a control 
technology, if they consider implementing it at all.   

It would be ideal if survey data were available about Iowa AFO operators’ awareness and 
perceptions of the production risk of each of the ammonia control technologies, but to the 
researcher’s knowledge, it is not.  Instead, the model assigns a uniform initial level for the 

awareness barrier ,  for all technologies t in county c, described in Table 7.4.  A conservative 

baseline value of 0.5 was selected to represent a farmer willing to risk half of their production for 
the next five production cycles trying out an ammonia control technology. Varying the initial 

value of the parameter ,  from the assumed baseline value 0.5 to 0.1 across simulation 



85 
 

scenarios allows an exploration of the sensitivity of the outcomes to this assumption, while 
simultaneously representing the potential impact of awareness and outreach incentives.   

Awareness of ammonia issues, awareness of control options, and confidence in the 
performance and production impact of ammonia control technologies, or perceived technology 
performance risk, will be referred to as the awareness barrier in the remainder of this chapter.  
Awareness of ammonia issues and perceived risk of trying a new technology are grouped 
together because they both impact willingness to implement ammonia controls and there was not 
enough data available to distinguish between them among Iowa hog producers.  The awareness 
barrier includes the risks that farmers might associate with implementing an unfamiliar 
technology as part of their production process.   

Reduction of perceived risks through increased awareness may spread through word of 
mouth between hog AFO operators, which may amplify the awareness-raising effects of 
voluntary initiatives (Boyd & Manson, 2011).  The concept of geographic information spillover 
is supported by work by Lewis et al. (2011) who found that dairy farms in Wisconsin were about 
two percent more likely to convert to organic procedures every year for every additional organic 
dairy farm within ten miles.  They also found that the number of initial adopters in a small region 
would affect the expected number of conversions.   

To capture potential information spillover effects, as the model repeats over five periods, 
which could represent five-year planning horizons, the awareness barrier level decreases from 
the starting value by equal increments toward zero separately for each technology and each 
county based on how many farmers in the county implemented the technology in the prior 
period.  The increments are scaled from the starting value so that there are always five levels 
from the starting value to the minimum value.   

Once one farmer in a county adopts the technology, information spillover begins and the 
awareness barrier level decreases by an increment in that farmer’s county in following periods.  
Berger (2001) studied technology diffusion in agriculture in Chile and simulated thresholds 
where adoption rates increased around 5 percent or less, 10 percent, or 60 percent adopters 
depending on technology and model assumptions.  The simulation lowers a technology’s 
awareness barrier again by increments once five farmers, five percent of farmers, or ten percent 
of farmers in a county have adopted the technology.  These thresholds are the author’s best 
guesses, lacking an empirical estimate of geographic technology diffusion among Iowa hog 
farmers.  Future research could help refine the model’s representation of awareness and 
information spillover effects. 

Cost-benefit threshold 

An AFO operator will not choose to implement a technology if implementing the technology 
gives them an expected loss in value for their operation.  AFO operators consider a combination 
of monetary and environmental value when making this determination.  The model estimates the 
sum of administrative cost, technology cost, willingness-to-pay for reducing ammonia emissions, 
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and additional manure value for each AFO for each technology option, removing options where 
the sum is negative from each individual AFO operator’s choices.  Among the options which 
exceed the awareness barrier-financial risk and cost-benefit thresholds, the model selects an 
ammonia control technology or the baseline technology for each AFO according to either the 
simultaneous emissions minimization criteria or the individual decision-making criteria, as 
appropriate. 

Administrative cost 

If farmers must take time and effort to consider, plan, and implement ammonia controls, they 
give up time that they could have used on hog production or leisure.  Some of the ammonia 
control technologies take more effort than others because they require either changes to manure 
handling processes, retrofitting of facilities, or facility reconstruction.  The simulation model 

represents technology-dependent differences in administrative burden, , , by estimating the 

number of days, ( , required to implement each technology category, and varying the value of 
the farmer’s time (w) to represent the level of supervisory attention required for a technology 
change with or without assistance from a voluntary program.  The simulation estimates 
administrative burden by multiplying the technology planning time by a wage which varies by 
the level of operator effort required according to Equation 7.9.   

Equation 7.9. Technology-specific administrative burden levels (L) as a function of difficulty (w, 
wage) and administrative preparation and installation period (λ, days). 

, w ∗  

In the simulation, the wage (w) ranges from the average farm manager wage ($37.28/hr., $ 
2016) to the average Iowa farmworker wage ($13.12/hr., $ 2016; Bureau of Labor Statistics, 
2016) to represent a lowered level of required administrative attention for the duration of the 
technology preparation and installation period. 

Environmental values 

The simulation model represents environmental values simply as a dollar amount of 
willingness to pay (WTP) per pound of ammonia not released into the atmosphere.  The 
calculation in the simulation could represent the farmer’s environmental values directly or 
consumer values through a willingness to pay more for pork produced with less ammonia 
emissions.   

Equation 7.10 presents the environmental values calculation over the five-year planning 
horizon.  The model calculates willingness to pay for environmental values at the AFO level by 
multiplying a value per pound of ammonia prevented from release (R) by the AFO herd size and 
the difference in annual emissions rate per hog with and without the ammonia control 
technology, discounting for the next five years to the present.  To explore the sensitivity of 
technology selections to WTP for environmental values, the model varies parameter R from zero 
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to $1 per pound of ammonia.  No estimates exist for WTP for ammonia air pollution reduction in 
the US, to the author’s knowledge, but a Swedish study estimated about $0.71/lb. NH3 ($ 2018) 
(NH3: 0.94 €/kg (€ 2000); Carlsson, 2000, reported in Ott, 2008). 

Equation 7.10 Environmental values: Discounted willingness to pay (R) for emissions reduction 
(lbs. NH3/head/year) 

∗ ∗ , , , ,

1
 

Technology capital cost 

The cost of investing in ammonia control technology ( , , , ), Equation 7.4, is an important 

part of the cost-benefit threshold to willingness to consider adopting a technology.  Cost-share 
opportunities, a common voluntary incentive, or other financial assistance may reimburse 
farmers up to a certain fraction of their investment costs in mitigation projects.  This lowers the 

technology cost by the amount of the subsidy to .  The simulation represents cost-
share incentives as lowering the technology cost barrier by a percentage, d, as shown in Equation 
7.11. 

Equation 7.11 Cost-share: Subsidizing initial technology investment  

1 ∗ , , ,  

Limitations of Modeling Approach 

There are several limitations of this modeling approach.  The model describes Iowa AFO 
operators with a discount rate and a distribution of willingness to accept risk, and other 
parameters, based on farm or general populations in other locations.  Early experiments 
lengthening the planning horizon did not significantly change simulation results, so the model 
uses a planning horizon of five periods.  Some parameters, such as the awareness barrier and the 
administrative barrier, are represented by reasonable guesses.  The model addresses these 
constructed model parameters by varying them across simulation scenarios, so that it would be 
possible for someone with different beliefs about parameter values to choose another scenario as 
a baseline to compare with other scenario results.   

The threshold factors for ammonia control technology adoption are represented by equations 
which are uncertain both in functional form and parameter values.  Farmer awareness and risk 
perceptions surrounding ammonia control technologies merit more empirical research to 
determine how Iowa hog farmers decide whether to consider adopting an ammonia control 
technology.  The way the model accounts for administrative burden for technology adoption 
could be refined by interviewing experts on the ammonia control technologies.  A survey of Iowa 
AFO operators, Iowa residents or people in the US to determine their willingness to pay for 
ammonia emissions reduction could help parameterize WTP for ammonia reduction.  However, 
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the author believes that the decisions made for the functional forms and parameter values for the 
voluntary technology adoption considerations are reasonable for the purposes of this study.  The 
validation comparisons later in this chapter and in the next chapter suggest that the model’s 
predicted outcome ranges are plausible and contain most observed ammonia control technology 
adoption and voluntary participation trends. 

The model also embeds a number of important assumptions. For example, the initial NEI 
2004 model for ammonia emissions does not include ammonia technologies, so the model 
baseline ignores existing adoption trends like the popularity of land application control measures.  
The model represents all manure as destined for land application on a corn-soybean rotation field 
that is not already saturated with nutrients.  The model also assumes that the farmer’s time and 
effort levels can be summarized by a wage, and that the farmers could become aware of 
technology adoption at any hog AFO in their county, to avoid modeling geographic diffusion at 
the level of the latitude and longitude of each farm.  These assumptions make it possible to 
define an optimization and a computationally simple agent model, easily modified to describe 
different voluntary incentive offerings or consider a new technology, that can quickly run over 
varying parameters in multiple scenarios for all Iowa hog AFOs. 

Data and Model Parameterization 

Baseline emission factors 

The parameters αH,s, αS,s, and αL,h, defined in Table 7.1, describe the percentage of nitrogen 
remaining in hog manure at the beginning of each manure management stage that would be 
expected to emit as ammonia under baseline conditions with no ammonia control technology.  
These parameters are from the manure management pathways defined in EPA’s 2004 National 
Emissions Inventory draft report (EPA, 2004). 

Table 7.1. Baseline emissions factors (percentage remaining N expected to emit as NH3 in each 
manure management stage) 

Manure 
storage 
system  

Housing emissions 
factor 
  

Storage emissions factor Land application emissions factor 

s αH,s αS,s                    αL,h                                           

Deep under-
floor pit 

28.5% N lost as 
ammonia 

NA 20% remaining N lost as ammonia (>500 
AU) 
23% remaining N lost as ammonia (<500 
AU) 

Outside 
formed 
concrete 

23.4% N lost as 
ammonia 

20% remaining N lost as 
ammonia 

20% remaining N lost as ammonia (>500 
AU) 
23% remaining N lost as ammonia (<500 
AU) 
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Anaerobic 
lagoon 

23.4% N lost as 
ammonia 

71% remaining N lost as 
ammonia 

20% remaining N lost as ammonia (>500 
AU) 
23% remaining N lost as ammonia (<500 
AU) 

Source: EPA’s 2004 National Emissions Inventory draft report (EPA, 2004). 

Technology parameters 

Ammonia control technologies reduce ammonia emissions by a fraction from the baseline 
expected emissions rate.  The experimental literature has estimated effectiveness and installation 
and operational costs for the nine technologies in pilot studies at AFOs.  The simulation model 
parameters come mostly from the Air Management Practices Assessment Tool (AMPAT) from 
Iowa State Extension and Outreach (Maurer, et al., 2016), which lists cost and effectiveness 
ranges for most of the nine technologies in Table 7.2. The others were sourced from other studies 
as noted in Table 7.2.  All cost estimates were adjusted for CPI inflation from the study year to 
2016.  Most of the parameter estimates were published relatively recently, but the diet 
manipulation cost estimate is from 1995.  Schulz & Hadrich (2014) note, after citing the same 
estimate, that there are few published estimates of the technology cost for diet manipulation. 

Table 7.2. Technology options, cost and effectiveness ranges from the experimental literature  

Technology Cost ($ 2016)Ɨ Proportion NH3 emissions rate reduction at 
each manure management stage 

 Initial investment Annual maintenance Housing 
(ηH,t) 

Storage 
(ηS,t) 

Land application 
(ηL,t) 

Scrubbers $49-76/head $16-22/head .7-.9 NA NA 
Urine/feces 
segregation 

$12-1318/head to 
retrofit a belt system 

$1.5-1.9/head19 .4-.8  .4-.8  NA 

Acidification NA $6/head to purchase acid NA .5-.85 0-.6 
Impermeable 
covers 

$4-13/square yard20 Replace every 10-15 years NA .85-.99 NA 

Direct injection Included in annual 
cost 

166% cost of a broadcast 
system 
(1.66*$67.55/acre)21 

NA NA .2-.9 

Biofilter $3-11/head, 
assuming 35 
cfm/head 

$0.3-0.7/head .45-.75 NA NA 

Diet manipulation $18-54/head22,23 Potentially cost neutral24; .2-.3  .2-.3  .2-.3  

                                                 
18 Zering and Wohlgenant (2005).  
19 Ibid. 
20 Cover surface area is calculated for the average volume of manure per head assuming a depth of 8 ft. for small 
AFOs with <500 AU, 12 ft. for mid-size AFOs, and 16 ft. for large AFOs with >1,000 AU.   
21 Gray et al.  (2014).  
22 Cline et al. (1995) 
23 Varies depending on whether feeding areas need to be redesigned. (Ibid.)   
24 Stender and Swantek (2013) 
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$2-3 cost savings per 100 
lbs25 

Vegetative 
buffers/Tree lines 

NA $0.05/head  <.5 <.5 NA 

Permeable 
covers 

$0.1-2/sq. ft. 
installed26 

Potentially $0.1-2/sq. ft. 
installed  

NA .3-.9 NA 

Main Source: Air Management Practices Assessment Tool (AMPAT) (Maurer, et al., 2016) 
Ɨ All costs corrected for CPI inflation from the study date to 2016. 

Risk parameters 

The model assigns farmers values from a distribution of willingness to accept risk from 
Menapace et al. (2012) based on a population of apple growers who were asked about their 
willingness to accept wagers of different fractions of their wealth.  Table 7.3 defines this 
distribution. 

Table 7.3 Distribution of farmer willingness to accept risk 

Wealth fraction willing-to-risk, ui Constant Relative Risk Aversion Percent farmer population 
0 r ≥4.92 42.8% 
0.15 1.64 ≤r <4.92 23.6% 
0.3 1.00 ≤r <1.64 21.1% 
0.45 0.72 ≤r <1.00 5.1% 
0.6 0.56 ≤r <0.72 2.9% 
0.75 0.45 ≤r <0.56 3.2% 
0.9 0.38 ≤r <0.45 0 
1.05 0.30 ≤r <0.38 1.0% 
1.2 0.24 ≤r <0.30 0 
1.35 0.16 ≤r <0.24 0 
1.5 r <0.16 0.3% 
Distribution and table values from Menapace et al. (2012). 
 

For model calculations for awareness level, z is the information spillover increment, which 
ranges from 0.2 to 1.  Table 7.4 summaries the levels used in the analysis. The author estimated 
plausible relationships between the number of early adopters and the start of information 
spillover to lower awareness barriers, informed by an expert’s ballpark estimate of the probable 
number of early adopters in various Iowa counties (Iowa Ag Extension Interview 1, July 26, 
2017), Lewis et al. (2011)’s estimate of the relationship between the number of initial adopters 
and dairy farm conversions to organic in a simulated watershed, and simulations of technology 
diffusion in Chilean agriculture by Berger (2001).   

                                                 
25 Cline et al. (1995) 
26 Cover surface area is calculated for the average volume of manure per head assuming a depth of 8 ft. for small 
AFOs with <500 AU, 12 ft. for mid-size AFOs, and 16 ft. for large AFOs with >1,000 AU.   
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Table 7.4 Awareness barrier levels 

Awareness 
barrier ,  

Level definitionsƗ 

0.1*z Track record of performance in the farmer’s county, with at least 10 percent of farmers in the county 
adopting technology t in prior period. 

0.2*z At least five percent of farmers in the county implemented technology t in prior period. 
0.3*z At least five farmers in the county implemented technology t in prior period. 
0.4*z At least one farmer in the county has implemented technology t in prior period. 
0.5*z No farmer in the county has adopted the technology. 
Ɨ Researcher’s best guess.  The parameter z varies across scenarios to explore uncertainty in this parameter and 

the potential impact of changes in the base level of awareness due to policy efforts. 

Technology planning  

The eligible ammonia control technologies were sorted into groups, as shown in Table 7.5,  
based on the type of disruption each one poses to hog AFO operations: simple Level I actions 
like installing covers over outdoor manure storage do not change manure management practices 
and would likely only take a few days to plan and implement.  Level II technologies like 
acidification require slightly more effort to implement because they affect either animal or 
manure management practices and farmers will want to understand exactly how to take care of 
their operations after the change so as not to pose a risk to their production levels.  They do not 
require any construction to the AFO facility, however, so it is likely that the AFO operator could 
plan the change in just a few weeks.  Level III and IV technologies require facility retrofitting or 
reconstruction, respectively, and may interfere with or halt production for a time.  The researcher 
estimates that retrofitting efforts might take months of a farmer’s time to plan and supervise, but 
reconstruction for urine segregation at an AFO currently using outdoor manure storage would 
take longer, perhaps requiring construction of a new building and permitting and approval 
processes related to construction. The model allots a generous amount of planning time to the 
Level III and IV ammonia control technologies, three months and a year, respectively, in order 
not to underestimate the administrative impact on a hog AFO’s operations from planning and 
implementing construction. 

Table 7.5. Technology administrative burden levels 

Administrative 
burden level 

Technologies Administrative requirement Time for planning and 
supervision, λt* 

I.  Permeable and impermeable covers  Little change to operations Days (3 days) 
II.  Acidification, diet manipulation, direct 

injection, landscaping 
Change farm processes or 
maintenance 

Weeks (15 days) 

III.  Biofilter, scrubbers, Urine segregation 
for deep pit operations 

Retrofit facilities Months (120 days) 

IV. Urine segregation for all other waste 
storage types 

Facility reconstruction Year (365 days) 

*Researcher’s estimation based on operational changes or construction requirements to implement these 
technologies at an AFO. 
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Model variables and parameters 

Table 7.6 lists the variables calculated by the model equations to describe ammonia 
emissions, ammonia control technology costs and effectiveness, and the risk and cost-benefit 
thresholds to technology adoption at hog AFOs.  It also includes the variable units or simple 
formulas.   

Table 7.6 Simulation model variables  

Variable Description Value 

 

 

Annual NH3 emissions rate per hog with technology t lbs./head/year 

 

 

Annual technology operation and maintenance cost $ 

 

 

Annual NH3 emissions rate per hog with technology t lbs./head/year 

 

 

Annual NH3 emissions rate per hog with no technology lbs./head/year 

 

 

Willingness to implement technology True if >0 

 
 
 

Awareness barrier level of technology t in county c 0.1-0.5*z 

 
 
 

Technology cost $ 

Ih,s,t Technology installation cost $ 

Lt,w Administrative burden of implementing technology  

Mh,s,t Annual AFO manure spreading cost imposed by installing technology t $ 

Nfinal,h,s Baseline lbs. N remaining in manure after land application for storage type s and herd 
size h 

lbs. 
N/hog/year 

Vh,s,t Annual AFO manure value created by installing technology t $ 
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Table 7.7 lists the parameters used in the model equations to determine the model variables, 
along with the parameter value ranges. 

Table 7.7 Simulation model parameters  

Variable Description Value 

β Industry budget for investment in ammonia 
control 

$1-500 million 

 

 

Planning time for technology t 3-365 days 

 Average sale price ($) of a hog 2002-2016 $69.5 (Shulz, 2017) 

a Iterator over Iowa hog AFOs 1-6,596 AFOs 

b Herd size categories Small (h<2000 hogs), Medium (2000<h<4000), Large 
(h>4000 hogs). 

d Proportion cost share for technology 
investment cost  

0-1 

h Herd size Hog counts 

m Baseline annual value of nitrogen in manure 
produced by one hog after land-application 

$11.43/hog/year $ 2016 (Hora, 2016) or $0-12 

n Planning horizon 5 years 

Ninitial Baseline lbs. N excreted annually per hog 21.1 lbs. N/hog/year (EPA, 2004) 

Nt lbs. N excreted annually per hog at an AFO 
using technology t 

(Same as Ninitial except for t=diet manipulation) 

R WTP for environmental values, measured in 
$/lb. ammonia not emitted 

$0-1 

r Discount rate 20% (Average: Duquette, et al., 2011; Lence, 2000) 

s Manure storage system Deep under-floor pit, Outside formed concrete, or Anaerobic 
lagoon 

t Ammonia control technology Base (no technology), acidification, urine segregation, 
impermeable cover, permeable cover, diet, vegetative 
buffer, biofilter, scrubbers, or direct injection 

ua Fraction of a farmer’s wealth willing to risk in 
a 50-50 wager 

Menapace et al. (2012) distribution 

w Wage $13.12- 37.28/hr.; (Bureau of Labor Statistics, 2016) 

xa,t Technology selection 1 if technology t is selected for AFO a; 0 otherwise. 

yt Technology nitrogen trapping indicator 1 if technology t changes the nitrogen present in manure in 
following stages (t=segregation, acidification, impermeable 
covers, permeable covers, direct injection); 0 otherwise. 

z Awareness increment 0.2-1 

Simulations 

The simulation exercise includes the population of hog AFOs in the state of Iowa in 2016 
according to the Iowa DNR’s AFO database, sorted into potential information-spillover groups 
by county.  Nine technologies were chosen to include as ammonia control options in the model 
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based on currently available technologies that mitigate ammonia emissions at least moderately as 
identified by the Iowa State University’s Air Management Practices Assessment Tool (AMPAT) 
(Maurer, et al., 2016).  These technologies include diet manipulation, direct injection of manure 
during land application, biofilters for housing barns, air scrubbers for housing barns, 
acidification of manure, permeable and impermeable covers for manure storage, vegetative 
buffers (tree lines), and urine segregation from manure solids.  Some technologies are not 
possible for all AFOs, namely, permeable and impermeable covers are not available to AFOs that 
store manure indoors.  Other technologies have different costs for different size AFOs or AFOs 
with different manure storage structures.   

The equilibrium simulation runs through scenarios for different manure nitrogen value and 
different levels of investment across the industry.  The independent, individual farmer decision-
making simulation runs through different values for the components of the cost and risk 
thresholds for technology adoption.  Both simulations run through technology scenarios 
bounding the high and low literature estimates for ammonia control technologies’ cost and 
effectiveness.  Table 7.8 contrasts the characteristics of the simultaneous, equilibrium 
minimization simulation with the independent, individual farmer decision-making simulation. 

Table 7.8. Comparison of simulation features 

Characteristics Simultaneous, equilibrium minimization 
simulation 

Independent, individual farmer decision-
making simulation 

Objective Minimize Iowa hog AFO industry ammonia 
emissions under a budget. 

Each hog AFO operator maximizes their own 
utility over ammonia control choices. 

Unique variables Industry budget for reducing emissions Willingness to accept risk 
Awareness level 
Administrative assistance level 
Financial assistance level 
Willingness to pay for environmental values 

Shared variables Baseline NH3 emissions 
Technology cost 
Technology effectiveness 

Minimizing emissions in the simultaneous equilibrium simulation 

In the simultaneous emissions minimization equilibrium, AFOs are assigned one of the 
AMPAT technologies or no technology to minimize industry ammonia emissions under a fixed 
budget for investment in ammonia control in Iowa’s hog industry.  The model solves for the 
maximum feasible pollution reduction under a total budget constraint for the Iowa hog industry 
without considering individual technology adoption thresholds, i.e., independent of AFO 
operator preferences.  Figure 7.3 shows how the concepts discussed in previous subsections 
connect to the optimization model defined below in Equation 7.12.   
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Figure 7.3. State-level optimization model 

 
The optimization begins with the expected ammonia emissions reductions per hog using each 

technology,	 , , , and average cost for AFO categories based on three storage types and three 

herd size ranges, , , , | , ; .  The manure storage categories, s, are below building pits, 

anaerobic lagoons, and outdoor storage, and the size categories, b, of herd size, h, are fewer than 
500 animal units, 500 to 1000 animal units, and more than 1000 animal units.  The linear 
optimization program defined in Equation 7.12 chooses the most cost-effective way to invest an 
industry-level budget, β, into ammonia control technology projects at all 6,596 hog AFOs in 
Iowa according to expected effectiveness and average technology costs in each of the storage and 
herd size AFO categories.  

Equation 7.12. State-level optimization, simultaneous equilibrium model for direct investment 

min ∑ ∑ ∗ Θ , , ∗ ,   

s.t. ∑ ∑ max	 , , , | , ; , 0 ∗ , 	  

s.t. ∑ , 1	∀	  

Up to one technology may be assigned per AFO, where ,  is one when technology t is 

selected, to minimize overall industry emissions within the budget, with the restriction that one 
AFO’s profits cannot offset another’s costs.  Individual farmer preferences are not considered in 
technology assignment. 

Independent, individual farmer decision-making simulation 

In the independent, individual farmer decision-making approach, each hog AFO individually 
selects among the ammonia control technologies or no technology according to whether the AFO 
operator would be a non-adopter (whether the technology benefits exceed the AFO’s cost 
threshold), a potential adopter (whether the financial risk and awareness level pass the AFO 
operator’s threshold for willingness to accept risk), or adopter for each technology, and the 
technology with the highest sum of monetary and environmental value if an AFO operator 
classifies as an adopter for multiple technologies.  All the concepts discussed in the previous 
subsections feed into the simulation logic, as illustrated in Figure 7.4. 



96 
 

Figure 7.4 Individual level farmer decision-making model 

 
In the independent, individual simulation defined in Equation 7.13, each of the 6,596 farmers 

a represented in the Iowa hog AFO dataset selects among the technologies they are willing to 

implement, technologies for which , , , , ,  is greater than zero, the technology t that 

maximizes the sum of their operation’s expected monetary and environmental value, , , , .   

Equation 7.13. Individual farmer-level decision-making simulation 

max		 , , , , ∗
, , , ∗ , , , ,

1 , , , 1 , 	 

s.t. ∑ , 1	∀	 , 		 , 0	 	0 , , , , ,  

Monetary value includes the present value of additional manure nitrogen value, , , , , 

technology cost, , , , , and administrative cost, , , for technology implementation.  

Environmental value represents a willingness to pay R per pound of ammonia not released into 
the atmosphere, which could represent willingness to pay on the part of farmers or as a voluntary 
incentive, willingness to pay on the part of food buyers or the public.  Technology cost may be 

lowered by a cost-share percentage, d.  Administrative burden, , , may be lowered through 

technical assistance, lowering the wage, w, necessary to plan and oversee technology 
implementation.  These parameters are defined in the parameter subsection of the data section 
and Equations 7.1 through 7.11. 

After each model period, technology awareness barrier levels update at the county level as 
farmers learn from their neighbors, potentially increasing their willingness to implement, 

, , , , , , technologies other farmers in their county have adopted.  The cost of already-adopted 

technologies no longer includes the installation cost component of technology cost future 
periods, since the installation already occurred.  The periods may be interpreted as the five-year 
planning horizons along which the costs and benefits are considered at the time of decision-
making.  The simulation runs for five periods to allow awareness level-network effects to appear 
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and resolve.  Farmers may change technologies in later periods, which they would only do if a 
more cost-beneficial technology choice passes the awareness-financial risk threshold due to 
information diffusion. 

Software 

The simulation model elements were coded in R except for the state industry-level 
equilibrium ammonia emissions minimization, which was implemented in Excel using the 
simplex LP solver.  The independent, individual farm decision-making simulation output was 
written to csv files with the outcome by model period for each hog AFO in the dataset.  The 
modularized code allows simulation iterations to run automatically over varying combinations of 
parameter values to capture different possible scenarios. 

Policy Scenarios 

The independent, individual farmer decision-making simulation explores the sensitivity of 
ammonia control technology adoption rates to forty-four potential technology adoption barrier-
incentive scenarios.  The barrier-incentive scenarios are constructed by setting the following 
parameters and the manure value parameter at different levels: 

 Administrative	burden/opportunity	cost:	Varying	the	wage	(w)	of	the	worker	required	
to	spend	time	overseeing	implementation	of	the	new	technology	instead	of	other	hog	
production	work	represents	potential	assistance	with	planning	and	implementation	
from	a	voluntary	program.	

 Environmental	stewardship:	Varying	WTP	for	environmental	values	(R)	represents	the	
value	to	AFO	operators,	food	buyers,	or	consumers	for	reducing	ammonia	emissions	
from	hog	production.		It	could	also	represent	reducing	the	risk	of	friction	with	the	
neighboring	community	or	the	risk	of	new	regulatory	legislation	by	voluntarily	
demonstrating	good	environmental	behavior.	

 Capital	expenditure:	Reducing	technology	cost	by	a	varying	fraction	(d)	simulates	
government	income	interventions	or	voluntary	financial	incentives	for	ammonia	control	
technology	adoption.	

 Information‐sharing	and	network	effects:		Varying	the	baseline	level	of	awareness	about	
ammonia	control	technologies	shows	how	technology	adoption	trends	might	differ	
under	pure	word‐of‐mouth	through	farm	networks	versus	active	outreach	efforts	from	
policies	offering	informational	or	technical	assistance	and	awareness	incentives.	

The complete list of barrier-incentive scenarios and parameter values may be found in the 
Simulation Appendix, Appendix Table V.  The barrier-incentive scenarios allow the simulation 
to test the likely repercussions of voluntary policies aimed at each of the parametrized barriers, 
singly at various impact levels or in combinations at moderate impact levels.  Farmer perceptions 
about the current levels of these barriers could be tested by identifying scenarios with technology 
adoption trends matching observed trends, but this analysis seeks to understand which barriers 



98 
 

make the most difference to ammonia reduction from the hog industry over various scenarios in 
order to make recommendations for likely robust policy approaches.   

Sensitivity Analysis 

The literature reports a range of uncertainty both for cost and effectiveness for ammonia 
control technologies, since emissions processes are complex and have many contributing factors 
at each AFO.  To account for uncertainty in the cost and effectiveness estimates, two technology 
boundaries were defined between which true values would most likely fall.  As shown in Table 
7.2, the low end of the estimated ranges for cost and effectiveness forms a low cost, low 
effectiveness (low) technology boundary, and the high end of estimated ranges in Table 7.2 for 
cost and effectiveness forms a high cost, high effectiveness (high) technology boundary. Results 
over the two technology boundaries provide uncertainty bounds on the most likely outcome for 
each simulation run.  The simultaneous equilibrium emissions minimization and the independent, 
individual farmer decision-making simulation repeat all other parameter variations at the low and 
high technology boundaries.  Theoretically, there could be a low cost, high effectiveness 
boundary or a high cost, low effectiveness boundary, which would be respectively the most 
optimistic or most pessimistic ways to interpret experimental data on ammonia control 
technology performance.  These boundaries would be less plausible than the high and low 
boundaries according to the known variation in technologies’ costs and performances.  For 
example, the cost range for permeable covers arises from farmer choices ranging from covering 
manure storage with straw or a natural crust, which would be nearly costless on a farm, but on 
average considerably less effective at trapping ammonia than more expensive options like perlite 
or Leca (English & Fleming, 2006).  While future technological innovation might move options 
toward the optimistic boundary, this study focuses on the range of cost-effectiveness of currently 
realizable options. 

The simultaneous equilibrium optimization and the farmer decision-making simulations both 
vary the manure value parameter to explore the sensitivity of technology cost-effectiveness and 
voluntary decisions to conditions of demand for manure nitrogen more like clusters of intense 
hog production or like dispersed hog production near cropland.  The simultaneous equilibrium 
optimization allows exploration of the frontier of cost-effective investment in ammonia control 
technology in the Iowa hog industry by varying the manure value parameter and the 
industry/state-level budget for such investment.  Varying the levels of technology adoption 
barriers in the independent, individual farmer decision-making simulation allows exploration of 
the sensitivity of model results to each barrier.  A nearly infinite number of barrier-incentive 
scenarios could be chosen for sensitivity analysis, so it is necessary to choose just a few.  
Sensitivity to barrier parameter assumptions is accomplished in this analysis through the first few 
scenarios which vary one barrier at a time from minimal to modest or high incentive levels and 
the last scenario, S44, which raises the cost share, willingness to pay for environmental values, 
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and awareness-technical assistance incentive higher than the other scenarios with all four 
incentives.   

The independent, individual farmer decision-making simulation repeats across varying 
parameters in a Monte Carlo design with different random draws from the Menapace et al. 
(2012) distribution for each farmer’s willingness to accept risk to avoid potential outlier results 
due to sensitivity to the distribution of risk aversion. The simulation was run fourteen times for 
S3 in the low cost, low effectiveness scenario to create a reference point for model variance.  
Typically, Monte Carlo variance for sample size calculations is determined based on an arbitrary 
but reasonably large number of model runs.  Since each run in this simulation makes thousands 
of draws from the same distribution for AFOs in most of the herd size and storage structure 
categories, the output from large numbers of runs was both memory intensive and not highly 
variable.  Fourteen runs for barrier scenario S3 at the low cost, low effectiveness technology 
boundary were deemed sufficient to calculate a reasonable sample variance since those runs 
together contained about 15,000 to 32,000 draws for the more common AFO categories.  The 
variance on the weight of NH3 (lbs.) not released at each farm was 2,589,132.  At a power of 80 
percent and alpha (significance level) 0.05, the number of Monte Carlo runs necessary to 
distinguish a difference of 1 ton of ammonia emissions was calculated as follows:  

Sample runs 
. . ∗

	 	
 = 

. . ∗ , ,
 = 5  

Accordingly, the Monte Carlo design runs 5 times for each unique set of varying parameters, 
adding all farmer decisions from each run and dividing aggregate statistics by 5 to describe the 
Iowa hog industry.   

Simulation Results 

This section reports results from both the simultaneous equilibrium emissions minimization 
model and the independent, individual farmer decision-making simulation models to show how 
different types of environmental policy might perform to help the Iowa hog industry reduce 
annual ammonia emissions.   

Model Validation 

Simulation models approximate real-world phenomena for experimental parameter and effect 
testing.  Drawing conclusions about the results related to the real world requires that the study 
show the model can reproduce real effects and trends related both to aggregate ammonia 
emissions at the state level and ammonia control technology choices at individual AFOs.  There 
is currently no observational data on ammonia emissions levels on the level of the Iowa hog 
industry nor is there a complete database of ammonia control technologies and procedures in 
place at hog AFOs in Iowa.  To address the first concern, the only alternative is to compare 
industry-level ammonia emissions predictions with those of another model.  This study will 
confirm the consistency of the model’s ability to predict ammonia control technology choices by 
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comparing model selections with the technology adoption trends mentioned in the hog industry 
expert interviews discussed in Chapter 6. 

To establish the consistency of the baseline ammonia emissions model with expert 
judgement, this analysis compares predicted aggregate baseline ammonia emissions (no 
ammonia control technology used in Iowa) from the model to the Iowa state-level estimate from 
the 2014 National Emissions Inventory (NEI). The NEI shares a methodological basis with this 
model but includes 18 possible manure management pathways instead of six.  Using 2016 data 
on Iowa hog AFO operations from the Iowa DNR’s AFO Database and the six NEI (2004) 
baseline manure management pathways in Table 7.1, the model calculates expected baseline 
annual emissions from the industry as about 203,000 tons NH3.  The hog industry grew from 
almost 9 million hogs in 2014 to almost 10 million hogs in 2016, and hogs make up about 72 
percent of all livestock animal units in Iowa, so scaling up the NEI 2014 estimate of 243,833 
tons NH3 annually from all animal types to just hogs in 2016 yields about 198,000 tons NH3 
annually, closely matching the model estimate.  There could still be a consistency issue if the 
EPA NEI ammonia emissions model does not describe aggregate ammonia emissions well in the 
real world.  LEO satellite remote sensing observations suggest that the EPA NEI ammonia 
inventory underestimates ammonia emissions by as much as 30-79 percent (Zhu, et al., 2015), so 
the simulation model’s ammonia emissions and emissions reduction predictions may also 
underestimate ammonia emissions and the potential benefits from ammonia emissions reduction 
in the hog industry. 

Consistency at the micro level may be checked by comparing the technology selections 
predicted for AFOs by the individual farmer decision-making simulation model under different 
scenarios intended to reflect realistic farmer decisions to real world ammonia control technology 
adoption trends.  Though many of the scenarios are intended to represent states of the world that 
could only be reached through new environmental policy, identifying similarities to real trends 
will still increase the model’s believability and may help identify which scenarios most closely 
resemble current risk and cost thresholds. 

The rows of Table 7.9 compare adoption trends for each of the nine ammonia control 
technologies mentioned by experts to the trends for the technology in the simulation model 
scenarios.  The experts observed that land application ammonia control measures are common, 
that planting trees as vegetative buffers and installing wet-dry feeders are increasingly common, 
and biofilters and manure covers are relatively uncommon.  The simultaneous equilibrium 
optimization found that diet manipulation, storage covers, vegetative buffers, and/or biofilters 
were cost-effective at relatively low investment, depending on the technology scenario, and that 
urine segregation systems might be cost-effective for anaerobic lagoons if manure nitrogen is 
valuable.  The independent, individual farmer decision-making simulation found that vegetative 
buffers and diet manipulation would be the most common choices depending on the technology 
scenario, that some farmers might choose storage covers, urine segregation, or acidification in 
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either technology scenario, and in the high technology scenario, some farmers would choose 
direct injection or biofilters. 

Table 7.9. Comparing ammonia control technology choices between model and observations 

Technology adoption 
trends observed by 
experts 

Simultaneous equilibrium 
optimization scenarios 

Individual decision-
making simulation: 
low cost, low 
effectiveness 
technology scenario 

Individual decision-
making simulation: high 
cost, high effectiveness 
technology scenario 

Land application 
technologies or 
processes common 

Never selected. Never selected. Selected by some farmers 
when there is positive 
manure N value and 
financial assistance. 

Vegetative buffers (tree 
lines) becoming popular, 
with additional benefits. 

Cost effective in high technology 
scenario at a low level of 
investment. 

Never selected. Most common selection; 
Selected when there is 
WTP for environmental 
values. 

Permeable covers 
adopted at outdoor 
storage operations only 
after neighbor 
complaints 

In low technology scenario, 
impermeable covers are cost-
effective for anaerobic lagoons 
when manure N is valuable or 
above $25 million investment. 

Selected by some 
farmers when manure 
nitrogen has positive 
value. 

Impermeable covers 
selected by some farmers 
when there are sufficient 
annual benefits. 

Operations starting to 
install wet and dry 
feeders, but the idea of 
precision-feeding 
perceived as risky. 

In the low technology scenario 
when manure nitrogen is not 
valuable, diet manipulation is the 
most cost-effective option. 

Default selection for all 
farmers willing to 
consider the 
technology. 

Diet manipulation selected 
most often when there is 
cost-share and WTP for 
environmental values. 

Belt urine segregation 
systems becoming 
common in poultry 
AFOs, but not hog AFOs 

Urine segregation is cost-effective 
for anaerobic lagoons in the high 
technology scenario when manure 
is valuable.  Otherwise, urine 
segregation becomes cost-effective 
at high investment. 

Selected by a few 
farmers only when all 
barriers are lowered 
more than moderately. 

Selected by a few farmers 
when there is positive 
manure nitrogen value, or 
financial assistance with 
WTP for environmental 
values. 

Biofilters are relatively 
uncommon. 

Cost-effective for indoor pit 
operations in the low technology 
scenario at moderate investment. 

Never selected. Selected by some farmers 
with WTP for 
environmental values. 

Scrubbers not 
mentioned. 

Never selected. Never selected. Never selected. 

Acidification not 
mentioned. 

Never selected. Selected by some 
farmers when all 
barriers lowered 
substantially. 

Selected by some farmers 
with WTP for 
environmental values and 
financial assistance. 

 

There are a few similarities between the expert observations and the simultaneous 
equilibrium optimized cost-effectiveness trends.  The three growing ammonia control technology 
trends as identified by experts are cost-effective in at least some scenarios, especially in the high 
cost, high effectiveness technology scenario.  The experts did not mention acidification or 
scrubbers as common technologies and neither appears as a cost-effective option under 
reasonable levels of investment in the simultaneous equilibrium optimization.  One major 
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difference is that an expert said that land application control technologies were common but the 
simulation does not identify direct injection as a cost-effective technology in any scenario.  
Alternative land application methods other than direct injection may be more cost-effective. 

There are also similarities and differences between the observed trends and the independent, 
individual decision-making simulation technology choices as summarized in Table 7.9.  Overall, 
the high cost, high effectiveness technology scenario simulation trends are more like the trends 
observed by experts than the low cost, low effectiveness technology scenario trends.  Some 
significant differences between the expert observations and the low cost, low effectiveness 
technology scenario technology trends include the lack of voluntary selection of direct injection 
or vegetative buffers and the default selection of diet manipulation.  This suggests that Iowa 
AFO operators may perceive diet manipulation as especially risky, less effective, or costlier than 
demonstrated in the experimental literature. 

 

Simultaneous equilibrium emissions minimization 

Figure 7.5 presents the simulated, optimized cost-effectiveness curve across four manure 
value and technology cost-effectiveness scenarios.  The results indicate that between around 
10,000 and 40,000 tons of ammonia emissions could be prevented annually for as little 
investment in the state’s hog industry as $1M.  An optimized $1M investment could lead to 5 to 
20 percent reduction, or a $10M investment lead to a 10-35 percent reduction, of the industry’s 
annual ammonia emissions, given the baseline estimate of 203,000 tons ammonia emitted per 
year. 

Figure 7.5. Investment optimized for cost-effectiveness over 5-year planning horizon 
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b.  

Figure 7.5 (a) and (b) show the maximum ammonia emissions reduction possible for the Iowa hog industry under the 
level of investment denoted by the horizontal axis under the high and low technology scenarios with zero manure 

value and with base manure value per hog $11.43 ($ 2016).  

The simultaneous equilibrium simulation runs show that there are significant differences in 
the cost-effectiveness of ammonia control technologies depending on whether geographic 
clustering or intense production conditions lead manure nitrogen to be valuable or not.  At low 
levels of investment across the industry, positive manure value of $11.43/hog/year leads to half 
as much ammonia emissions reduction as zero manure value in the low technology scenario but 
slightly more in the high technology scenario.  At high levels of investment across the industry, 
above $100M investment, positive manure value may lead to up to about a third more ammonia 
emissions reduction than zero manure value in the high technology scenario.  Optimized 
ammonia emissions reduction levels when manure nitrogen has no value increase only slowly 
above $10M as industry investment level increases.  This suggests that a minimal amount of 
investment in regions of intense hog production could lead to substantial cost-effective ammonia 
emissions reduction and that additional investment could be more cost-effectively targeted to 
ammonia control technology projects in regions of the state where there is demand for manure 
nitrogen.   

Independent, individual farmer decision-making 

The independent, individual farmer decision-making simulation results reflect the potential 
appeal to Iowa hog farmers of 44 different bundles of voluntary incentives under the high and 
low technology scenarios as defined in the Appendix.  Representative results are shown in 
Figures 7.6 and 7.7.  Figure 7.7 shows the results of the high technology scenario simulation 
runs, but Figure 7.6 has been adjusted for the low technology scenario so that the S1 scenario, 
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which represents a baseline case with all the barriers and without any incentive offerings, shows 
zero expected emissions reduction.  This was accomplished by subtracting the expected 
ammonia emissions for S1, 9582 tons, from all scenarios.  Table 7.10 summarizes the groups of 
the independent, individual farmer decision-making scenarios.  Exact scenario parameter levels 
are reported in Appendix Table V, and corresponding results in Appendix Table VI.  
Representative scenarios were selected from the parameter-scenario groupings defined in 
Appendix Table VII. 

Figure 7.6.  Ammonia control technology adoption at low cost, low effectiveness technology 
boundary with incentive offerings 
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b. 	

Figure 7.6 (a) shows the proportion of AFO operators voluntarily choosing an ammonia control technology under 
representative incentive-barrier scenarios at the low technology boundary.  Figure 7.6 (b) describes the ammonia 

emissions reduction achieved under the same incentive-barrier scenarios.   

*Emissions reduction calculated relative to emissions under “no incentives” case with manure N value equal to zero. 

Figure 7.7.  Ammonia control technology adoption at high cost, high effectiveness technology 
boundary with incentive offerings 
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b. 	

Figure 7.7 (a) shows the proportion of AFO operators voluntarily choosing an ammonia control technology under 
representative incentive-barrier scenarios at the high technology boundary.  Figure 7.7 (b) describes the ammonia 

emissions reduction achieved under the same incentive-barrier scenarios.   

Compared to the base scenario with no incentives in Figure 7.6, raising manure nitrogen 
value led to as much as about 7,000 tons or about a 3 percent ammonia emissions increase in the 
low technology scenario and a small reduction at the high technology boundary.  This suggests 
that under voluntary conditions, if farmers perceive manure nitrogen as valuable, it may dissuade 
them from adopting inexpensive ammonia control technologies that reduce manure nitrogen 
content, in this case, diet manipulation. It may encourage a few farmers to adopt expensive 
technologies that are likely to reduce their emissions while preserving manure nitrogen.  If 
farmers perceive manure nitrogen as purely a waste product, they may choose to implement a 
low-cost ammonia control technology without any voluntary program intervention. 

Table 7.10 Single incentive impacts on ammonia emissions reduction across scenarios 

Single incentive Parameter range Low technology boundary 
impact (tons NH3) 

High technology boundary 
impact (tons NH3) 

Raising awareness z: 0.8-0.2, m: 0-3 2,500-26,000 0 

WTP for environmental values  R: 0.01-1, m: 0-3 0-900 0-700 

Financial assistance  d: 0.25-1, m: 0-3 0-900 0-200 

Administrative assistance  w: 13.12, m: 0-3 600-2,600 0 

 
Table 7.10 summarizes simulation results under various parameter values for single 

voluntary incentives, which are reported in full in Appendix Figures 1 and 2, according to 
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parameter groupings defined in Appendix Table VII.  Raising awareness and lowering perceived 
risk due to unfamiliarity by increasing amounts led to about 2,500 to 26,000 tons of ammonia 
emissions reduction annually compared to full barrier levels at the low technology boundary but 
none at the high technology boundary, as reported in Table 7.10.  26,000 tons would be about 13 
percent of annual expected emissions from the hog industry in Iowa.  Incentivizing willingness 
to pay for ammonia reduction (environmental values) above $0.1 per pound (Appendix Table 
VII, S7) led to some control adoption at the low technology boundary and above $0.5 per pound 
(Appendix Table VII, S8 and S18) led to some control adoption at either technology boundary, 
shown in Figures 7.6 and 7.7.  Farmers did not accept cost-share incentives unless there was a 
positive manure nitrogen value.  Offering administrative assistance alone led to between about 
600 and 2,600 tons reduction at the low technology boundary but none at the high technology 
boundary, as reported in Table 7.10.   

These results indicate that raising awareness of ammonia issues and raising confidence in 
control options has the highest expected impact at the low technology boundary to encourage 
farmers to reduce ammonia emissions.  This outcome reflects that at the low technology 
boundary, some ammonia control technologies may be cost-beneficial. Lowering the awareness 
barrier and no others will be referred to as the “awareness strategy” for VEPs in the following 
analysis.  If producers, the supply chain, or a consumer-facing policy developed a WTP for 
ammonia controls above $0.10/lb., hog AFOs might be expected to start installing low-cost 
control technologies, with increasing technology investment at higher levels of willingness-to-
pay.  Cost-share assistance may have a negligible impact unless farmers receive another benefit 
from adopting ammonia controls.  Voluntary policies offering only administrative assistance 
might be limited to encouraging low-cost technologies. 

Considering combined bundles from the four incentives, the bundles that reached the most 
robust emissions reductions (over manure value and both high and low technology boundaries in 
Figures 7.6 and 7.7) were “All incentives except administrative assistance”, “All incentives 
except financial assistance”, and “All incentives”.  The average annual ammonia emissions 
reduction under these scenarios, not including the extreme “All incentives, higher levels” 
scenario, was about 13,000 tons.  These bundles were characterized by higher willingness to pay 
for environmental values, lowered awareness barrier, and an upfront assistance, either financial 
or administrative or both.  In the following analysis and in the next chapter, these three incentive 
bundles will be referred to as the “robust financial strategy,” the “robust planning strategy,” and 
the “robust planning and financial strategy”.  These robust strategies suggest that under 
conditions in which Iowa farmers were willing to pay fifty cents per pound to reduce ammonia 
emissions and familiar enough with ammonia control options to be willing to wager thirty 
percent of their production on the performance of an ammonia control technology, enough hog 
AFO operators would be likely to participate in voluntary programs offering administrative or 
financial assistance to lower industry emissions by about five percent regardless of local manure 
value or technology cost within experimental bounds. 
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Between the technology boundaries illustrated in Figures 7.6 and 7.7, the industry could 
reach 7-9 percent ammonia reduction or more when all four technology adoption barriers are 
addressed by voluntary incentives at moderate levels and manure was valuable.  However, 
offering all four incentives, especially financial assistance, might be very expensive for a 
voluntary program sponsor, estimated about $30-140M in cost-share and administrative 
assistance incentives.  These results suggest that voluntary incentives are likely to underperform 
concerted, cost-effective industry investment in ammonia control, since a $1M level of cost-
effective investment might lead to a 5 to 20 percent ammonia reduction across the industry.   

Independent, individual farmer decision-making technology choices 

The technology selections for the independent, individual farmer decision-making simulation 
runs are shown in the Simulation Appendix, Appendix Table VI.  Farmers at the low technology 
boundary illustrated in Figure 7.6 selected diet manipulation more than any other technology 
across all scenarios.  Farmers at the high technology boundary illustrated in Figure 7.7 selected 
vegetative buffers most often, whenever WTP for environmental values was accompanied by 
administrative assistance.  This result reflects the low cost of planting trees but the slightly 
higher time and effort needed to plan out the planting arrangements in order to reduce emissions 
without impacting farm operations.  One of the voluntary programs that will be discussed in the 
next chapter, the Green Farmsteads Program, uses a similar incentive formula to promote tree 
planting as vegetative buffers.  Over the simulated incentive scenarios at the high technology 
boundary where farmers take any control action, farmers would choose a wider variety of 
technologies under individual voluntary circumstances than the concerted industry-level 
optimization would choose for them, and the varied selections are not optimally cost-effective.   

Independent, individual farmer decision-making participation 

At either technology boundary, according to simulation assumptions, only about 35 percent 
of the AFO operators would voluntarily install ammonia control technology under the “All 
incentives” scenario, when all four barriers were lowered, compared to 47-100 percent of 
farmers under an optimized investment of $25 million or more.  In the low technology scenario, 
a maximum of about 56 percent of farmers chose an ammonia control technology compared to 
27-100 percent in the optimization, and in the high technology scenario, a maximum of about 35 
percent of farmers chose an ammonia control technology compared to 8-100 percent in the 
optimization.  These results suggest that voluntary initiatives to encourage ammonia control 
technology adoption in the Iowa hog industry would be less than optimally cost-effective 
because farmers may not choose the most cost-effective technology or they may choose not to 
participate.   
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Conclusion and Implications  

Cost-effectiveness limits 

The first goal of this chapter was to estimate an upper bound on the amount of ammonia 
control that could be accomplished in the Iowa hog industry under ideal circumstances.  This 
research addressed that question by estimating an optimized cost-effectiveness curve for 
investment in the currently available ammonia control technologies across Iowa hog AFOs.  The 
cost-effectiveness curve showed that across manure value and technology cost-effectiveness 
scenarios, between around 10,000 and 40,000 tons of NH3 emissions could be prevented 
annually for as little as $1M investment across Iowa. Larger investments would not increase 
overall ammonia emissions reduction much above $10M unless positive manure value lowered 
farmers’ net costs.  Since higher manure value does not increase cost-effectiveness much at low 
investment levels, modestly budgeted efforts to encourage ammonia control strategies that 
depend on increased manure nitrogen value to be cost-effective may not be worthwhile.  In 
contrast, policies with large budgets might stretch their funds by encouraging strategies which 
preserve the most nitrogen in manure in regions with higher manure demand or by helping 
connect farmers to a market for manure nitrogen. These results might justify some form of 
targeted policy intervention to encourage low cost ammonia control technologies in intense hog 
production regions and higher cost, more effective interventions in areas where there is more 
demand for manure and it is more valuable. 

Most effective barrier-incentive combinations for voluntary decision-making 

The highest rate of ammonia reduction occurred in the low technology scenario when the 
awareness barrier (awareness of ammonia pollution issues and control options) was lowered the 
most, and in the high technology scenario when offering the highest combination of all 
incentives included in the sample.  Near the higher cost, higher effectiveness technology 
boundary, voluntary policies may need to be more comprehensive in the types of incentives they 
offer.  However, there are some ‘robust’ incentive-barrier combinations which achieved 
considerable ammonia reduction in both technology scenarios and manure value scenarios.  The 
robust incentive bundles, the “robust financial”, “robust planning”, and “robust planning and 
financial” strategies in the individual farmer simulation, were characterized by higher 
willingness to pay for environmental values, lowered awareness barrier, and upfront assistance, 
either financial or administrative or both.  The existence and performance of these incentive 
bundles in real examples of VEPs will be examined in the next chapter.   

Under voluntary conditions with no added incentives, like the “no incentives” scenario with 
positive manure nitrogen value shown in Figure 7.7, valuable manure nitrogen may discourage 
farmers from considering inexpensive ammonia control technologies that reduce manure 
nitrogen content.  Under voluntary scenarios with several available incentives, however, valuable 
manure nitrogen may encourage farmers to consider more expensive, more effective 
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technologies as illustrated by comparing the ammonia reductions for the same incentives across 
manure values on the righthand sides of Figures 7.6 and 7.7.  This contrast suggests that policies 
might be able to take advantage of the clusters of intense production and clusters of anaerobic 
lagoons and outdoor storage that were observed in Chapter 3 to gain efficiency.  Inexpensive 
technologies like diet manipulation or vegetative buffers could be emphasized in efforts to raise 
awareness and potentially provide technical assistance in the observed clusters of intense 
production regions where the value of manure nitrogen might be depressed due to more nitrogen 
being produced than could be absorbed by the soil without costly transportation.  More 
expensive, more efficient technologies, such as urine segregation or impermeable covers, could 
be promoted with more comprehensive incentive bundles in the counties where outdoor storage 
or anaerobic lagoons are common and hog production is less intense.  Tailoring financial and 
other incentive bundles to specific technologies and the manure nitrogen values for which they 
are most cost-effective could help avoid spending policy resources on incentives beyond what 
farmers might need to decide to implement a technology.  For example, at the low technology 
boundary, combining other incentives with raising awareness and confidence did not encourage 
more farmers to select diet manipulation than under a single incentive, but the combined 
incentive program would likely cost more to the sponsor.  In the next chapter, examples of 
environmental policies with geographic targeting are identified to consider whether existing 
VEPs have leveraged similar geographic heterogeneity. 

Comparing expected ammonia reduction and participation levels under the cost-effective optimization and 
voluntary incentive-barrier scenarios 

The optimized cost-effectiveness results showed that it could be relatively inexpensive to 
reduce ammonia emissions from the Iowa hog industry by 5-20 percent investing $1M or less, or 
by 10-35 percent investing $10M or less, across the state in ammonia control technologies.  
Calculations in Chapter 4 showed that a 10 percent reduction in ammonia emissions annually 
would lead to significant benefits in terms of human health, property value, and environmental 
quality in Iowa.  The independent decision-making simulation results indicated that voluntary 
incentive-barrier bundles could also lead to about 10 percent ammonia emissions reduction.  In 
the low technology scenario, 13 percent reductions could be achieved by raising awareness of 
ammonia concerns.  Across technology scenarios, 7-9 percent could be reached with willingness 
to pay for environmental values, awareness, financial assistance, and administrative assistance 
incentives combined by offering $30-140M in financial and administrative assistance.  Reducing 
emissions by more than this may be costlier and require bigger incentives, or additional 
technological advancement. These factors not considered in this study.   

The Iowa hog industry could reach about 35 percent ammonia reduction by cost-effectively 
investing $10M.  If the industry, environmental advocates, or policymakers wanted to reduce 
ammonia emissions by 42 percent to match the Iowa Nutrient Reduction Strategy goal, the 
industry would need to invest an additional $40-400+M, depending on how much nitrogen value 
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could be obtained from manure, because returns on additional investment drop above $10M.  It 
is unlikely that a 42 percent reduction could be reached at all under voluntary conditions, as 
maximum participation rates across the simulated voluntary scenarios fell between 35 and 56 
percent.  Voluntary policies relying on the types of incentives examined in this study may 
stumble over ambitious goals because of cost or participation issues.  Chapter 8 will further 
explore voluntary participation rates in real cases of voluntary programs in agriculture. 
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Chapter 8 Case Studies of Environmental Programs 

Introduction 

This chapter compares the outcomes of the independent, individual farmer decision-making 
simulation scenarios from Chapter 7 to observations of actual voluntary and regulatory 
environmental policies.  Figure 8.0 shows that the case study analysis discussed in this chapter 
draws on the barriers to ammonia control adoption and other policy concerns identified from the 
interviews with hog industry experts in Chapter 6 for criteria to evaluate the potential fit of 
environmental policy designs for the Iowa hog industry’s ammonia externality.  The analysis in 
this chapter also compares case study policies’ incentive offerings and observations of 
participation to incentive performance in the independent, individual farmer decision-making 
simulation from Chapter 7, as noted in Figure 8.0. 

Figure 8.0 Learning from existing environmental policies related to agriculture 

 

The difficulty of regulating or setting price or quantity limits on agricultural nonpoint 
emissions has contributed to policymakers and industry stakeholders trying various regulatory, 
economic-inspired, and VEP designs in agricultural contexts (Kling, 2011; Wainger & Shortle, 
2015; Weersink, et al., 1998), providing a rich set of examples to inform policy 
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recommendations for ammonia emissions.  A few VEPs have been implemented for ammonia 
emissions from the hog industry in Iowa, but it is unknown whether the combinations of 
incentives they provide are likely to encourage significant ammonia reduction.   

Prior to this study, there was little information available to predict the potential performance 
of VEP designs.  The results from the simulation analysis in the previous chapter and the 
analysis of existing VEPs in this chapter will help stakeholders, environmental advocates, and 
policymakers develop future VEPs with characteristics likely to improve their performance in 
terms of participation and cost-effective technology choice.  The results will also help those 
groups form expectations for the level of ammonia control adoption and participation that might 
be achieved under a VEP versus a cost-effective scenario.   

This chapter examines 26 policies representing the range of variation of existing 
environmental policy designs, prioritizing policies with agricultural applications and relevance to 
the ammonia context.  It compares their incentive offerings and observed participation rates to 
the simulated incentive strategies from Chapter 7, highlighting similarities to the “awareness 
strategy” and the high achieving scenarios which were “robust” across the high and low 
technology scenarios and different manure values in the simulation.  These incentive strategies 
include the “robust financial,” “robust planning,” and “robust planning and financial” strategies 
from the individual farmer simulation.  Here, “robust” means that the incentive strategy led to 
considerable ammonia emissions reductions in the simulation regardless of technology scenario 
or manure nitrogen value.  Though it would have been informative, the environmental 
performance of the policy cases could not be compared to the simulation scenario results because 
too few VEPs collected environmental impact data.  The following section motivates VEP 
implementation criteria that will be used for policy evaluation in addition to comparisons with 
the Chapter 7 simulation strategies.   

Motivation for Policy Implementation Criteria 

In this dissertation, geographic targeting has been suggested as a potentially beneficial policy 
feature several times.  In Chapter 3, clusters of different types of manure storage implied that a 
policy aimed at encouraging ammonia control might save effort by targeting technologies 
compatible with different manure storage structures at the counties where they are most 
prevalent.  In Chapter 7, different ammonia control technologies were most cost-effective 
depending on the value of manure nitrogen.  This suggests that policies might efficiently 
encourage some ammonia control technologies in geographic clusters of intense hog production, 
where manure values are depressed, and others elsewhere.   

Several themes emerged during the industry expert and policy administrator interviews that 
served as a basis for the discussion in Chapter 6 and contributed to data collection in this chapter.  
Two of these themes, building trust and flexibility, are included in this study as implementation 
criteria because they may act as barriers to AFO operators’ ability or willingness to participate in 
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VEPs.  Building trust describes a process in which government-sponsored policies take measures 
to convince stakeholders that participating in the VEP will be beneficial for them and the 
environment and will not lead to increased regulation or penalties.  Flexibility refers to the level 
of choice a participant has about which procedures or technology options to adopt to comply 
with a voluntary or regulatory standard.   

Environmental policy administrators most frequently identified establishing stakeholder buy-
in to a shared objective, trust, and communication between VEP sponsors and participants as 
important factors to designing a successful VEP (ECAP interview, March 20, 2018; LWQTP 
interview, November 30, 2017; MAEAP interview, October 26, 2017).  Some producers are 
suspicious of sharing information with the government and it is difficult to convince them 
otherwise if a VEP is offered by a regulating agency (RMNP interview 2, November 20, 2017; 
ECAP interview, March 20, 2018).   Collaboration between public entities, the scientific 
community, and the industry may help design a standard acceptable to most stakeholders (PBR 
for Dairies interview, February 23, 2018).  Another way that many VEPs have built trust is by 
leveraging local technical or financial resources such as Natural Resource Conservation Service 
(NRCS) technicians (MAEAP interview, October 26, 2017; IWQLF interview, January 17, 2018; 
Gianotti & Duane, 2016; Romm, et al., 1987; Ferranto, et al., 2014; GFPP website). 

Policy and industry experts observed that all AFOs are unique, and BMPs or environmental 
standards that work at one AFO may not be feasible at others, due to facility or business 
characteristics (RMNP interview 1, November 30, 2017; We Care interview, November 29, 
2017; MAEAP interview, October 26, 2017).  It may be possible to include more operations 
under one policy by increasing the flexibility of the policy’s environmental standard.  VEPs and 
regulations can both incorporate flexibility, especially if emissions can be measured or modeled 
scientifically with confidence.  VEPs tend to be more flexible than regulations over time because 
regulations are more difficult to adapt as technologies or BMPs evolve.   

In This Chapter 

In the next section, the chapter describes the methods used to collect environmental policy 
examples, select a smaller representative sample for further study, and gather information about 
the policy cases through literature search, program materials, and administrator interviews.  The 
methods section also details how the policy cases are coded to match the previous chapter 
simulation scenarios and the VEP implementation criteria.  The case study policies are then 
summarized.  The analysis section first compares the selected cases’ policy design characteristics 
and observed participation rates to the results of the simulation scenarios and then compares 
participation across VEP implementation criteria.  Finally, this chapter concludes with 
recommendations for VEP policy designs likely to successfully encourage ammonia emissions 
reduction in the Iowa hog industry and discusses the implications of policy choice for expected 
overall ammonia emissions reduction. 
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Methods 

A broad spectrum of environmental policy design examples was collected from academic, 
government, and media sources to create a database of potential case studies.  Cases were 
selected from this database for further study based on relevance to agriculture and representation 
of all the theoretical policy types.  Information was gathered about the final list of cases from 
literature review, program materials, and interviews to compare their implementation with the 
promising simulated incentive strategies for encouraging ammonia control technology adoption.  
Comparison between simulated incentive strategy performance and VEP performance and 
among VEPs took place based on the combinations of incentives offered, participation levels, 
flexibility in compatible ammonia control actions, and methods of encouraging buy-in from the 
target industry (a requisite for concerted industry action, to approach the optimized cost-effective 
investment curve). 

Case Identification  

Fifteen states’ environmental, ecology, agricultural, and/or energy agency websites were 
searched for environmental programs and VEPs, using “voluntary” and “environment” search 
terms to collect all types of voluntary environmental and economic-environmental policy.  
Regulatory policies related to livestock were also collected.  Eleven of the states were selected 
because each had more than $10 million in receipts for agricultural commodities in 2015 (USDA 
ERS, 2017); Michigan and Colorado were selected because of specific VEP initiatives, the Great 
Lakes Restoration Initiative and the Rocky Mountain National Park Air Quality Initiative; Idaho 
and Oklahoma were included as examples of states with similar levels of agricultural production 
to Michigan and Colorado, ranking 20th and 23rd versus 18th and 21st on receipts for agricultural 
commodities in 2015.  Websites of the EPA, USDA, Department of Energy, Farm Services 
Administration, and Natural Resources Conservation Service were also searched using the same 
search terms.   

Next, NGO and industry voluntary policies were identified by searching combinations of the 
keywords “voluntary” and “commitment” with the terms “environment” and “sustainability” in 
the Google search engine.  Finally, additional lists of environmental policies and programs were 
found in the following journal articles about voluntary policy: Bui & Kapon (2012), Boyd & 
Manson (2011), Delmas & Montes-Sancho (2010), Bressers, Bruijn, & Lulofs (2009), Delmas & 
Keller (2005), and Darnall & Carmin (2005), and those for which information was still available 
were included.   

VEPs are usually categorized as public voluntary programs (PVPs), unilateral commitments 
(UCs), negotiated agreements (NAs), or private agreements between those creating and those 
suffering from externalities (Hassell, et al., 2010).  The final list contained 382 examples of 
environmental policy, with 234 public voluntary programs (PVPs), 22 unilateral commitments 
(UCs), 24 negotiated agreements (NAs), 37 regulations, 18 economic instruments, and 47 others 
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that did not fit into these categories.  Within a database of the policy examples, each VEP was 
coded by its primary policy type (PVP, UC, NA, Regulation, Economic, Other/Mixed), 
incentives used (Requirement, Regulatory threat/relief, Cost-share, Loan, Credit trading, Tax 
credit, Technical Assistance & Awareness (TAA), Recognition, Stewardship/Corporate Social 
Responsibility (CSR)), monitoring or reporting (Yes, No), sponsor (Industry, Government, 
NGO), and relevance (Agriculture, Livestock agriculture, Other industry).  Each option was 
listed as a separate indicator variable so that a policy could be identified with more than one 
incentive or relevance.  Recognition and TAA are both related to awareness of environmental 
issues and practices, and recognition might also be linked to WTP for environmental values. 

Case Selection: Sampling the Spectrum of Economic, Regulatory, and Voluntary Policy 
Designs 

After sorting the list of 382 examples by policy type, agriculture relevance, incentive 
offerings, and then the existence of evaluation literature related to the policy case, cases were 
selected from the database so that each of the policy types were represented by at least three 
cases, at least one case for each policy type had been studied in the literature, and all of the most 
common incentive combinations were represented (all combinations shared by at least six 
policies in the database), while prioritizing policy cases which agricultural producers were 
eligible to participate.  This was accomplished through random draws from subsets of the 
database according to an algorithm described in Table 8.1.   

Table 8.1 Case selection protocol 

  

Step 1 For each of the six policy types (PVP, UC, NA, Economic, Other/Mixed, Regulation), make random 
draws from the following subsets of the database of potential cases: 
1. Choose one policy with evaluation literature from those related to livestock, if any. If none, from those 
related to agriculture, if any.  
2. Choose one policy with evaluation literature from those not related to agriculture, if any.  
3. Choose two (one for regulations) policies from those related to livestock.  
4. Choose two (one for regulations) policies from those related to agriculture but not livestock. 

Step 2 Add cases of special interest to the shortlist and remove policies similar to other selections. 

Step 3 For each incentive combination appearing six or more times in the database (see Table 8.2) which is 
not represented on the shortlist, make one random draw from the subset of policies in the database 
with that incentive combination. 

 
Several cases of special interest were added directly to the shortlist after the first random 

selection step.  The Iowa Nutrient Reduction Strategy was selected to represent current relevant 
voluntary initiatives in Iowa.  The Great Lakes Restoration Initiative was included to represent 
an inter-state partnership.  The Rocky Mountain National Park’s early warning system was 
chosen because it was developed to counter the threat from livestock producers’ ammonia 
emissions to ecosystems in the park, the same externality as Iowa hog production ammonia 
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emissions.  After adding these policies to the shortlist, policies similar to other selections were 
removed, keeping the policy most relevant to Iowa. 

The incentive combinations of the remaining policies on the shortlist were checked against 
the frequency table and policies with unrepresented incentive combinations were drawn and 
added to the shortlist as described in Table 8.1 Step 3.  The frequencies of incentive 
combinations in the environmental policy database are reported below in Table 8.2.  Technical 
assistance and awareness (TAA) was the most common incentive in the database, followed 
closely by cost-share and then recognition, but cost-share was the most common incentive to be 
offered alone.   

Table 8.2 Frequency of incentive combinations in the environmental policy database 

Rank Incentive combination Frequency 

1 Cost-share 74 

2 TAA 56 

3 Recognition 49 

4 Requirement 34 

5 Cost-share and TAA 34 

6 Regulatory threat/relief 24 

7 TAA and Recognition 22 

8 Loan 18 

9 Recognition and Stewardship/CSR 16 

10 Tax credit 15 

11 Regulatory threat/relief, TAA and Recognition 6 

12 Regulatory threat/relief and Recognition 6 

13 Credit trading 6 

14 Requirement and Regulatory threat/relief 3 

15 Regulatory threat/relief and cost-share 3 

16 Stewardship/CSR only 3 

17 Requirement, Cost-share, credit trading, and TAA 1 

18 Requirement and cost-share 1 

19 Regulatory threat/relief and tax credit 1 

20 Regulatory threat/relief and TAA 1 

21 Cost share, loan, credit trading, TAA 1 

22 Cost-share, loan, TAA 1 

23 Cost-share and credit trading 1 

24 Cost-share, TAA, and stewardship/CSR 1 

25 Cost-share and stewardship/CSR 1 

26 Tax credit, TAA, and Recognition 1 

27 Tax credit and TAA 1 
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Table 8.3 summarizes the 26 environmental policy cases that made the final shortlist. Of the 

selected policies, only 6 out of 26 do not include eligibility for agricultural industries, suggesting 
that most of the spectrum of possible environmental policy designs have already been tried in 
agricultural contexts. 

Table 8.3 Policy Shortlist 

Policy name Policy 
type 

Incentives Agriculture 
eligible 

Iowa’s Methane Gas Conversion Property Tax Exemption (Methane) Econ-
inspired 

Tax reduction No 

Sotoyome RCD and Goldridge RCD – Laguna Watershed Water 
Quality Trading Program (LWQTP) 

Econ-
inspired 

Credit trading Yes 

Williamson Act (California Land Conservation Act of 1965) 
(Williamson) 

Econ-
inspired 

Tax reduction Yes 

Great Lakes Restoration Initiative (GLRI) Mixed Cost-share, TAA Yes 

Iowa Nutrient Reduction Strategy (INRS) Mixed Requirement, 
cost-share, credit-
trading, TAA 

Yes 

Rocky Mountain National Park Air Quality Initiative’s (RMNP) Pilot 
Early Warning System (PEWS) 

Mixed Regulation, 
Regulatory threat 

Yes 

Source Water Protection Program (SWPP) Mixed TAA No 

Negotiated Agreements in the Netherlands (NAs Netherlands) NA Regulatory 
threat/relief, 
Requirement 

No 

North Carolina AG and Smithfield Foods (NA Smithfield) NA Regulatory threat, 
Requirement 

Yes 

Coalition of Immokalee Workers' Fair Food program (Fair Food) PVP/NA Recognition, CSR Yes 

Agriculture Cost Share Program - Lagoon Conversion program (NC) 
(LCP) 

PVP Cost-share Yes 

Coalition to Support Iowa’s Farmers’ Green Farmstead Partner 
Program (GFFP) 

PVP TAA, 
Administrative 
assistance 

Yes 

Eco-labels (Food Alliance) PVP Recognition Yes 

Environmental Quality Incentives Program (EQIP) PVP Cost-share Yes 

Environmental Technology Verification Program (ETV) PVP Regulatory 
threat/relief, TAA, 
Recognition 

No 

Livestock Water Quality Loan Fund (LWQLF) PVP Loan Yes 

Michigan Agriculture Environmental Assurance Program – Livestock 
(MAEAP) 

PVP TAA, Recognition Yes 

StarTrack (StarTrack) PVP Regulatory 
threat/relief, 
Recognition 

No 

The California Forest Improvement Plan (CFIP) PVP Cost-share, TAA Yes 

Wisconsin’s Environmental Compliance Audit Program (ECAP) PVP Regulatory 
threat/relief 

Yes 
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BACT requirement (Colorado BACT) Reg Requirement Yes 

Emergency Planning and Community Right-to-Know Act (EPCRA) of 
1986 

Reg Requirement Yes 

Permit by Rule for Dairies (Idaho PBR) Reg Requirement Yes 

Commitment to waste reduction, water, energy, and greenhouse gas 
emissions by Hormel Foods (Hormel) 

UC CSR, Recognition Yes 

ISO 14001 (ISO 14001) UC/PVP Recognition No 

We Care Responsible Pork Initiative (We Care) UC/PVP Recognition, CSR Yes 

Evaluation Criteria 

The simulations in Chapter 7 suggested that participation levels, control technology choices, 
and incentive combinations are key criteria to designing impactful policy to encourage ammonia 
emissions reduction in the Iowa hog industry.  Participation level was an important distinction 
between simulation scenarios.  High levels of participation adopting inexpensive control 
technologies may be equally or more effective than small numbers of expensive control projects.  
Most of the policies in the sample collect and share some sort of information about participation.   

The selection of ammonia control technologies emphasized by a policy was also important to 
approaching cost-effective mitigation across the hog industry.  Different ammonia control 
technologies were most cost-effective depending on local manure nitrogen value or existing 
manure storage structure types.  The Chapter 7 results also suggest that incentives for different 
types of technology might be efficiently targeted at different geographic locations, or be flexible 
so that operations with different circumstances could choose the most cost-effective alternative 
that they would be willing to consider.  The analysis section in this chapter evaluates existing 
environmental policies to identify whether voluntary policies exist satisfying the conditions and 
incentive strategies that emerged as important in the simulation of voluntary decision-making 
and observe whether each of the Chapter 7 criteria seem to make a difference to performance. 

The analysis notes whether each policy accommodates flexibility in technology choices, 
whether the policy geographically prioritizes or targets participation among eligible applicants, 
and categorizes the policy’s strategy for building trust between the government sponsor (if 
applicable) and potential participants.  These three criteria and the criteria to match policy cases 
to simulation incentives are coded according to the criteria defined in Table 8.4. 

Table 8.4 Coding criteria 

  

Variable Levels Definitions 

Participation rate % 
 

Reported participation divided by eligible stakeholders or by the 
policy’s stated participation goals.   

 Unknown Eligibility is not bounded or participation is not reported. 

Flexibility Yes Policy allows participants to choose whichever technology they 
prefer. 
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 Some Policy allows participants to choose from a list of technology 
options or includes some required and some optional technologies 
to meet the policy standard. 

 No Policy does not allow participants to choose among technology 
options. 

Geographic targeting Yes Among eligible prospective participants or types of projects, some 
get priority based on geographic location.  

 No Any eligible farm has an equal chance of participation regardless of 
location. 

WTP for environmental 
values 

Yes Policy requires prospective participants to pay to participate or 
creates an opportunity to participate in a sustainable supply chain. 

 No All others.  This may include programs with participants who are 
willing to pay for environmental values, but that cannot be 
observed from the policy design. 

Administrative assistance Yes Policy offers participant individual help with planning their 
conservation project. 

 No All others. 

Financial assistance Yes Policy offers cost-share, loans, or payments for environmental 
services. 

 No All others. 

Raising awareness Yes Policy includes outreach or publicity efforts such as posting a sign. 

 No All others. 

Building trust between 
industry and government 

Stakeholder 
involvement 

Stakeholders involved in policy development, often through 
negotiation process. 

 Local connection Policy interacts with stakeholders through a local expert or service 
provider. 

 Oversight distanced 
from regulator 

Creates a new body to oversee the policy at some remove from the 
regulating agency, often through partnership with universities, 
NGOs, or private groups. 

 None All other policies from government sponsors. 

 

Data Collection 

For each of the selected policy examples, the academic literature was searched for evaluation 
articles using either the program name or the type of program (for example, eco-labels) as 
keywords.  For each article, information was extracted about the policies’ initiation/origin, 
success, incentives, barriers, mitigations, policy/industry atmosphere, overlap with other policies, 
participant values, consumer role, and monitoring and enforcement.  Other materials were 
reviewed from any websites associated with the 26 policies.  Policy administrators for which 
contact information could be found were contacted for interviews. 

Interviews were conducted with policy administrators of 13 of the policies in the sample, 
along with one interview with an industry liaison for one of the policies, as identified in Table 
8.5.  These program administrators represent efforts to manage externalities internationally, 
nationally, at the state or inter-state levels, and locally.  Policy administrators were asked about 
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the origins of their policy, program activities, the relationship between the policy and 
regulations, incentives and barriers for farmers to participate, participation rates, whether the 
policy tracks environmental outcomes, stakeholder and community reception, administrative 
burden of participating or running the program, policy goals and objectives, and advice they 
would give to an organization developing a similar policy. 

Table 8.5 Policy Administrator interviews 

Policy scale Policy administrator contacts 

International Food Alliance interview, February 27, 2018 

National EQIP interview, October 25, 2017 
EPCRA interview, November 29, 2017 
NPB/We Care interview, November 29, 2017 

Interstate agreement GLRI correspondence, November 30, 2017 

State 
Colorado 
 
Idaho 
Michigan 
Wisconsin 
Iowa 

 
RMNP interview 1, November 30, 2017 
RMNP interview 2, November 20, 2017 
PBR for Dairies interview, February 23, 2018 
MAEAP interview, October 26, 2017 
ECAP interview, March 20, 2018 
Iowa Extension interview 2, November 30, 2017 
IWQLF interview, January 17, 2018 
Methane tax credit correspondence, January 17, 2018 

Local 
California-Santa Rosa 

 
LWQTP interview, November 30, 2017 

 
For each environmental policy case, the next section summarizes the policy design and 

activities and notes whether the policy is already applicable to ammonia emissions or to the Iowa 
hog industry.  In the following analysis section, policy case incentives are matched to the most 
similar simulation incentive scenario, comparing available information about the VEP’s 
participation rate to the corresponding participation ranges for the most similar simulated 
incentive scenario.  It would have been ideal to compare environmental impact as well, but 
environmental impact information was not available for most of the policy cases.   

Policy Summaries 

This section presents short summaries of the origins and activities of the 26 policies 
examined in this study.  The policies are sorted by whether they address the ammonia externality 
and by whether they would accept participants from Iowa.  This organization highlights current 
environmental policy offerings that Iowa hog AFO operators might consider in their ammonia 
control decisions and shows alternative policy strategies that other states have pursued for 
ammonia emissions. 
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Policy Cases Encouraging Ammonia Control 

Iowa eligible 

Coalition to Support Iowa’s Farmers’ Green Farmstead Partner Program 

The Coalition to Support Iowa’s Farmers, in association with Trees Forever and the Iowa 
Nursery and Landscape Association, offers resources to encourage livestock farmers to plant 
trees as windbreaks around their farms (http://www.supportfarmers.com/programs/green-
farmstead-partner-program).  They provide free consultations and tree planting plans from local 
landscape professionals, and offer a sign to place in participants’ yards. 

Emergency Planning and Community Right-to-Know Act of 1986 (EPCRA) 

Section 313 of EPCRA requires that releases of 100 lbs. or more of any of a list of toxic 
chemicals, including ammonia, must be reported.  Local Emergency Planning Committees create 
an emergency response plan with which companies must cooperate, submitting a list of all the 
chemicals in use or in storage along with their material safety data sheets (Engel, 2014).  It is 
intended to make sure that communities are prepared for potential chemical disasters (EPCRA 
interview, November 29, 2017).   

Environmental Quality Incentives Program (EQIP) 

Introduced in the 1996 Farm Bill, the EQIP program pays cost-share subsidies to landowners 
to implement best management practices (BMPs) for conservation of soil, water, and air quality.  
With a few exceptions, the maximum payment rate is 75 percent of the costs of conservation 
practices.  States determine the list of eligible practices and funding priorities, which may be 
geographically motivated. 

Food Alliance certification program 

The Food Alliance certification program launched in 1997 as a third party, nonprofit based 
on a partnership between several Washington universities and the Washington state Department 
of Agriculture.  The program maintains checklists for comprehensive sustainability standards in 
various types of farming based on the best available science from the research community and 
industry leaders, made up of a combination of required and scored criteria.  Participants pay for 
certification and recertification inspections every three years and are required to set their own 
goals for improvement for the next inspection to retain certification. 

Livestock Water Quality Loan program 

This program allows AFOs under 1,000 animal units in Iowa to get loans from local lenders 
where the State Revolving Fund keeps the interest rate under 3 percent by depositing funds equal 
to the principal of the loan with the lender.  The loans may be used for development of manure or 
nutrient management plans, lagoons, manure management structures, roofed storage structures, 

http://www.supportfarmers.com/programs/green-farmstead-partner-program
http://www.supportfarmers.com/programs/green-farmstead-partner-program
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or vegetative filters.  Potential borrowers work with their local Soil & Water Conservation 
District to develop a project for the loan, the borrower applies for the loan from the participating 
lender, and the borrower completes an online application to the program. 
(http://www.iowasrf.com/program/other_water_quality_programs/livestock_water_quality.cfm)  

We Care Responsible Pork Initiative 

We Care is a science and technology initiative from the Pork Checkoff, a federally legislated 
program under USDA oversight, that funds research into animal welfare, public health, and 
environmental impacts from pork production.  The program then shares research results and 
environmental planning tools with hog producers and the public on the pork.org website and 
does outreach to state pork associations, conferences, and community groups (We Care 
interview, November 29, 2017). 

Iowa ineligible 

Agriculture Cost Share Program - Lagoon Conversion program (NC) 

This cost-share program was created some years after the 1999 negotiated agreement 
between the North Carolina Attorney General and Smithfield Foods in which Smithfield Foods 
agreed to fund research into potential Environmentally Superior Technologies (EST) for 
replacing anaerobic lagoon waste storage at hog farms.  The EST that were developed had a net 
cost, so this program was supposed to encourage EST adoption with an offer of 90 percent cost-
share.  There was minimal program funding and only 11 farms applied and 7 participated out of 
more than 2,000 eligible hog farms by 2011 (Karan, 2011).   

BACT requirement (Colorado) 

Best available control technology (BACT) is a type of regulation that sets a technology 
standard.  In Colorado under Regulation 2, part B, housed swine feeding operations are required 
to use a specific list of technologies and practices unless they can demonstrate that an alternative 
method is more effective at reducing odor emissions.   

Michigan Agriculture Environmental Assurance Program – Livestock (MAEAP) 

Launched in 1998 as an industry initiative in Michigan, MAEAP works with farmers to 
provide technical assistance until they can certify that the farm is complying with all state and 
federal requirements and Generally Accepted Agricultural Management Practices (GAAMPs) for 
pollution (Caldwell, et al., 2002).  By 2012, 507 livestock farms were certified (Chantorn, 2013), 
and the state of Michigan took over running the program.  MAEAP-verified farms are not 
required to take any new action if a new TMDL is set since they received verification.  The 
program employs local technicians to work with farmers and do certification checks (MAEAP 
interview, October 26, 2017).  They offer a sign to place in participants’ yards. 

http://www.iowasrf.com/program/other_water_quality_programs/livestock_water_quality.cfm


124 
 

NC AG and Smithfield Foods’ 1999 negotiated agreement  

This negotiated agreement between the NC AG and Smithfield Foods and later with 
Premium Farms in 1999 consisted of a pledge by the companies to give money for research to 
develop ‘environmentally superior technology’ (EST), alternative waste management 
technologies, for hog effluent and to implement any of the developed ESTs that proved to be 
technically, operationally, and economically feasible (Vanotti, et al., 2007).  The hog companies 
promised to implement any of the ESTs that satisfied a set of ambitious environmental and cost 
requirements, which have not yet been met. 

Permit By Rule for Dairies (PBR; Idaho) 

This policy arose from a negotiated rule-making between the Dairymen of Idaho association 
and the Idaho Department of Environmental Quality (DEQ).  This rule applies to dairy farms 
expected to emit 100 or more tons of ammonia annually.  Inspectors from the Department of 
Agriculture or DEQ inspect dairies annually according to a checklist of best management 
practices (BMPs) with a weighted point system with a minimum score to pass the inspection and 
retain registration as a dairy farm, avoiding rules for other permitted facility types.  The checklist 
of BMPs is intended to evolve with science and technology, however updates will require a new 
negotiated rulemaking process (Idaho PBR interview, February 23, 2018). 

Rocky Mountain National Park Nitrogen Reduction Initiative’s Pilot Early Warning Program 

A group of researchers, policymakers, feedlot managers, and federal and state agencies 
worked together to design a set of best management practices for reducing the impact of AFO 
ammonia emissions on the park ecosystems and created a program to alert farmers when weather 
patterns would carry emissions to the park (Piña, 2017).  The Pilot Early Warning System 
(PEWS) program allows farmers to voluntarily sign up for weather forecast alerts so that they 
might alter their manure handling practices during alert periods or delay farm activities until after 
the weather pattern that threatened the park (Piña, 2017).   

Policy Cases Not Directly Related to Ammonia Control 

Coalition of Immokalee Workers' Fair Food program 

A tomato pickers’ group called the Coalition of Immokalee Workers began a program to 
address the poverty of tomato workers by changing the incentives of retail companies.  In 2010, 
they reached an agreement with the Florida Tomato Growers Exchange where the growers 
signed a Fair Food agreement outlining workers’ rights, a Code of Conduct, an additional ‘penny 
per pound’ of tomato sales allocated for workers, and monitoring and reporting avenues for 
workers (Asbed & Sellers, 2013).  They then targeted large food corporations with publicity to 
raise consumer awareness of agricultural workers’ issues to get each corporation to sign an 
agreement to promise not to buy tomatoes from growers not signed on to the Code of Conduct 
(Asbed & Sellers, 2013). 



125 
 

Environmental Compliance Audit Program (Wisconsin) 

Wisconsin’s Environmental Compliance Audit Program allows any business or facility to 
confirm compliance with DNR environmental regulations and caps penalties for voluntarily-
reported violations discovered during an audit.  Audits are completed by the entity or a hired 
auditor after declaring intent to audit.  Participants then report the audit findings to DNR and 
make plans to correct violations within 90 days, or else DNR will make a public announcement 
about the violation and their timeline (ECAP interview, March 20, 2018). 

Environmental Technology Verification Program (ETV) 

The EPA started this program (begun 1995, ended in 2014) with the intention of handing it 
off to NGOs focused on testing and evaluation.  In the EPA’s ETV program, companies could 
apply to have their products’ environmental performance tested.  The program would then 
publish a peer-reviewed verification report for each technology. 
(https://archive.epa.gov/nrmrl/archive-etv/web/html/basic.html) ISO launched ISO 14034 in 
2016 to continue the program (https://www.iso.org/news/2016/11/Ref2144.html). 

Great Lakes Restoration Initiative 

The Great Lakes Restoration Initiative (GLRI) builds on a previous series of community-led 
efforts to address Areas of Concern (AoCs) with Remedial Action Plans which started in 1987 
with an amendment to the 1972 Great Lakes Water Quality Agreement between the United 
States and Canada (Beierle, et al., 2001).  The GLRI funds projects which work toward the goals 
of existing lake management or remedial action plans which have observable, measurable 
impacts, support existing activities, and minimize transaction costs (GLRI Action Plan, 2010).  
For nonpoint nutrient sources, GLRI leverages federal conservation programs, NRCS, and 
USDA EQIP funds to give cost-share or technical assistance for BMP implementation 
(Merriman, 2014; GLRI correspondence, November 30, 2017). 

Hormel Foods' commitment to waste reduction, water, energy, and greenhouse gas emissions 

Hormel Foods follows the Global Reporting Initiative guidelines, has an Environmental 
Management System (EMS), commits to the UN Sustainable Development Goals for water 
scarcity and quality, requires suppliers to follow all environmental laws, and gives an award to 
employee groups that contribute to more sustainable operations (Hormel Foods Corporate 
Responsibility statement, 2015).  Hormel Foods also maintains a Sustainable Agriculture Policy 
which follows the principles of the Bipartisan Policy Center’s CEO Council on Sustainability 
and Innovation and asks livestock producers to prevent the release of environmentally harmful 
substances, identify and implement best management practices for nutrients, measure 
environmental impacts, and set goals for improvement on environmental impact.   

https://archive.epa.gov/nrmrl/archive-etv/web/html/basic.html
https://www.iso.org/news/2016/11/Ref2144.html
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Iowa Nutrient Reduction Strategy 

This program, launched in 2012, spends funds from the Iowa budget, EQIP, the Conservation 
Reserve Program, and the Agricultural Conservation Easement Program to improve floodplain 
management, habitat restoration, precision technology development, and crop farmer BMP 
adoption to reduce nitrogen and phosphorus loading to the Ohio and Upper Mississippi River 
Basins by 42 percent (Tallis, et al., 2016).  The program spent $122.7 million in 2016 (Tallis, et 
al., 2016).  Other INRS projects include practice demonstration projects, research into new 
technologies, water quality credit trading program development, outreach and education, and 
nutrient monitoring in streams and edges of fields. 

ISO 14001 

ISO 14001 is a voluntary process standard that firms may satisfy by implementing an 
environmental management system and records for the firm’s pollution impact.  It is mostly 
applied to natural resource use and waste reduction in industrial facilities.  Prakash and Potoski 
(2014) found that ISO 14001 led to reduced air emissions only in countries with less stringent 
environmental regulations.   

Methane Gas Conversion Property Tax Credit (Iowa) 

The methane tax credit is for anaerobic digesters operating at publicly-owned sanitary 
landfills in Iowa (Methane tax exemption correspondence, January 17, 2018).  However, Iowa 
requires electrical utilities to purchase renewable power in Iowa and two of Iowa’s electrical 
utilities purchase energy from anaerobic digesters at livestock farms, Alliant Energy and Amana 
Society Service Company (Alliant Energy, 2018; EPA AgSTAR, 2017). 

Negotiated agreements in the Netherlands 

In the Netherlands, negotiated agreements (NAs) are negotiated between an industry and the 
government so that most firms in the industry will implement a program stricter than existing 
regulations (Bressers, et al., 2009).  Negotiated agreements often accompany supportive 
instruments such as subsidies, information or technical assistance, or regulatory instruments like 
permits and enforcement if the agreement is not kept (Bressers, et al 2009) or taxes (Bressers, 
2007).   

Laguna Watershed Water Quality Credit Trading Program (LWQTP) 

The research conservation districts in the Laguna de Santa Rosa watershed, California, work 
with landowners to give technical assistance to develop phosphorus nutrient conservation 
projects, which are paid for through twenty-year credit trade contracts with the Santa Rosa or 
Windsor water treatment plants. Each trade must be approved by the Regional Water Board 
Authority.  Only three trades have taken place since 2008 (LWQTP interview, November 30, 
2017).   
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StarTrack 

The Star Track program offered facilities in New England a tiered system of self-
management, audits, environmental disclosure to public, and third-party certification in exchange 
for exemption from EPA inspections, faster permitting, penalty amnesty, and recognition for 
environmental leadership.  Unfortunately, the program did not have the authority to exempt firms 
from regulations, so the incentives were not valuable (de Bruijn and Norberg-Bohm, 2005).   

SWPP – Source Water Protection Program (USDA) 

The Source Water Protection Program (SWPP) is a collaboration of the USDA’s Farm 
Service Agency (FSA) and the National Rural Water Association (NRWA), a wastewater utility 
membership organization (https://www.fsa.usda.gov/programs-and-services/conservation-
programs/source-water-protection/index).  The program hires rural source water technicians to 
work with NRCS and FSA staff to find areas of drinking water that should be a high priority for 
pollution prevention and then create local stakeholder teams to develop a Rural Source Water 
Protection plan (https://www.fsa.usda.gov/programs-and-services/conservation-programs/source-
water-protection/index).  These plans outline voluntary pollution prevention actions for crop and 
livestock farmers and often focus on public outreach and education. 

The California Forest Improvement Program (CFIP) 

This cost-share program began in 1980.  Landowners must enroll a minimum number of 
acres in a 10-year forest land use agreement and develop a conservation management plan with a 
registered forester for the acres to participate (Haines, 1995).   

Williamson Act (California Land Conservation Act of 1965) 

The Williamson Act (1965) was created to curb urban expansion into natural lands in 
California (Santos, et al., 2014).  The Williamson Act is like many federal conservation 
programs that pay a landowner to maintain a specific land use.  It is basically a subsidy for 
farmers for not converting their land to a non-agricultural use.   

Analysis  

The case summaries show five voluntary policies and one regulatory policy that already 
address ammonia from livestock operations and accept participants or require participation in 
Iowa.  Iowa hog AFOs may not be participating in these policies, however.  The policy 
administrators of EQIP and IWQLF reported little interest from hog producers and more interest 
from producers of other types of livestock (EQIP interview, October 25, 2017; IWQLF 
interview, January 17, 2018).  No farms in Iowa participate in the Food Alliance certification 
program (Food Alliance Certified Client list, 2016) and few hog farms have utilized either EQIP 
or the Iowa Livestock Water Quality Loan Fund (EQIP interview, October 25, 2017; IWQLF 
interview, January 17, 2018).   Table 8.6 presents the participation rate from eligible industries 

https://www.fsa.usda.gov/programs-and-services/conservation-programs/source-water-protection/index
https://www.fsa.usda.gov/programs-and-services/conservation-programs/source-water-protection/index
https://www.fsa.usda.gov/programs-and-services/conservation-programs/source-water-protection/index
https://www.fsa.usda.gov/programs-and-services/conservation-programs/source-water-protection/index
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for each of the policy cases, showing that the remaining two voluntary ammonia policies 
applicable to Iowa either do not track or have not published participation or technology adoption 
rates.  
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Table 8.6 Comparison of environmental policy case and simulation strategy performance by incentive bundles 
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Observed participation as fraction of eligible 

R
eg

 

BACT (Colorado) N N N N n/a Regulation Regulation Assumed 100% 

EPCRA N N N N n/a Regulation Regulation Assumed 100% 

Idaho PBR N N N N n/a Regulation Regulation Assumed 100% 

N
A

 

NA Netherlands N N N N No match No match No match 100%: Entire industries 

NA Smithfield N N N N No match No match No match 100%: No technology adoption yet 

Fair Food (NA/PVP) Y N N Y S23; S37 35% 0% Unknown: 14 food-buying and 17 farming companies 

U
C

 

We Care (UC/PVP) N N N Y S10-S13; S20 17-56%, 23% 0% Unknown 

Hormel Y N N N S6-S8; S18 12-13% 0% 100%: 1 corporation 

ISO 14001 (UC/PVP) Y N N N S6-S8; S18 12-13% 0% Unknown: 300,000 organizations worldwide 

E
co

n-
V

E
P

 

LWQTP N Y Y N S26; S39 13% 0% Unknown: 3 projects 

Methane tax credit N N Y N S14-S17; S21 13% 0% Unknown 

Williamson Act (Econ/PVP) N N Y N S14-S17; S21 13% 0% 19% 

P
V

P
 

ETV Y N N N S6-S8; S18 12-13% 0% Unknown: >400 technologies 

Food Alliance Y N N N S6-S8; S18 12-13% 0% Unknown: >100 farms 

ECAP Y N N N S6-S8; S18 12-13% 0% Unknown 

SWPP N N N Y S10-S13; S20 17-56%, 23% 0% Unknown 

RMNP N N N Y S10-S13; S20 17-56%, 23% 0% <1% initially 
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IWQLF N N Y N S14-S17; S21 12-13% 0% ~1% apply annually 

LCP N N Y N S14-S17; S21 12-13% 0% <1% 

GFPP N Y N Y S25; S35 34-35% 0% Unknown: >25 farms 

MAEAP N Y N Y S25-S35 34-35% 0% 9% 

CFIP N Y Y N S26; S39 13% 0% 7% 

EQIP N Y Y N S26; S39 13% 0% <1% in Iowa: Greater in other states 

INRS N N Y Y S27; S36 35% 0% 6% or less 

GLRI N N Y Y S27; S36 35% 0% 16% 

StarTrack N Y N N S9; S19 12-17% 0% Unknown: 15 facilities 

 High achieving simulation strategies**  

 Awareness strategy N N N Y S10-S13; S20 17-56%, 23% 0% 

 Robust financial strategy Y N Y Y S30; S42 35% 5-9% 

 Robust planning strategy Y Y N Y S28; S40 35% 11% 

 Robust planning and financial strategy Y Y Y Y S32; S33 35% 16% 
Citations for the information summarized in the rows of this table may be found in the corresponding rows of Table 8.7. 
*Baseline participation in the individual farmer decision-making simulation was 12% in the low technology scenario and 0% in the high technology scenario. 
**Color coded rows resemble the simulation strategies that achieved 4-9% emissions reduction in the Chapter 6 simulation.
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Comparing Participation Across Incentives 

Comparison of voluntary incentive offerings in Table 8.6 reveals that four VEP cases in the 
sample implemented or augmented the “awareness strategy” for participation incentives, two 
resembled the “robust financial strategy,” two resembled the “robust planning strategy”, and 
none implemented the “robust planning and financial strategy”.  The absence of the robust 
planning and financial strategy among the cases suggests that offering incentives to counter all 
four of the technology adoption barriers may be costlier than policy designers have deemed 
worthwhile.  The rest of the incentive strategies in the environmental policy cases included in 
Table 8.6 were not similar to the high performing simulated strategies, which might mean that 
these other current VEP designs are likely to encourage little additional control technology 
adoption beyond what participants would have done otherwise.   

Regulations 

The nature of regulations compels an assumption of full participation by those eligible.  The 
three regulations included in Table 8.6 did not offer any incentives as defined by the coding 
criteria. 

Negotiated Agreements 

The Fair Food program, a hybrid between NA and PVP which establishes a standard but 
legally binding agreement with each participant, acts on WTP along the supply chain and 
conducts awareness campaigns for protecting the human rights of farmworkers.  It does not 
match the high performing simulation incentive strategies as coded in Table 8.6 but does match 
an incentive bundle that increased participation in the low technology scenario in the simulation. 
This suggests that although the participation rate could not be calculated, more farm and food 
distributor companies may be taking low-cost actions to protect workers than would have done 
without the VEP.  The two pure NA cases did not offer any incentives as defined by the coding 
criteria used to create Table 8.6.  Their motivation could likely be attributed to regulatory threat.  
The negotiation process can help farmers and policy sponsors set mutually acceptable 
expectations while reducing the risk of new regulation in the future.   

Unilateral commitments 

Among the UCs included in Table 8.6, two rely on WTP for environmental values incentives 
and one applies the awareness strategy.  Participation rates in the UCs could not be calculated, 
but the simulation predicts that WTP for environmental values as a single incentive may increase 
technology adoption rates slightly over zero in the high cost technology scenario, depending on 
the strength of WTP.  This is consistent with the concept of early adopters and innovators who 
are likely to adopt control technology without any VEP, and so does not suggest UCs based on 
WTP as a promising option to reduce emissions.   
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Economic-inspired VEPs 

Among the economics-inspired VEPs included in Table 8.6, all offer financial incentives, 
which one combines with administrative assistance.  The nutrient credit program offers technical 
assistance in addition to financial incentives but has only led to three nutrient control projects, 
while the Williamson Act tax credit has the highest participation rate in the sample but requires 
no new action from the participant.  The participation rate in the methane tax credit was 
unknown.  These examples provide little corroboration for any general conclusion about 
environmental economic instruments, but show that outcomes may vary with the details of policy 
design and the actions required of participants. 

Public Voluntary Programs 

Overall, information on participation rates as a fraction of eligible industry was only 
available or calculable for nine of the eighteen PVP cases included in Table 8.6.  Fourteen share 
a participation rate, count, or estimate. For PVPs where participation rate could not be calculated, 
the participant counts range from tens to hundreds for US-based policies.  These observations 
suggest that PVPs may have difficulty tracking their impact on target groups.  When they can 
track participation from a countable, eligible industry, participation is often low.  Table 8.6 
illustrates that participation rates in the PVP cases range between less than one and nineteen 
percent.  A third of the PVP cases collecting participation data with countable eligibility groups 
fell below a one percent participation rate, and the average participation rate was only six 
percent.   

Among the eighteen PVPs included in Table 8.6, nine offer financial assistance and five 
report participation rates above one percent.  Only one of the PVPs not offering financial 
assistance exceeds the one percent threshold.  Offering financial incentives does not guarantee 
higher participation, however, as illustrated by North Carolina’s Lagoon Conversion Program 
(LCP), EQIP uptake in Iowa, and LWQTP.  Program budget constraints may limit funding for 
projects.   

Comparing Participation to the Simulation Scenarios 

The regulatory and voluntary policy case participation rates presented in Table 8.6 are mostly 
consistent with the simulation participation ranges for similar incentive offerings.  Full 
participation under the regulatory cases corresponds to full simulated participation under some of 
the simulation scenarios optimized for cost-effectiveness.  The only PVP to exceed the range of 
participation predicted by the simulation for the incentives offered is the Williamson Act tax 
credit, which exceeds the simulated low-technology participation rate for financial assistance as 
a single incentive by 3 percentage points.  This discrepancy makes sense since compliance with 
the Williamson Act policy equates to payment not to develop land instead of requiring 
investment in a technology.  The other observed participation rates fall generally toward the high 
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cost, high effectiveness technology scenario simulation estimates of zero participation except for 
PVPs offering financial assistance.   

Participation in the other PVPs diverged from low rates for the financial incentive-only 
strategy for IWQLF (>1 percent) and the Williamson Act (19 percent), the administrative and 
financial assistance strategy for the California Forest Improvement Program (7 percent), the 
administrative assistance and raising awareness strategy for MAEAP (9 percent), and the 
financial assistance and raising awareness strategy for GLRI (16 percent of goal) and INRS (6 
percent of at least one goal).  The MAEAP, GLRI, and INRS incentive strategies as coded in 
Table 8.6 resemble the simulation robust financial and robust planning strategies except that 
these policy designs do not permit observation of willingness to pay for environmental values, 
which may be present among participants though not coded by the study criteria.  Their higher 
participation rates support the idea that the robust planning strategy and the robust financial 
strategy can be implemented as PVPs in the real world with success, and that livestock operators 
might choose to implement voluntary emissions controls without financial assistance.  The data 
does not allow comment on the implementation success of the simulation awareness strategy 
other than counting the four VEP cases that use it in Table 8.6, as the awareness strategy does 
not appear to lend itself to monitoring participation or impact. 

Comparing Participation Across Flexibility, Geographic Targeting, And Trust Building 
Strategies 

This section compares available participation information across policy cases based on their 
incorporation of flexibility in technology choice, geographic targeting, or trust building strategies 
as coded in Table 8.7.  Table 8.7 shows implementation criteria, additional participation data and 
the data sources for Table 8.6 and 8.7.  Regulations are considered first in the following analysis, 
then voluntary policy cases.
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Table 8.7 Policy case implementation criteria, participation data, and data sources for Tables 8.6 and 8.7. 

 Policy name Flexibility Geographic 
Targeting 

Building trust 
between industry and 
government program 

Observed participation  Citations  

R
eg

 

BACT (Colorado) N N None Industry (state, hog) RMNP interview 1, November 30, 2017 

EPCRA n/a N Oversight somewhat 
removed from 
regulating agency 

Industries (40-60 thousand farms) EPCRA interview, November 29, 2017 

Idaho PBR Some N Stakeholder 
involvement 

Industry (state, dairy) PBR for Dairies interview, February 23, 
2018 

N
A

 

NA Netherlands Y N Stakeholder 
involvement 

Industry (Netherlands) Bressers et al., 2009 

NA Smithfield N n/a Stakeholder 
involvement 

2 farm corporations Vanotti et al., 2007 

Fair Food (NA/PVP) n/a N n/a 17 farming corporations Fair Food Standards Council, 2015; 
USDA, 2016 

U
C

 

We Care (UC/PVP) Y N n/a Unknown We Care interview, November 29, 2017 

Hormel Y n/a n/a 1 farm corporation Hormel Foods, 2002 

ISO 14001 (UC/PVP) n/a N n/a 300,000+ organizations in the world Boiral et al., 2017 

E
co

n-
V

E
P

 

Methane tax credit N N Oversight somewhat 
removed from 
regulating agency 

Unknown Methane tax credit correspondence, 
January 17, 2018 

Williamson n/a N Local government 
administers 

15 million acres; 19% of landowners Ferranto, 2011; Ferranto, 2014 

LWQTP Some N Local expert 3 landowners LWQTP interview, November 30, 2017 

P
V

P
 

SWPP Some Y Stakeholder 
involvement 

Unknown USDA, 2009 

RMNP Y Y Stakeholder 
involvement 

94 individuals signed up for the pilot in 2014 Pina, 2017; Colorado Pork Producer's 
Council, 2018; RMNP interview 1, 
November 30, 2017 
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IWQLF Some N Local lender 109 projects in first two years 2006-2008; 
only AFOs less than 1000 AU eligible 

Cale-Finnegan, 2008; IDNR's AFO 
database; IWQLF interview, January 
17, 2018 

LCP N N None 7 projects funded, limited funding available Karan, 2011 

GFPP N N n/a At least 25 farms Coalition to Support Iowa's Farmers, 
2017 

MAEAP Some N Local expert About 4400 farms MAEAP interview, October 26, 2017; 
USDA Quick Stats, 2017 

CFIP Some N Local expert 1 million acres since 1978; 7% of landowners  Ferranto, 2011; Ferranto, 2014; Romm 
et al., 1987 

EQIP Some Y Local expert 80,827 acres funded in Iowa in 2016, but 
many more applications.  Iowa has about 25 
acres of cropland. 

USDA, May 31, 2017; Iowa State 
University Extension and Outreach, 
2018; EQIP interview, October 25, 
2017 

INRS Some N Oversight somewhat 
removed from 
regulating agency 

600,000 acres of cover crops out of 10-14 
million-acre goal, 950 acres newly treated by 
bioreactor since program inception out of 6.9 
million-acre goal; 15,000 acres treated by 
wetlands out of a goal of 7.7 million acres 

INRS Annual Progress Report 2017; 
Iowa Extension interview 2, November 
30, 2017 

GLRI Some Y Oversight somewhat 
removed from 
regulating agency 

~40,000 acres funded through GLRI out of 
247,500-acre target for 2014 

GLRI Action Plan and GLRI Action Plan 
II 

ECAP n/a N None Unknown: Program is open to any business 
regulated by Wisconsin DNR 

ECAP interview, March 20, 2018 

ETV Y N Oversight somewhat 
removed from 
regulating agency 

400+ technologies U.S. EPA, March 2010 

Food Alliance Some N n/a 100+ farms Food Alliance, Nov 2016; Food Alliance 
interview, February 27, 2018 

StarTrack n/a N None 15 facilities Nash et al., 2000 
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Regulatory policy cases 

The regulations are not distinguished by participation or geographic targeting in Table 8.7, 
but they differ in technology flexibility and trust building approaches.  The Colorado BACT 
offers no flexibility or trust building, and a policy administrator commented that the legislation 
contributed to an adversarial atmosphere that made it more challenging to work with the hog 
industry on future policy efforts (RMNP interview 1, November 30, 2017).  Idaho PBR for 
Dairies allows some flexibility in technology choice for compliance and built trust through 
stakeholder negotiation during the rulemaking, similar to the process for a negotiated agreement.  
The policy contact expressed that dairy farmers seemed content with the rule and may have been 
pleased to reduce legal uncertainty (PBR for Dairies interview, February 23, 2018).  EPCRA 
offers complete flexibility in technology choice, and the legislation created bodies separate from 
the regulating agency to collect emissions reports.  Farmers began reporting in large numbers 
while the rules were changing, even before final reporting requirements were set (EPCRA 
interview, November 29, 2017). 

Voluntary policy cases 

Table 8.8 shows how the voluntary cases compared on flexibility of technology choice, use 
of geographic targeting, and building trust between government and participants.  It combines 
information from Tables 8.6 and 8.7. 

Table 8.8 Voluntary policy case statistics 

Metric Level Voluntary policy count Proportion VEPs reporting 
participation rates greater 
than 1%Ɨ 

Flexibility of technology 
choice 

No 4 1/3 

Some 9 5/6 

Yes 5 2/3 

Geographic targeting Yes 4 1/3 

Building trust between 
government and 
participants 

Local connection 6 4/5 

Stakeholder involvement in 
policy development 

4 2/3 

Oversight distanced from 
regulating agency 

4 2/2 

Nongovernmental 6 1/1 

None 3 0/1 

Policy type PVP 20 6/9 
ƗThe proportion of VEPs with participation rates greater than 1 percent in each metric category was calculated by 
counting VEPs in the category in Table 8.7 with known participation rates (see Table 8.6), then of those, counting 
VEPs with participation rates greater than 1 percent. 
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As tabulated in Table 8.8, five of the six PVP cases with participation above 1 percent had 
some flexibility in technology choice and one had complete flexibility, and most of the voluntary 
cases qualified as having some flexibility in technology choice.  Regarding geographic targeting, 
only four of the VEP policies prioritize among eligible participants by location and only one out 
of three of these reported greater than a one percent participation rate.   

On building trust between potential participants and a government policy sponsor, the most 
common strategy coded in Table 8.8 was to provide services or communication through a local 
source.  Five of the six voluntary cases using this strategy reported participation and four 
reported participation above one percent.  Four voluntary policy cases incorporated stakeholder 
and target industries into policy development processes.  Of the policies incorporating 
stakeholders into policy development, one out of three reported participation above one percent 
of those eligible.  Four voluntary policy cases created oversight bodies somewhat removed from 
the regulating agency to coordinate the program, and the two voluntary policy cases that reported 
participation from this group reported more than one percent participation.   

The counts presented in Table 8.8 suggest that VEPs offering some flexibility in technology 
choice to participate and those using a local service provider to carry out the program may have a 
higher rate of tracking and reporting participation than other VEPs, especially more than 
nongovernmental VEPs.  A majority of VEPs reporting participation above one percent of the 
eligible group incorporate some flexibility in how to meet the program standard and/or work 
through local service providers.  The strategies of local service provision, incorporating 
stakeholders into policy design, or creating separation between the policy administration and the 
regulating agency are incorporated into all but four of the government-sponsored VEPs. 

Discussion 

Very little environmental impact information has been collected for any of the policies other 
than lists of participants.  While there is not enough data to speculate about the actual 
environmental impact of the VEPs in this study, an analogy may be made between observed 
participation rates and simulated emissions impact.  The median and mean reported PVP 
participation rate was only 6 percent, which suggests that most of the PVP designs in the sample 
are likely to have only a small impact on pollution by the target industry.  Industry-level 
voluntary participation rates occurred only for NAs, which can be as legally binding as 
regulation and require involving industry representatives in the policy development process.  
NAs are not a perfect solution to encouraging pollution reduction however, as evidenced by the 
negotiated agreement with Smithfield Farms.  NA Smithfield has not led directly to any adoption 
of environmentally superior technologies at the participating companies because the agreement 
set a high standard for technology cost and effectiveness performance that has not yet been 
satisfied, nearly twenty years later.  This could be an example of regulatory capture during the 
negotiation process.  Contrasting the NA Smithfield agreement’s outcomes with Idaho’s PBR for 
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Dairies regulation, it appears that the effectiveness of stakeholder negotiation for encouraging 
environmental performance improvements in the absence of incentives may depend on the 
regulatory atmosphere.   

Most of the PVP policy cases which did report higher participation rates shared two non-
incentive characteristics.  These VEP policy cases established somewhat flexible technology 
standards, and/or, relied on local service providers to work with participants to build 
relationships between participants and VEP sponsor organizations.  These two policy design 
elements might be important to raising participation levels in VEPs targeted at agricultural 
emissions.  A flexible technology standard might also help regulations address the varying 
abilities of AFOs with different herd sizes and storage structures to adopt ammonia control 
measures instead of exempting smaller or older facilities. 

Few Iowa hog AFO operators are participating in the existing VEPs that collect and report 
participation.  Iowa hog AFO operators may be unaware of VEP offerings related to ammonia 
control or they may find some of the offerings unappealing.  Future research might survey Iowa 
hog farmers to assess participation rates and their reasons for or against engaging with available 
VEPs.  Stakeholder groups or policy-makers who might be interested in designing a VEP for 
ammonia control would benefit from more insight into why hog farmers are not participating in 
existing VEPs, so that a future VEP could be designed around hog industry stakeholder concerns. 

In existing VEP cases, potential participants are attracted to PVPs offering financial 
assistance.  However, MAEAP attains relatively high participation rates without financial 
incentives by implementing approximately the robust planning strategy from the independent, 
individual farmer decision-making simulation.  The robust financial strategy and the incentive 
strategy of raising awareness and/or reducing perceived risk were also represented in the sample. 

Contingent that the relationship between VEP participation and reducing ammonia emissions 
rates in the real world resembles that in the individual decision-making simulation scenarios 
described in Chapter 7, additional voluntary initiatives focused on the Iowa hog industry could 
make a small but beneficial impact on the industry’s annual ammonia emissions.  Higher 
participation rates could be encouraged through financial assistance or the high achieving 
“robust” simulation incentive bundles (raising awareness, willingness to pay for environmental 
values, and administrative assistance or financial assistance), program incentives offered through 
local providers, and more flexible technology standards.   Higher rates of policy-induced 
participation in ammonia control technology adoption would might require negotiation of legally 
binding agreements or a regulatory program with Iowa hog industry stakeholders, motivation to 
reduce ammonia emissions from within the industry or from the supply chain, or, an 
improvement in scientific modeling or measurement to enable calibration for an economic 
instrument or monitoring for an environmental performance standard. 
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Conclusion 

The analysis in this chapter has established that among existing VEPS, there are examples 
resembling the incentive structures that reached higher levels of ammonia emissions reduction in 
the simulation in Chapter 7.  Some of these examples demonstrated higher participation rates 
among the sampled PVPs.  Overall, the observed participation rates fell into the predicted ranges 
for similar incentive bundles in the individual decision-making simulation.  These results support 
the simulation findings, which suggests that expected participation in PVPs offering the 
promising bundles of incentives could lead to ammonia emissions reductions that would not have 
occurred without the voluntary control policies. 

Aside from supporting the simulation findings, studying the implementation of 
environmental policies focused on agriculture revealed several design factors which may 
contribute to higher engagement and participation.  Policies which allow some flexibility in how 
to meet technology and process standards may facilitate participation from a wider subset of the 
target group.  Policies developed from negotiation with stakeholders may be able to secure 
binding commitments without antagonizing the industry.  Voluntary policies that interface with 
participants through local service providers may attract more participation by building trusted 
links with stakeholder communities.  Policies that offer financial assistance may also raise 
participation rates.  Future research should investigate the potential cost-effectiveness of 
incorporating these factors into voluntary policy designs, but those planning to implement VEPs 
for agricultural externalities should certainly consider whether they can include these elements in 
addition to raising awareness, facilitating willingness to pay for environmental values, and 
offering financial or administrative assistance for high cost abatement actions or simply raising 
awareness of externality issues and control options for low cost abatement actions. 
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Chapter 9 Conclusions and Implications 

Summary of Results  

Visual analysis found county and regional level clusters of intense hog production and 
manure storage structure usage.  Both these characteristics affect local ammonia emissions, 
which could be significant for ammonia control policy design. The analysis found that the 
number of mid-size operations in a county and local production intensity correlated to decreasing 
lake visitation due to water quality.  Estimating the environmental, health, and property value 
damages due to Iowa hog production ammonia emissions using the lake model and other 
statistical models from the literature suggested that a ten percent decrease in emissions could 
lead to 10,000 more lake visits annually, prevent 2-3 infant deaths annually, and increase 
residential home values by about $200 million [$80-400 million] ($ 2014) in Iowa. These 
findings indicate that policy aimed at encouraging hog producers to internalize the ammonia 
externality could be beneficial. 

Cost-effective investment in ammonia control rapidly increases potential emissions 
reductions from $1 to $10 million.  According to the estimate of ammonia damages to residential 
property value, infant health, and outdoor recreation avoided at 10 percent emissions reduction, 
the benefit-cost ratio of a $10 million investment in ammonia control technologies optimized for 
cost-effectiveness across Iowa hog AFOs would exceed 8, but higher investments would face 
lower returns.  As a result, this study would recommend ammonia control investment strategies 
optimized for cost-effectiveness between $1 and $10 million to maximize overall benefits. 

Experts identified monetary cost, time and effort, lack of awareness of ammonia issues, and 
lack of confidence in the performance of control options as barriers and environmental 
stewardship as an incentive to ammonia control technology adoption in the hog industry.  The 
voluntary, independent farmer decision-making simulation model based on the expert 
observations indicated that voluntary incentive offerings might be able to encourage low levels 
of ammonia control technology adoption.   

Conditional on modeling assumptions, awareness of the ammonia issue and control options 
was the major limiting factor for increasing voluntary adoption of low-cost or costless 
technology, and willingness to pay for environmental values was the most limiting factor for 
voluntary adoption of high cost technology. At the high boundary of technology cost, multiple 
incentives were necessary to raise adoption rates.  A few bundles of voluntary incentives 
achieved between 4 and 9 percent ammonia emissions reduction in the simulation across the 
entire technology cost-effectiveness and manure value parameter ranges.  These ‘robust’ 
bundles, the robust financial strategy, the robust planning strategy, and the all-incentives 
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strategy, included elevated willingness to pay for environmental values, raised awareness level, 
and either financial assistance, administrative assistance, or both.   

Consistent with the observations of the evaluation literature, most of the VEPs did not collect 
information about environmental performance, and some did not track participation.  Most but 
not all PVP cases reporting participation rates above 1 percent offered financial assistance. The 
robust financial incentive strategy and the robust planning strategy were represented among the 
higher participation PVP cases.  VEPs and some regulations incorporated similar design 
characteristics related to flexibility of technology choice and establishing trust and 
communication between government and industry.  Nearly all the VEP cases reporting 
participation rates above 1 percent incorporated some flexibility in technology choice and some 
method of building trust, most commonly offering services through a local provider or involving 
stakeholders in negotiations for program design.  

Contributions of This Research  

Few studies attempt to estimate the environmental damages of ammonia pollution in the 
United States, and to the author’s knowledge none has estimated the environmental damages of 
ammonia from a particular agricultural industry.  This study contributes to the literature by 
estimating the link between hog industry emissions and recreational damages at Iowa lakes.  
While the model cannot completely distinguish between runoff and airborne contributions, it 
does represent a new estimation of the local recreational cost of the environmental damage 
correlated with hog production.  The same methodology could be used to estimate the local cost 
of other agricultural industries in terms of environmental damage. 

Prior to this study, there was little information available to predict the potential performance 
of VEP designs.  The results of this research create some guidelines for VEP design for ammonia 
control from the hog industry in terms of likely effectiveness, supported by simulation model 
outcomes, expert opinions, and data from existing agriculture-related VEPs.  Although 
agricultural technology adoption has been modeled previously, to the researcher’s knowledge, no 
study has simulated agricultural response to voluntary environmental incentives beyond financial 
feasibility.  The analysis identified several voluntary incentive combinations that led to higher 
levels of ammonia emissions reduction across simulation scenarios and higher reported 
participation rates among existing VEPs and one voluntary incentive that led to increased 
emissions reductions in the simulation at the lower boundary of technology cost.  Studying 
existing VEPs revealed two additional factors of VEP design which might lead to increased 
voluntary participation from the Iowa hog industry. 

The evidence described in this dissertation demonstrates that under the most promising 
conditions at reasonable levels of incentive provision, VEPs for the Iowa hog industry might lead 
to small ammonia emissions reductions.  While small compared to overall emissions, such 
ammonia emissions reductions would lead to considerable benefits according to the 
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quantification of damages avoided from reducing hog industry emissions in Iowa.  This marginal 
VEP value depends on the details of VEP design, incentive provision, and incentive delivery.  

Limitations and Opportunities for Future Research 

Future research would benefit from more data to refine parameter estimates.  The mediation 
model for the relationship between hog production ammonia emissions and lake visitation via 
water quality could be expanded with more lake visitation survey iterations, perhaps to explore 
the relationship between county population and ammonia effects on lake visitation.  The 
modeling procedure used to estimate lake recreation environmental damages could be adapted to 
estimate the environmental damages of pollutants from other industries in Iowa.   

New research to estimate the costs of ammonia control options would help represent the 
current costs of ammonia control, to replace a few older parameters used in this study.  Survey 
data on hog farmers’ current knowledge of, interest, and attitude toward ammonia concerns and 
control options, the technologies they currently use, and reports on how much effort it took to 
implement them would help establish a primary data baseline for the technology adoption 
simulation parameters.  This information could help improve the way the individual farmer 
decision-making model represents hog farmers’ heterogeneous preferences. Survey data could 
also help characterize Iowa farmers’ awareness and engagement with existing VEPs or how 
information spreads through stakeholder networks and how that affects technology adoption in 
the hog industry.  It would also be interesting to compare attitudes toward ammonia control and 
VEP participation of farmers across types of livestock since some VEP administrators and hog 
industry experts indicated that poultry or cattle farmers might be more engaged on this issue. 

The individual farmer decision-making simulation model could be used to further explore 
geographic or network effects between farmers for technology adoption in the presence of 
voluntary incentives.  The model could simulate the performance of VEP incentives with 
geographic targeting.  The individual farmer decision-making simulation model could be updated 
and applied in the future to predict or compare the outcomes of real policy proposals for 
ammonia emissions reduction by the Iowa hog industry.  The simulation approach could also be 
adapted to model the potential performance of voluntary incentives in other agriculture 
industries.   

Policy Implications 

Local estimates of air pollution impacts from nonpoint sources may help raise awareness of 
pollution concerns in the community and help inform future policymaking at the state or local 
level.  Since environmental policy is often made or enforced at the state and local levels, 
developing local estimates of pollution damage may be more influential than estimating the 
national impact of a pollutant like ammonia.  The estimate of a $80-400 million ($ 2014) in 
property value increase from a ten percent decrease in hog ammonia emissions in Iowa suggests 
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that policies aimed at incremental ammonia control could be cost-beneficial without placing a 
heavy burden on the hog industry.  Optimization results indicate that the Iowa hog industry could 
meet such an incremental goal by investing between $1 and $10 million overall. 

If policymakers and stakeholders wish to implement ammonia controls on a voluntary basis, 
they should consider including some of the elements that led to higher emissions reductions in 
the simulation or those observed in existing VEPs with higher participation.  The results of this 
research suggest that financial assistance, flexibility in technology choice, and trust-building 
mechanisms such as service delivery through local providers or stakeholder negotiation are 
associated with a higher willingness to participate in VEPs.  The results of the simulation suggest 
that offering a combination of incentives based on environmental values, raising awareness or 
reducing perceived risks, and either administrative (technical) or financial assistance may 
increase the likelihood of emissions reductions. 

The results from the simulation analysis and the analysis of existing VEPs will help 
stakeholders, environmental advocates, and policymakers develop future VEPs with 
characteristics likely to improve their performance in terms of participation in general and cost-
effective technology choice for ammonia control in the hog industry.  The results will also help 
Iowa groups form expectations for the level of ammonia control adoption that might be achieved 
under various VEP design options.  VEP approaches are likely to have much lower participation 
rates than regulatory approaches, but small gains in pollution reduction may still be worthwhile, 
especially if regulatory processes seem imminently unlikely.  This accumulated evidence could 
be used by environmental advocates or state or local government groups such as the Iowa DNR 
to justify consideration of voluntary policy options for ammonia control.   
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Appendices 

Regression Appendix I 

Appendix Table A.I lists the variables used to construct the principal components of water 
quality for the regression models in Chapter 4.  All of the variables were obtained from the Iowa 
DNR’s Iowa Lakes Information System (Iowa DNR, 2016) with the exception of the impairment 
variable.  Impairment data was collected from Iowa’s reports for Section 303(d) of the CWA. 

Appendix Table A.I: Water Quality Variable Definitions 

Variable Definition 
Trophic_S Carlson Trophic State Index-Secchi depth 
Trophic_TP Carlson Trophic State Index-total phosphorus 
Total_P Total phosphorus (μg/L) 
Vol_solids Volatile Suspended Solids (mg/L) 
Turbidity Turbidity (NTU) 
Chlorophyll Chlorophyll a (μg/L) 
Trophic_Chl Carlson Trophic State Index-Chlorophyll 
Inorg_solids Inorganic Suspended Solids (mg/L) 
Cyano Cyanobacteria Cell Counts (k)/ml 
Phytoplankton Total phytoplankton (mg/L) 
Si Silica as Si (mg/L) 
Impairment Score from 1-5 where 1 and 2 indicate lake quality meets use needs and 4-5 

indicate use needs are not met. 3 indicates lack of data collection. 
Total_N Total Nitrogen as N (mg/L) 
SRP_P Soluble reactive phosphorus as P (μg/L) 
Zooplank Total Zooplankton (μg/L) 
pH pH 
Org_carbon Dissolved Organic Carbon (mg/L) 
Taxon_Richness_Zoo Taxonomic Richness of Zooplankton 
NO3_NO2 Nitrate + Nitrite (NO3 + NO2) as N (mg/L) 
Dissolved_O Dissolved Oxygen (mg/L) 
Temp Temperature (Celsius) 
Conductivity Specific Conductivity (μS/cm) 
Alk_CaCO3 Alkalinity as CaCO3 (mg/L) 
Taxon_Richness_Phyto Taxonomic Richness of Phytoplankton 
Large_susp_feeders Percent dry mass of zooplankton as large suspended feeders 
TN_TP_ratio Total nitrogen to total phosphorus ratio 
Lake_Depth Lake Depth (m) 
Secchi_depth Secchi Disk Depth (m) 
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Summary Table I summarizes the raw data used to construct the principal components of 
water quality, the principal components of hog production, the county population variable, and 
household visits to lakes in Chapter 4.  All variables aside from household lake visits, which is 
the dependent variable, were centered and scaled before creating principal components or 
predicting lake visitation. 

Summary Table I. Original variable data 

Variable Mean (Range) Standard deviation Units 

Alk_CaCO3 137 (55,296) 43.9 mg/L 

Chlorophyll 43.1 (1.6,362.5) 44.3 μg/L 

Conductivity 389.2 (163.3,750.1) 126.8 μS/cm 

Cyano 147.5 (0.2,15260.5) 645.9 k/ml 

Dissolved_O 9.5 (2.2,17.0) 1.9 % 

Impairment 3 (1,5) 1.5  

Inorg_solids 8.5 (1,121) 11.3 mg/L 

Lake_Depth 6.5 (1.1,40.9)  4.5 meters 

Large_susp_feeders 33.6 (0,92) 18.3 % 

NO3_NO2 1.4 (0,14.8) 2.7  

Org_carbon 7.6 (1.2,27.7) 3.2 mg/L 

pH 8.4 (7.5,9.5) 0.3  

Phytoplankton 127.5 (1.1,4471.2) 309.4 mg/L 

Secchi_depth 1.3 (0.1,8.1)  1.0 meters 

Si 4.9 (0.0,27.4) 3.1 mg/L 

SRP_P 23.4 (1.0,406.1) 44.9 μg/L 

Taxon_Richness_Phyto 12.0 (2,29) 4.2  

Taxon_Richness_Zoo 7.9 (4.0,12.0) 1.7  

Temp 23.5 (16.7,29.0) 1.7 degrees C 

TN_TP_ratio 37.2 (0,455) 56.9  

Total_N 2.5 (0.0,15.7) 2.7 mg/L 

Total_P 101.2 (12,549) 74.7 μg/L 

Trophic_Chl 63.4 (35,88) 9.2 Carlson’s TSI 

Trophic_S 60.5 (30,93) 10.4 Carlson’s TSI 

Trophic_TP 67.4 (40,95) 9.9 Carlson’s TSI 

Turbidity 35.0 (0.4,503.0) 56.2 NTU 

Vol_solids 10.2 (1,464) 19.7 mg/L 

Zooplank 234.7 (3.4,1802.2) 227.2 μg/L 

NNcounties 236,182 (0, 1,787,363)  296,000 Animal units 

No._conf_less_500 3.7 (0,125) 6.8 Facilities 

No._conf_500_1000 10.6 (0,146) 17.3 Facilities 
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No._conf_more_1000 13.2 (0,148) 24.2 Facilities 

Pop 40,498 (3,875, 459,862) 74,000 People 

HHvisits 68,886 (1,028, 656,670) 92,000 Household visits 

 
Appendix Table A.II lists the loadings of the water quality variables used to construct the 

principal components of water quality for the fixed effects regression model in Chapter 4.  These 
loadings define orthogonal transformations of the water quality variables into linearly 
uncorrelated variables. 

Appendix Table A.II: Loadings of Principal Components of Water Quality 

Water quality variable Principal components of water quality  

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 

Trophic_S -0.31 0.07 -0.04 -0.18 0.03 -0.01 -0.16 0.08 

Trophic_TP -0.30 -0.05 -0.11 0.09 0.06 0.16 0.27 0.11 

Total_P -0.30 -0.05 -0.11 0.09 0.06 0.16 0.27 0.11 

Vol_solids -0.28 0.07 0.04 0.03 -0.05 -0.12 -0.08 -0.07 

Turbidity -0.26 -0.03 0.03 -0.04 0.10 -0.05 -0.16 0.13 

Chlorophyll -0.25 0.05 0.32 -0.11 0.03 0.04 0.20 -0.12 

Trophic_Chl -0.25 0.05 0.33 -0.10 0.03 0.04 0.21 -0.11 

Inorg_solids -0.23 -0.09 -0.18 -0.13 0.04 -0.04 -0.33 0.13 

Cyano -0.22 0.12 0.07 0.21 0.05 -0.35 -0.07 -0.34 

Phytoplankton -0.22 0.10 0.01 0.19 0.02 -0.33 -0.12 -0.40 

Si -0.21 -0.25 -0.13 0.02 -0.03 -0.19 0.14 0.00 

Impairment -0.18 0.00 -0.16 -0.08 -0.07 -0.02 -0.05 -0.19 

Total_N -0.15 -0.41 0.10 0.00 0.27 0.12 -0.01 0.00 

SRP_P -0.14 -0.13 -0.40 0.11 0.05 0.15 0.39 -0.03 

Zooplank -0.12 -0.06 -0.03 0.31 -0.20 0.41 -0.29 -0.05 

pH -0.08 0.07 0.36 0.36 -0.16 0.04 0.14 0.11 

Org_carbon -0.07 0.17 -0.04 0.36 -0.04 -0.01 -0.20 0.30 

Taxon_Richness_Zoo -0.07 0.11 0.14 -0.13 -0.01 0.49 -0.32 -0.26 

NO3_NO2 -0.05 -0.44 0.10 -0.06 0.29 0.12 -0.05 -0.09 

Dissolved_O -0.02 -0.12 0.46 0.18 -0.13 0.11 0.09 0.11 

Temp -0.01 0.24 0.23 -0.15 0.18 -0.13 0.12 0.15 

Conductivity -0.01 -0.36 0.08 -0.05 -0.44 -0.17 -0.05 0.11 

Alk_CaCO3 0.00 -0.31 -0.01 -0.10 -0.51 -0.17 0.07 -0.18 

Taxon_Richness_Phyto 0.00 0.12 0.03 -0.43 -0.26 0.24 0.12 -0.28 

Large_susp_feeders 0.10 -0.06 -0.11 0.39 0.05 0.15 0.01 -0.43 

TN_TP_ratio 0.11 -0.37 0.22 -0.02 0.23 -0.12 -0.28 0.01 

Lake_Depth 0.21 -0.04 0.05 -0.03 0.33 -0.07 0.12 -0.26 

Secchi_depth 0.30 -0.07 0.04 0.18 -0.02 0.01 0.16 -0.07 
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Appendix Table A.II: Loadings of Principal Components of Water Quality, Continued 

Water quality variable Principal components of water quality     

PC9 PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 
Trophic_S 0.01 0.02 -0.14 0.05 0.05 -0.05 0.06 -0.01 -0.23 0.00 

Trophic_TP 0.04 0.11 0.06 -0.09 0.00 0.06 -0.06 -0.02 -0.03 -0.06 

Total_P 0.04 0.11 0.06 -0.09 0.00 0.06 -0.06 -0.02 -0.03 -0.06 

Vol_solids -0.10 0.01 -0.03 0.00 -0.01 0.01 0.28 -0.55 0.02 0.24 

Turbidity 0.38 -0.16 -0.13 0.05 0.15 -0.09 -0.24 0.37 0.04 -0.34 

Chlorophyll 0.19 -0.04 0.01 0.28 -0.17 0.09 0.01 -0.11 0.15 -0.02 

Trophic_Chl 0.20 -0.04 0.01 0.27 -0.18 0.08 0.00 -0.10 0.13 -0.01 

Inorg_solids 0.04 -0.17 -0.10 -0.12 0.27 -0.26 -0.08 -0.39 0.10 -0.06 

Cyano -0.02 0.14 0.03 -0.17 -0.14 0.02 -0.08 0.18 -0.04 -0.10 

Phytoplankton -0.17 0.15 0.03 -0.27 -0.08 -0.13 -0.12 0.06 0.15 -0.05 

Si 0.08 0.03 0.17 0.07 0.14 -0.11 0.57 0.38 -0.26 0.31 

Impairment -0.53 -0.38 0.02 0.34 0.24 0.48 -0.04 0.15 0.05 -0.12 

Total_N -0.13 0.14 0.10 0.08 -0.08 -0.02 -0.11 0.01 -0.05 0.09 

SRP_P -0.11 -0.01 0.04 -0.24 0.09 -0.04 -0.06 -0.08 0.29 -0.07 

Zooplank 0.01 -0.18 0.10 -0.17 -0.44 0.18 0.02 -0.08 -0.41 -0.11 

pH -0.10 -0.06 -0.31 -0.10 0.38 0.03 -0.36 0.06 -0.19 0.46 

Org_carbon -0.11 0.46 0.42 0.45 0.15 -0.04 -0.10 -0.08 0.07 -0.10 

Taxon_Richness_Zoo 0.18 0.23 0.14 -0.25 0.35 0.23 0.19 0.16 0.31 0.16 

NO3_NO2 -0.15 0.03 0.03 -0.01 -0.01 -0.04 -0.23 -0.02 -0.05 0.06 

Dissolved_O -0.33 -0.07 -0.12 -0.12 0.14 -0.27 0.42 0.01 0.12 -0.49 

Temp 0.01 -0.36 0.68 -0.32 0.16 0.04 -0.08 -0.08 -0.18 -0.02 

Conductivity 0.14 0.15 0.14 -0.08 0.12 0.18 -0.09 0.00 -0.11 -0.22 

Alk_CaCO3 0.20 -0.01 0.11 -0.01 0.08 0.10 -0.13 -0.20 0.10 0.04 

Taxon_Richness_Phyto -0.28 0.19 0.14 0.09 0.02 -0.48 -0.22 0.06 -0.26 -0.02 

Large_susp_feeders 0.29 -0.34 0.13 0.30 0.24 -0.33 0.02 -0.09 -0.09 -0.03 

TN_TP_ratio -0.11 -0.06 0.13 0.03 -0.08 -0.04 -0.02 0.00 0.14 0.16 

Lake_Depth 0.09 0.30 -0.14 -0.02 0.33 0.30 0.07 -0.28 -0.42 -0.31 

Secchi_depth 0.00 -0.02 0.15 -0.04 -0.06 0.05 -0.05 0.01 0.25 0.01 

Appendix Table A.III describes each of the first ten principal components of water quality by 
categorizing the variables with the highest magnitude loadings within each component by 
relationship to chemical or biological phenomena.  Chapter 4 uses these descriptions in the 
results and analysis sections.  Each higher-numbered component captures a smaller proportion of 
the variation in the water quality data. 

Appendix Table A.III: Principal Components of Water Quality Description 

Principal component of water quality Description 

PC1 Water clarity 

PC2 Eutrophication and acidification 
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PC3 Fish health 

PC4 Contamination and plankton 

PC5 Lake depth and eutrophication 

PC6 Taxonomic richness 

PC7 Phosphorus and zooplankton 

PC8 Contamination, lake depth and taxonomic richness 

PC9 Impairment and water clarity 

PC10 Impairment, contamination and lake depth 

 
Appendix Table B presents the loadings on the hog production variables used to construct the 

principal components of hog production used as regressors in the fixed effects regressions in 
Chapter 4.  The three principal components capture 95 percent of the variation in the original hog 
production variables.  The loadings of hogPC1 give nearly equal weight to all production 
variables, representing local industry intensity.  Variation in the number of small hog AFOs 
makes up nearly all of hogPC2.  hogPC3 sets a large positive weight on variation in large AFOs 
and a large negative weight on the number of hogs in neighboring counties, representing 
variation in the data where large AFOs are present in counties with neighboring counties that do 
not have as much hog production.  

Appendix Table B: Principal components of hog production and ammonia emissions rate 

Hog production variable Principal components of hog production 
hogPC1 hogPC2 hogPC3 

No._conf_less_500 0.48 0.86 0.19 

No._conf_500_1000 0.52 -0.25 -0.11 

No._conf_more_1000 0.50 -0.43 0.66 

NNcounties 0.51 -0.13 -0.72 

Description 
Local industry 
intensity 

Prevalence of small 
operations 

Prevalence of large 
operations and low 
production regions 

 
Appendix Table C.I reports the results of a fixed effects model predicting lake visitation from 

hog production without controlling for water quality variables.  Population and hogs in 
neighboring counties are weakly significant predictors at the 0.1 significance level.  This 
regression reveals a negative correlation between clustered counties with higher hog production 
and expected lake visitation, which is likely biased in magnitude due to correlations with water 
quality. 
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Appendix Table C.I: Predicting household visits to lakes from hog production and population, lake 
and year fixed effects, cluster robust standard errors. 

Lake visitation model β 
Cluster 
Robust SE 

 
p 

NNcounties -0.01 0.007 
 
. 

No._conf_less_500 66.1 115.5  

No._conf_500_1000 121.7 111.1  

No._conf_more_1000 7.9 60.5  

Pop -0.5 0.2 . 

Competition 1025.7 2223.0  
Notes: ***p<0.001, **p<0.01, *p<0.05, p<0.1; n=633, R2=0.03, F=2.5** 

Appendix Table C.II shows the results of a fixed effects regression predicting lake visitation 
from the principal components of hog production and water quality in addition to county 
population and competition, the number of unimpaired lakes in each county.  It shows that the 
third principal component of hog production, large AFOs versus lower production in neighboring 
counties, predicts higher lake visitation at the 0.01 level.  It also shows that water quality 
components related to water quality and fish health predict lake visitation at the 0.1 level. 

Appendix Table C.II: Predicting lake visitation from hog production and first ten principal 
components of water quality, no interactions 

Lake visitation model β 
Cluster Robust 
SE p 

Pop  ‐0.4  0.2 

Competition  2046.7  2317.1 

hogPC1  ‐1132.3  1652.5 

hogPC2  744.3  2350.9 

hogPC3  9959.7  3637.7  ** 

PC1  1216.1  681.7  . 

PC2  793.5  1047.8 

PC3  1182.3  675.3  . 

PC4  ‐1170.6  770.5 

PC5  1369.5  1637.4 

PC6  763.8  1131.4 

PC7  1023.6  1616.4 

PC8  ‐1295.4  1154.0 

PC9  805.0  1201.7 

PC10  196.1  1133.5 
Notes: ***p<0.001, **p<0.01, *p<0.05, p<0.1; n=633, R2=0.06, F=1.9** 

 
Appendix Table C.III shows the results of a fixed effects regression testing for a modifying 

relationship between the effects of water quality and hog production on lake visitation.  It also 
tests for a modifying relationship between the effects of water quality and county population on 
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lake visitation and the effects of hog production and county population on lake visitation.  Some 
terms in each case are statistically significant, suggesting that the levels of population and water 
quality variables affect the strength of the correlation between hog production and lake visitation. 

Appendix Table C.III: Predicting lake visitation from hog production and first ten principal 
components of water quality, all first order interactions 

Lake visitation 
model β 

Cluster Robust 
SE p 

PC1  1622.4  756.1  * 

PC2  ‐138.4  871.0 

PC3  1282.7  506.5  * 

PC4  ‐991.9  630.6 

PC5  ‐432.8  1425.3 

PC6  109.8  1056.6 

PC7  917.7  1361.2 

PC8  ‐2238.2  1226.4  . 

PC9  1292.3  1091.9 

PC10  1835.5  1104.9  . 

Popc  ‐13954.9  53266.6 

Competitionc  ‐621.6  2919.0 

hogPC1  ‐415.5  1424.8 

hogPC2  3556.1  1819.4  . 

hogPC3  5851.6  2929.4  * 

PC1:hogPC1  47.1  170.1 

PC1:hogPC2  743.2  618.2 

PC1:hogPC3  1504.8  698.7  * 

PC2:hogPC1  1248.7  333.4  *** 

PC2:hogPC2  828.1  1055.1 

PC2:hogPC3  ‐339.1  1028.6 

PC3:hogPC1  439.1  314.6 

PC3:hogPC2  68.0  783.2 

PC3:hogPC3  ‐1540.0  1093.6 

PC4:hogPC1  26.8  424.6 

PC4:hogPC2  1825.5  893.7  * 

PC4:hogPC3  ‐262.1  1232.5 

PC5:hogPC1  210.0  342.1 

PC5:hogPC2  ‐1593.2  1104.5 

PC5:hogPC3  2967.3  1964.0 

PC6:hogPC1  1462.1  356.4  *** 

PC6:hogPC2  ‐1183.1  1299.1 

PC6:hogPC3  ‐1906.9  1322.6 

PC7:hogPC1  ‐740.9  460.1 

PC7:hogPC2  50.5  802.8 

PC7:hogPC3  1567.7  1224.7 
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PC8:hogPC1  129.2  473.7 

PC8:hogPC2  601.4  968.6 

PC8:hogPC3  1525.0  1776.4 

PC9:hogPC1  ‐390.1  427.4 

PC9:hogPC2  2793.0  1167.1  * 

PC9:hogPC3  ‐270.3  1596.7 

PC10:hogPC1  ‐1306.6  411.9  ** 

PC10:hogPC2  728.1  1421.1 

PC10:hogPC3  384.8  1289.1 

PC1:Popc  2359.8  1284.7  . 

PC2:Popc  2675.5  1261.3  * 

PC3:Popc  2191.8  855.8  * 

PC4:Popc  ‐1392.7  1913.6 

PC5:Popc  2801.7  2154.9 

PC6:Popc  373.4  2046.7 

PC7:Popc  4797.8  2352.4  * 

PC8:Popc  ‐5873.8  2353.1  * 

PC9:Popc  359.5  2357.0 

PC10:Popc  4839.0  1728.4  ** 

Popc:hogPC1  ‐836.0  1439.1 

Popc:hogPC2  ‐967.6  3576.9 

Popc:hogPC3  14114.5  4756.5  ** 
Notes: ***p<0.001, **p<0.01, *p<0.05, p<0.1; n=633, R2=0.39, F=4.8*** 

Regression Appendix II: Mediation 

Mediation describes an effect where the effect of one variable on another occurs by way of 
the first variable’s effect on a third variable, which then affects the second variable.  In Chapter 
4, the mediation relationship occurs because hog production pollution affects water quality, 
which in turn affects lake visitation.  Mediation effects require several regression steps to 
demonstrate in the traditional manner.  First, the variables believed to be causing an effect on the 
outcome variable via a mediating variable must be shown to be significant predictors of the 
outcome variable.  Second, it must also be demonstrated that hog production variables are 
significant predictors of potentially mediating water quality principal components. Third, when 
the mediator is present in the full regression, the mediator must be significant.  Fourth, the 
coefficients of the hog production variables must be smaller in magnitude when the mediator is 
included in the full regression than when the mediator is absent (Muller, Judd, et al., 2005).  
Only if all four conditions are met can a mediating relationship be determined.   

The first step of mediation analysis was completed in Table 4.2 and Appendix Table C.I, 
where hogPC3 or nearest neighbor county hog production were significant predictors of lake 
visitation without including the water quality variables.  The second step is to show that the hog 
production variables predict potentially mediating principal components of water quality.  
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Appendix Table I reports the coefficients of the hog interaction terms in regression models for 
the principal components of water quality.  The regressions were significant overall according to 
the F statistic for all eligible principal components except the fourth and the tenth, so the fourth 
and the tenth are excluded from the pool of potential mediators.   

Appendix Table I: Hog production terms from the lake visitation model which are significant 
predictors of the principal components of water quality (Mediation step 2) 

 β Estimates 
Principal 

component 
model terms PC1 PC2* PC3* PC4 PC6 PC8* PC10 

PC1  -0.13 -0.10 0.00 0.12 0.13 -0.11 

PC2 -0.43 0.35 0.09 -0.25 -0.02 0.12 

PC3 -0.15 0.16 0.06 0.09 0.01 -0.04 

PC4 0.00 0.05 0.07  -0.07 -0.15 -0.15 

PC5 -0.80 -0.55 -0.18 0.01 -0.45 0.04 -0.10 

PC6 0.30 -0.20 0.15 -0.10  -0.08 -0.03 

PC8 0.32 -0.02 0.02 -0.20 -0.07  0.01 

PC9 -0.04 0.15 -0.27 0.04 0.23 -0.01 0.03 

PC10 -0.38 0.13 -0.09 -0.30 -0.04 0.02  

Popc -1.86 -0.26 -1.21 0.64 -0.82 0.47 -0.05 

hogPC1 0.16 0.13 -0.20 -0.01 -0.07 -0.14 -0.03 

hogPC2 0.06 -0.04 -0.13 0.00 -0.06 -0.08 0.03 

hogPC3 -0.18 -0.07 0.26 0.08 -0.17 -0.08 0.03 
*Bold terms were significant predictors of the principal component in fixed effects regression at the 0.1 level. (step 2 
of mediation analysis) 

The third step of demonstrating mediation is confirmed by the full regression shown in the 
main chapter in Table 4.3, which shows that all of the eligible principal components of water 
quality are significant predictors either alone or in interaction terms.  The significant predictors 
of the third step are marked in the left column of Appendix Table II.  The fourth and final step of 
mediation analysis is shown below in Appendix Table II, which illustrates which coefficients of 
hog production-related terms increase when potential mediators are excluded from the full 
regression.   

Appendix Table II: Hog production coefficients reduced by the potentially mediating presence of 
principal components of water quality (Mediation step 4) 

 Reduced β Estimates 
Lake visitation 

predictors related to hog 
production PC2 Removed PC3 Removed PC8 Removed 

hogPC1 -1989.6 -5.4 57.8 

hogPC2 1142.6 1744.1 2736.1 

hogPC3** 9213.2 8041.2 6010.4 
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PC1:hogPC2 542.9 765.9 729.0 

PC1:hogPC3** 1476.1 1719.4 1558.4 

PC2:hogPC1** 1190.6 1249.8 

PC2:hogPC2 950.3 563.6 

PC3:hogPC1 694.0 704.4 

PC3:hogPC3** -2450.6 -1894.1 

PC5:hogPC3 2021.1 2196.0 2246.7 

PC6:hogPC1** 1029.2 1394.8 1276.3 

PC6:hogPC3 -2058.0 -1653.9 -1717.5 

PC10:hogPC1** -1162.7 -1316.9 -1136.8 

PC10:hogPC3 1005.8 924.0 841.0 

Popc:hogPC3** 15972.2 10958.3 8723.0 
*Bold terms had magnitude increase more than ten percent when the principal component was excluded from the full 
model. (step 4 of mediation analysis) 
**Significant predictors of lake visitation (step 3 of mediation analysis) 

Appendix Table III reports the list of hog production terms which passed all mediation steps 
for the respective principal components of water quality. 

Appendix Table III: List of hog production terms showing evidence of mediation by principal 
components of water quality in traditional analysis 

PC2 PC3 PC8 

hogPC3 hogPC3 PC1:hogPC3 
PC3:hogPC3 PC1:hogPC3 PC2:hogPC1 
Popc:hogPC3 PC6:hogPC1 

PC10:hogPC1  
Note: These hog production terms are significant predictors of lake visitation and the magnitude of their coefficient in 
the lake visitation model is reduced by the presence of the principal component listed above. 

Appendix Table III shows terms which are both significant predictors of a principal 
component of water quality and of lake visitation, and whose coefficient increases in magnitude 
when the component is excluded from the full model.  The mediation relationships between the 
excluded principal component and the hog production variables represented in these terms were 
tested using the Sobel test to confirm significant mediation of the hog production term, at the 0.1 
significance level or higher.   

Simulation Appendix 

Appendix Table IV lists the outcomes of the state-level optimization analysis for cost-
effective ammonia control analyzed in Chapter 7.  The left columns show the storage and herd 
size categories, the technology boundary, whether or not manure nitrogen was valuable, and the 
budget for each model run.  Each set of eight rows represents one model run.  The righthand 
columns represent the cost-effective technology control choices under each model run scenario 
as selected by the linear program. 
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Appendix Table IV: Optimized technology choices 
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pit small Low No 1 0 0 0 0 0 0 5 40 0 0 

pit medium Low No 1 0 0 0 0 0 0 8 2279 0 0 

pit large Low No 1 0 0 0 0 0 0 0 2354 0 0 

outdoor small Low No 1 0 0 0 0 0 0 0 125 0 0 

outdoor medium Low No 1 0 0 0 0 0 0 0 1077 0 0 

outdoor large Low No 1 0 0 0 0 0 0 0 560 0 0 

lagoon medium Low No 1 0 0 0 0 10 0 0 24 0 0 

lagoon large Low No 1 0 0 0 0 0 0 0 114 0 0 

pit small Low No 5 0 0 0 0 0 0 1 44 0 0 

pit medium Low No 5 0 0 0 0 0 0 1 2286 0 0 

pit large Low No 5 0 0 0 0 0 0 0 2354 0 0 

outdoor small Low No 5 0 0 0 0 0 0 0 125 0 0 

outdoor medium Low No 5 0 0 0 0 0 0 0 1077 0 0 

outdoor large Low No 5 0 0 0 0 0 0 0 560 0 0 

lagoon medium Low No 5 2 0 0 0 1 0 0 31 0 0 

lagoon large Low No 5 0 0 0 0 26 0 0 88 0 0 

pit small Low No 10 0 0 0 0 0 0 4 41 0 0 

pit medium Low No 10 0 0 0 0 0 0 7 2280 0 0 

pit large Low No 10 0 0 0 0 0 0 0 2354 0 0 

outdoor small Low No 10 0 0 0 0 0 0 0 125 0 0 

outdoor medium Low No 10 0 0 0 0 0 0 0 1077 0 0 

outdoor large Low No 10 0 0 0 0 0 0 0 560 0 0 

lagoon medium Low No 10 0 0 0 0 1 0 0 33 0 0 

lagoon large Low No 10 0 0 0 0 53 1 0 60 0 0 

pit small Low No 25 0 0 0 0 0 0 2 43 0 0 

pit medium Low No 25 0 0 0 0 0 0 0 2286 1 0 

pit large Low No 25 0 0 0 0 0 0 76 2278 0 0 

outdoor small Low No 25 0 0 0 0 0 0 0 125 0 0 

outdoor medium Low No 25 0 0 0 0 0 0 0 1077 0 0 

outdoor large Low No 25 0 0 0 0 0 0 0 560 0 0 

lagoon medium Low No 25 0 0 0 0 34 0 0 0 0 0 

lagoon large Low No 25 0 0 0 0 114 0 0 0 0 0 

pit small Low No 50 0 0 0 0 0 0 45 0 0 0 
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pit medium Low No 50 0 0 0 0 0 0 0 2287 0 0 

pit large Low No 50 0 0 0 0 0 0 926 1428 0 0 

outdoor small Low No 50 0 0 0 0 0 0 0 125 0 0 

outdoor medium Low No 50 0 0 2 0 0 0 0 1075 0 0 

outdoor large Low No 50 0 0 0 0 0 0 0 560 0 0 

lagoon medium Low No 50 0 0 0 0 34 0 0 0 0 0 

lagoon large Low No 50 0 0 0 0 112 0 0 2 0 0 

pit small Low No 100 0 0 0 0 0 0 6 39 0 0 

pit medium Low No 100 0 0 0 0 0 0 536 1751 0 0 

pit large Low No 100 0 0 0 0 0 0 2352 0 2 0 

outdoor small Low No 100 0 0 0 0 0 0 0 125 0 0 

outdoor medium Low No 100 0 0 0 0 0 0 0 1077 0 0 

outdoor large Low No 100 0 0 0 0 0 0 0 560 0 0 

lagoon medium Low No 100 0 0 0 0 34 0 0 0 0 0 

lagoon large Low No 100 0 0 0 0 114 0 0 0 0 0 

pit small Low No 200 0 0 0 0 0 0 45 0 0 0 

pit medium Low No 200 0 0 0 0 0 0 2287 0 0 0 

pit large Low No 200 0 0 0 0 0 0 2354 0 0 0 

outdoor small Low No 200 0 0 119 0 0 0 0 6 0 0 

outdoor medium Low No 200 0 0 316 0 0 0 0 761 0 0 

outdoor large Low No 200 0 0 560 0 0 0 0 0 0 0 

lagoon medium Low No 200 0 0 0 0 34 0 0 0 0 0 

lagoon large Low No 200 0 0 0 0 114 0 0 0 0 0 

pit small Low No 300 0 0 42 2 0 0 1 0 0 0 

pit medium Low No 300 0 0 0 0 0 0 2287 0 0 0 

pit large Low No 300 0 0 821 0 0 0 1533 0 0 0 

outdoor small Low No 300 0 0 125 0 0 0 0 0 0 0 

outdoor medium Low No 300 0 0 1077 0 0 0 0 0 0 0 

outdoor large Low No 300 0 0 560 0 0 0 0 0 0 0 

lagoon medium Low No 300 0 0 0 0 34 0 0 0 0 0 

lagoon large Low No 300 0 0 10 0 103 0 0 1 0 0 

pit small Low No 400 0 0 44 0 0 0 1 0 0 0 

pit medium Low No 400 0 0 0 0 0 0 2287 0 0 0 

pit large Low No 400 0 0 2230 0 0 0 124 0 0 0 

outdoor small Low No 400 0 0 125 0 0 0 0 0 0 0 

outdoor medium Low No 400 0 0 1077 0 0 0 0 0 0 0 

outdoor large Low No 400 0 0 560 0 0 0 0 0 0 0 

lagoon medium Low No 400 0 0 0 0 34 0 0 0 0 0 

lagoon large Low No 400 0 0 0 0 114 0 0 0 0 0 

pit small Low No 500 0 0 0 44 0 0 1 0 0 0 
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pit medium Low No 500 0 0 2154 133 0 0 0 0 0 0 

pit large Low No 500 0 0 2354 0 0 0 0 0 0 0 

outdoor small Low No 500 0 0 125 0 0 0 0 0 0 0 

outdoor medium Low No 500 0 0 1077 0 0 0 0 0 0 0 

outdoor large Low No 500 0 0 560 0 0 0 0 0 0 0 

lagoon medium Low No 500 0 0 0 0 34 0 0 0 0 0 

lagoon large Low No 500 0 0 0 0 114 0 0 0 0 0 

pit small Low Yes  1 45 0 0 0 0 0 0 0 0 0 

pit medium Low Yes  1 2287 0 0 0 0 0 0 0 0 0 

pit large Low Yes  1 2354 0 0 0 0 0 0 0 0 0 

outdoor small Low Yes  1 124 0 0 0 0 0 0 0 1 0 

outdoor medium Low Yes  1 0 0 0 0 837 0 0 0 0 240 

outdoor large Low Yes  1 0 0 0 0 560 0 0 0 0 0 

lagoon medium Low Yes  1 0 0 0 0 34 0 0 0 0 0 

lagoon large Low Yes  1 0 0 0 0 114 0 0 0 0 0 

pit small Low Yes  5 45 0 0 0 0 0 0 0 0 0 

pit medium Low Yes  5 2070 0 0 0 0 0 216 0 1 0 

pit large Low Yes  5 2345 0 0 0 0 0 9 0 0 0 

outdoor small Low Yes  5 0 0 0 0 125 0 0 0 0 0 

outdoor medium Low Yes  5 0 0 0 0 1077 0 0 0 0 0 

outdoor large Low Yes  5 0 0 0 0 560 0 0 0 0 0 

lagoon medium Low Yes  5 0 0 0 0 34 0 0 0 0 0 

lagoon large Low Yes  5 0 0 0 0 114 0 0 0 0 0 

pit small Low Yes  10 44 0 0 0 0 0 1 0 0 0 

pit medium Low Yes  10 1736 0 0 0 0 0 550 0 1 0 

pit large Low Yes  10 2345 0 0 0 0 0 9 0 0 0 

outdoor small Low Yes  10 0 0 0 0 124 0 0 1 0 0 

outdoor medium Low Yes  10 0 0 0 0 1077 0 0 0 0 0 

outdoor large Low Yes  10 0 0 0 0 560 0 0 0 0 0 

lagoon medium Low Yes  10 0 0 0 0 34 0 0 0 0 0 

lagoon large Low Yes  10 0 0 0 0 114 0 0 0 0 0 

pit small Low Yes  25 45 0 0 0 0 0 0 0 0 0 

pit medium Low Yes  25 732 0 0 0 0 0 1554 0 1 0 

pit large Low Yes  25 2345 0 0 0 0 0 9 0 0 0 

outdoor small Low Yes  25 0 0 0 0 125 0 0 0 0 0 

outdoor medium Low Yes  25 0 0 0 0 1077 0 0 0 0 0 

outdoor large Low Yes  25 0 0 0 0 560 0 0 0 0 0 

lagoon medium Low Yes  25 0 0 0 0 34 0 0 0 0 0 

lagoon large Low Yes  25 0 0 0 0 114 0 0 0 0 0 

pit small Low Yes  50 0 0 0 0 0 0 42 0 3 0 
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pit medium Low Yes  50 2287 0 0 0 0 0 0 0 0 0 

pit large Low Yes  50 714 0 0 0 0 0 1640 0 0 0 

outdoor small Low Yes  50 0 0 0 0 125 0 0 0 0 0 

outdoor medium Low Yes  50 0 0 0 0 1077 0 0 0 0 0 

outdoor large Low Yes  50 0 0 0 0 560 0 0 0 0 0 

lagoon medium Low Yes  50 0 0 0 0 34 0 0 0 0 0 

lagoon large Low Yes  50 0 0 0 0 114 0 0 0 0 0 

pit small Low Yes  100 0 0 0 0 0 0 44 0 1 0 

pit medium Low Yes  100 348 0 0 0 0 0 1939 0 0 0 

pit large Low Yes  100 0 0 0 0 0 0 2354 0 0 0 

outdoor small Low Yes  100 0 0 0 0 125 0 0 0 0 0 

outdoor medium Low Yes  100 0 0 0 0 1076 0 0 0 0 1 

outdoor large Low Yes  100 0 0 0 0 560 0 0 0 0 0 

lagoon medium Low Yes  100 0 0 0 0 34 0 0 0 0 0 

lagoon large Low Yes  100 0 0 0 0 114 0 0 0 0 0 

pit small Low Yes  200 0 0 0 45 0 0 0 0 0 0 

pit medium Low Yes  200 0 0 0 127 0 0 2160 0 0 0 

pit large Low Yes  200 0 0 0 0 0 0 2354 0 0 0 

outdoor small Low Yes  200 0 0 124 0 0 0 0 1 0 0 

outdoor medium Low Yes  200 0 0 1077 0 0 0 0 0 0 0 

outdoor large Low Yes  200 0 0 560 0 0 0 0 0 0 0 

lagoon medium Low Yes  200 0 0 0 0 34 0 0 0 0 0 

lagoon large Low Yes  200 0 0 0 0 114 0 0 0 0 0 

pit small Low Yes  300 0 0 0 45 0 0 0 0 0 0 

pit medium Low Yes  300 0 0 0 2101 0 0 185 1 0 0 

pit large Low Yes  300 0 0 0 0 0 0 2354 0 0 0 

outdoor small Low Yes  300 0 0 125 0 0 0 0 0 0 0 

outdoor medium Low Yes  300 0 0 1077 0 0 0 0 0 0 0 

outdoor large Low Yes  300 0 0 560 0 0 0 0 0 0 0 

lagoon medium Low Yes  300 0 0 0 0 34 0 0 0 0 0 

lagoon large Low Yes  300 0 0 0 0 114 0 0 0 0 0 

pit small Low Yes  400 0 0 0 45 0 0 0 0 0 0 

pit medium Low Yes  400 0 0 0 2286 0 0 0 0 1 0 

pit large Low Yes  400 0 0 0 909 0 0 1445 0 0 0 

outdoor small Low Yes  400 0 0 125 0 0 0 0 0 0 0 

outdoor medium Low Yes  400 0 0 1077 0 0 0 0 0 0 0 

outdoor large Low Yes  400 0 0 560 0 0 0 0 0 0 0 

lagoon medium Low Yes  400 0 0 0 0 34 0 0 0 0 0 

lagoon large Low Yes  400 0 0 0 0 114 0 0 0 0 0 

pit small Low Yes  500 0 0 0 45 0 0 0 0 0 0 
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pit medium Low Yes  500 0 0 0 2286 0 0 1 0 0 0 

pit large Low Yes  500 0 0 0 1912 0 0 442 0 0 0 

outdoor small Low Yes  500 0 0 124 0 0 0 0 0 1 0 

outdoor medium Low Yes  500 0 0 1077 0 0 0 0 0 0 0 

outdoor large Low Yes  500 0 0 560 0 0 0 0 0 0 0 

lagoon medium Low Yes  500 0 0 0 0 34 0 0 0 0 0 

lagoon large Low Yes  500 0 0 0 0 114 0 0 0 0 0 

pit small High No 1 45 0 0 0 0 0 0 0 0 0 

pit medium High No 1 2287 0 0 0 0 0 0 0 0 0 

pit large High No 1 2354 0 0 0 0 0 0 0 0 0 

outdoor small High No 1 9 0 0 0 0 0 0 0 116 0 

outdoor medium High No 1 1074 0 0 0 0 0 0 0 3 0 

outdoor large High No 1 298 0 0 0 0 0 0 0 262 0 

lagoon medium High No 1 0 0 0 0 0 0 0 0 34 0 

lagoon large High No 1 0 0 0 0 0 0 0 0 114 0 

pit small High No 5 33 0 0 0 0 0 0 0 12 0 

pit medium High No 5 468 0 0 0 0 0 0 0 1819 0 

pit large High No 5 2348 0 0 0 0 0 0 0 6 0 

outdoor small High No 5 0 0 0 0 0 0 0 0 125 0 

outdoor medium High No 5 0 0 0 0 0 0 0 0 1077 0 

outdoor large High No 5 0 0 0 0 0 0 0 0 560 0 

lagoon medium High No 5 0 0 0 0 0 0 0 0 34 0 

lagoon large High No 5 0 0 0 0 0 0 0 0 114 0 

pit small High No 10 0 0 0 0 0 0 0 0 45 0 

pit medium High No 10 729 0 0 0 0 0 0 0 1558 0 

pit large High No 10 27 0 0 0 0 0 0 0 2327 0 

outdoor small High No 10 0 0 0 0 0 0 0 0 125 0 

outdoor medium High No 10 0 0 0 0 0 0 0 0 1077 0 

outdoor large High No 10 0 0 0 0 0 0 0 0 560 0 

lagoon medium High No 10 0 0 0 0 0 0 0 0 34 0 

lagoon large High No 10 0 0 0 0 0 0 0 0 114 0 

pit small High No 25 0 0 44 1 0 0 0 0 0 0 

pit medium High No 25 0 0 116 0 0 0 0 0 2171 0 

pit large High No 25 0 0 0 0 0 0 0 0 2354 0 

outdoor small High No 25 0 0 5 0 0 0 0 0 120 0 

outdoor medium High No 25 0 0 0 0 0 0 0 0 1077 0 

outdoor large High No 25 0 0 0 0 0 0 0 0 560 0 

lagoon medium High No 25 0 0 0 0 0 0 0 0 34 0 

lagoon large High No 25 0 0 0 0 0 0 0 0 114 0 

pit small High No 50 0 0 44 0 0 0 0 0 1 0 
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pit medium High No 50 0 0 358 0 0 0 0 0 1929 0 

pit large High No 50 0 0 0 0 0 0 0 0 2354 0 

outdoor small High No 50 0 0 1 0 0 0 0 0 124 0 

outdoor medium High No 50 0 0 0 0 0 0 0 0 1077 0 

outdoor large High No 50 0 0 0 0 0 0 0 0 560 0 

lagoon medium High No 50 0 0 0 0 0 0 0 0 34 0 

lagoon large High No 50 0 0 0 0 0 0 0 0 114 0 

pit small High No 100 0 0 44 0 0 0 0 0 1 0 

pit medium High No 100 0 0 838 0 0 0 0 0 1449 0 

pit large High No 100 0 0 0 0 0 0 0 0 2354 0 

outdoor small High No 100 0 0 3 0 0 0 0 0 122 0 

outdoor medium High No 100 0 0 0 0 0 0 0 0 1077 0 

outdoor large High No 100 0 0 0 0 0 0 0 0 560 0 

lagoon medium High No 100 0 0 0 0 0 0 0 0 34 0 

lagoon large High No 100 0 0 0 0 0 0 0 0 114 0 

pit small High No 200 0 0 44 1 0 0 0 0 0 0 

pit medium High No 200 0 0 1798 0 0 0 0 0 489 0 

pit large High No 200 0 0 0 0 0 0 0 0 2354 0 

outdoor small High No 200 0 0 5 0 0 0 0 0 120 0 

outdoor medium High No 200 0 0 0 0 0 0 0 0 1077 0 

outdoor large High No 200 0 0 0 0 0 0 0 0 560 0 

lagoon medium High No 200 0 0 0 0 0 0 0 0 34 0 

lagoon large High No 200 0 0 0 0 0 0 0 0 114 0 

pit small High No 300 0 0 45 0 0 0 0 0 0 0 

pit medium High No 300 0 0 2287 0 0 0 0 0 0 0 

pit large High No 300 0 0 239 0 0 0 0 1 2114 0 

outdoor small High No 300 0 0 5 0 0 0 0 0 120 0 

outdoor medium High No 300 0 0 0 0 0 0 0 0 1077 0 

outdoor large High No 300 0 0 0 0 0 0 0 0 560 0 

lagoon medium High No 300 0 0 0 0 0 0 0 0 34 0 

lagoon large High No 300 0 0 0 0 0 0 0 0 114 0 

pit small High No 400 0 0 44 0 0 0 0 0 1 0 

pit medium High No 400 0 0 2287 0 0 0 0 0 0 0 

pit large High No 400 0 0 728 0 0 0 0 1 1625 0 

outdoor small High No 400 0 0 2 0 0 0 0 0 123 0 

outdoor medium High No 400 0 0 0 0 0 0 0 0 1077 0 

outdoor large High No 400 0 0 0 0 0 0 0 0 560 0 

lagoon medium High No 400 0 0 0 0 0 0 0 0 34 0 

lagoon large High No 400 0 0 0 0 0 0 0 0 114 0 

pit small High No 500 0 0 44 0 0 0 1 0 0 0 
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pit medium High No 500 0 0 2286 0 0 1 0 0 0 0 

pit large High No 500 0 0 1217 0 0 0 0 0 1137 0 

outdoor small High No 500 0 0 4 0 0 0 0 0 121 0 

outdoor medium High No 500 0 0 0 0 0 0 0 0 1077 0 

outdoor large High No 500 0 0 0 0 0 0 0 0 560 0 

lagoon medium High No 500 0 0 0 0 0 0 0 0 34 0 

lagoon large High No 500 0 0 0 0 0 0 0 0 114 0 

pit small High Yes  1 45 0 0 0 0 0 0 0 0 0 

pit medium High Yes  1 2287 0 0 0 0 0 0 0 0 0 

pit large High Yes  1 2354 0 0 0 0 0 0 0 0 0 

outdoor small High Yes  1 119 0 0 0 0 0 0 0 6 0 

outdoor medium High Yes  1 249 0 0 0 0 0 0 0 828 0 

outdoor large High Yes  1 542 0 0 0 0 0 0 0 18 0 

lagoon medium High Yes  1 0 0 34 0 0 0 0 0 0 0 

lagoon large High Yes  1 0 0 114 0 0 0 0 0 0 0 

pit small High Yes  5 36 0 0 0 0 0 0 0 9 0 

pit medium High Yes  5 117 0 0 0 0 0 0 0 2170 0 

pit large High Yes  5 2347 0 0 0 0 0 0 0 7 0 

outdoor small High Yes  5 0 0 0 0 0 0 0 0 125 0 

outdoor medium High Yes  5 0 0 0 0 0 0 0 0 1077 0 

outdoor large High Yes  5 0 0 0 0 0 0 0 0 560 0 

lagoon medium High Yes  5 0 0 34 0 0 0 0 0 0 0 

lagoon large High Yes  5 0 0 114 0 0 0 0 0 0 0 

pit small High Yes  10 45 0 0 0 0 0 0 0 0 0 

pit medium High Yes  10 0 0 0 0 0 0 0 0 2287 0 

pit large High Yes  10 210 0 0 0 0 0 0 0 2144 0 

outdoor small High Yes  10 0 0 0 0 0 0 0 0 125 0 

outdoor medium High Yes  10 0 0 0 0 0 0 0 0 1077 0 

outdoor large High Yes  10 0 0 0 0 0 0 0 0 560 0 

lagoon medium High Yes  10 0 0 34 0 0 0 0 0 0 0 

lagoon large High Yes  10 0 0 114 0 0 0 0 0 0 0 

pit small High Yes  25 0 0 0 0 0 0 0 0 45 0 

pit medium High Yes  25 0 0 0 0 0 0 0 0 2287 0 

pit large High Yes  25 0 0 0 0 0 0 0 0 2354 0 

outdoor small High Yes  25 0 0 125 0 0 0 0 0 0 0 

outdoor medium High Yes  25 0 0 501 0 0 0 0 0 576 0 

outdoor large High Yes  25 0 0 0 0 0 0 0 0 560 0 

lagoon medium High Yes  25 0 0 34 0 0 0 0 0 0 0 

lagoon large High Yes  25 0 0 114 0 0 0 0 0 0 0 

pit small High Yes  50 0 0 0 0 0 0 0 0 45 0 
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pit medium High Yes  50 0 0 0 0 0 0 0 0 2287 0 

pit large High Yes  50 0 0 0 0 0 0 0 0 2354 0 

outdoor small High Yes  50 0 0 125 0 0 0 0 0 0 0 

outdoor medium High Yes  50 1 0 1076 0 0 0 0 0 0 0 

outdoor large High Yes  50 0 0 186 0 0 0 0 0 374 0 

lagoon medium High Yes  50 0 0 34 0 0 0 0 0 0 0 

lagoon large High Yes  50 0 0 114 0 0 0 0 0 0 0 

pit small High Yes  100 0 0 40 5 0 0 0 0 0 0 

pit medium High Yes  100 0 0 0 0 0 0 0 0 2287 0 

pit large High Yes  100 0 0 345 0 0 0 0 0 2009 0 

outdoor small High Yes  100 0 0 124 0 0 0 0 0 1 0 

outdoor medium High Yes  100 0 0 1077 0 0 0 0 0 0 0 

outdoor large High Yes  100 0 0 560 0 0 0 0 0 0 0 

lagoon medium High Yes  100 0 0 34 0 0 0 0 0 0 0 

lagoon large High Yes  100 0 0 114 0 0 0 0 0 0 0 

pit small High Yes  200 0 0 42 3 0 0 0 0 0 0 

pit medium High Yes  200 0 0 0 1 0 0 0 0 2286 0 

pit large High Yes  200 0 0 1470 0 0 0 0 0 884 0 

outdoor small High Yes  200 0 0 125 0 0 0 0 0 0 0 

outdoor medium High Yes  200 0 0 1077 0 0 0 0 0 0 0 

outdoor large High Yes  200 0 0 560 0 0 0 0 0 0 0 

lagoon medium High Yes  200 0 0 34 0 0 0 0 0 0 0 

lagoon large High Yes  200 0 0 114 0 0 0 0 0 0 0 

pit small High Yes  300 0 0 43 1 0 0 0 0 1 0 

pit medium High Yes  300 0 0 477 0 0 0 0 0 1810 0 

pit large High Yes  300 0 0 2354 0 0 0 0 0 0 0 

outdoor small High Yes  300 0 0 125 0 0 0 0 0 0 0 

outdoor medium High Yes  300 0 0 1077 0 0 0 0 0 0 0 

outdoor large High Yes  300 0 0 560 0 0 0 0 0 0 0 

lagoon medium High Yes  300 0 0 34 0 0 0 0 0 0 0 

lagoon large High Yes  300 0 0 114 0 0 0 0 0 0 0 

pit small High Yes  400 0 0 0 45 0 0 0 0 0 0 

pit medium High Yes  400 0 0 2272 15 0 0 0 0 0 0 

pit large High Yes  400 0 0 1310 1044 0 0 0 0 0 0 

outdoor small High Yes  400 0 0 125 0 0 0 0 0 0 0 

outdoor medium High Yes  400 0 0 1077 0 0 0 0 0 0 0 

outdoor large High Yes  400 0 0 560 0 0 0 0 0 0 0 

lagoon medium High Yes  400 0 0 34 0 0 0 0 0 0 0 

lagoon large High Yes  400 0 0 114 0 0 0 0 0 0 0 

pit small High Yes  500 0 0 0 45 0 0 0 0 0 0 
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pit medium High Yes  500 0 0 0 2287 0 0 0 0 0 0 

pit large High Yes  500 0 0 0 2354 0 0 0 0 0 0 

outdoor small High Yes  500 0 0 125 0 0 0 0 0 0 0 

outdoor medium High Yes  500 0 0 1077 0 0 0 0 0 0 0 

outdoor large High Yes  500 0 0 560 0 0 0 0 0 0 0 

lagoon medium High Yes  500 0 0 34 0 0 0 0 0 0 0 

lagoon large High Yes  500 0 0 114 0 0 0 0 0 0 0 

 
Appendix Table V lists the parameters for the barriers and incentives for each scenario run in 

the independent, individual farmer decision-making simulation in Chapter 7.  These scenarios 
represent a small number of the possible parameter combinations.  Scenario selection focused on 
trying to sample across the possible variation in parameters and combinations of moderate 
incentives.  Selection focused on moderate incentive scenarios because extreme incentive 
scenarios are probably unrealistic given budget and manpower constraints on VEPs.  These 
parameter scenarios result in differences in participation and ammonia emissions reduction 
across incentive bundles. 

Appendix Table V: Individual, independent farmer decision-making scenarios 

Parameters S1 S2 S3 S4 S5 S6 S7 
Waste value, m 0 3 6 9 12 0 0 
WTP for environmental values ($ 
per lb. NH3 not emitted), R 

0 0 0 0 0 0.01 0.1 

Administrative wage, w 37.28 37.28 37.28 37.28 37.28 37.28 37.28 
Base awareness 0.5*z 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Cost-share proportion, d 0 0 0 0 0 0 0 

 

Parameters S8 S9 S10 S11 S12 S13 S14 
Waste value 0 0 0 0 0 0 0 
WTP for environmental values ($ 
per lb. NH3 not emitted) 

1 0 0 0 0 0 0 

Administrative wage 37.28 13.12 37.28 37.28 37.28 37.28 37.28 
Base awareness 0.5*z 0.5 0.5 0.4 0.3 0.2 0.1 0.5 
Cost-share proportion 0 0 0 0 0 0 0.25 

 

Parameters S15 S16 S17 S18 S19 S20 S21 
Waste value 0 0 0 3 3 3 3 
WTP for environmental values ($ 
per lb. NH3 not emitted) 

0 0 0 0.1 0 0 0 

Administrative wage 37.28 37.28 37.28 37.28 13.12 37.28 37.28 
Base awareness 0.5*z 0.5 0.5 0.5 0.5 0.5 0.3 0.5 
Cost-share proportion 0.5 0.75 1 0 0 0 0.75 



179 
 

 

Parameters s22 s23 S24 S25 S26 S27 S28 
Waste value 0 0 0 0 0 0 3 
WTP for environmental values ($ 
per lb. NH3 not emitted) 

0.5 0.5 0.5 0 0 0 0.5 

Administrative wage 13.12 37.28 37.28 13.12 13.12 37.28 13.12 
Base awareness 0.5*z 0.5 0.3 0.5 0.3 0.5 0.3 0.3 
Cost-share proportion 0 0 0.75 0 0.75 0.75 0 

 

Parameters S29 S30 S31 S32 S33 S34 S35 
Waste value 3 3 3 3 3 3 3 
WTP for environmental values ($ 
per lb. NH3 not emitted) 

0 0.5 0.5 0.5 0.5 0.5 0 

Administrative wage 13.12 37.28 13.12 13.12 13.12 13.12 13.12 
Base awareness 0.5*z 0.3 0.3 0.5 0.3 0.3 0.5 0.3 
Cost-share proportion 0.75 0.75 0.75 0 0.75 0 0 

 

Parameters S36 S37 S38 S39 S40 S41 S42 S43 S44 
Waste value 3 3 3 3 0 0 0 0 3 
WTP for environmental 
values ($ per lb. NH3 not 
emitted) 

0 0.5 0.5 0 0.5 0.5 0.5 0 0.75 

Administrative wage 37.28 37.28 37.28 13.12 13.12 13.12 37.28 13.12 13.12 
Base awareness 0.5*z 0.3 0.3 0.5 0.5 0.3 0.5 0.3 0.3 0.2 
Cost-share proportion 0.75 0 0.75 0.75 0 0.75 0.75 0.75 0.9 

 

Appendix Table VI lists the technology choices selected in the independent, individual farmer decision‐
making simulation model in Chapter 7 under each of the barrier‐incentive scenarios defined in Appendix 
Table V.  The cell entries represent the number of farmers who selected each technology under each 
scenario across five draws from the distribution of willingness to accept risk for each farmer in the state 
AFO dataset. 

Appendix Table VI: Individual, independent farmer decision-making choices 

Low cost, low effectiveness technology scenario (n=5) 

Mitigation 
technologies 

S1  S2  S3  S4  S5  S6  S7  S8  S9  S10  S11  S12 

base  27688  28433  32906  32906  32052  27713  27745  27633  27374  27470  21581  16404 

segregation  0  0  0  0  0  0  0  0  0  0  0  0 

acid  0  0  0  0  0  0  0  0  0  0  0  0 

per cover  0  37  37  37  77  0  0  0  0  0  0  0 
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imp cover  0  37  37  37  851  0  0  0  0  0  0  0 

scrubbers  0  0  0  0  0  0  0  0  0  0  0  0 

trees  0  0  0  0  0  0  0  0  0  0  0  0 

biofilter  0  0  0  0  0  0  0  0  0  0  0  0 

diet  5292  4473  0  0  0  5267  5235  5347  5606  5510  11399  16576 

inject  0  0  0  0  0  0  0  0  0  0  0  0 
 

Low cost, low effectiveness technology scenario (n=5) 

Mitigation 
technologies 

S13  S14  S15  S16  S17  S18  S19  S20  S21  s22  s23  S24 

base  14437  27632  27665  27737  27744  27567  27611  23658  27555  27630  21235  27578 

segregation  0  0  0  0  0  0  0  0  0  0  0  0 

acid  0  0  0  0  0  0  0  0  0  0  0  0 

per cover  0  0  0  0  0  37  37  57  73  0  0  0 

imp cover  0  0  0  0  0  37  37  62  49  0  0  62 

scrubbers  0  0  0  0  0  0  0  0  0  0  0  0 

trees  0  0  0  0  0  0  0  0  0  0  0  0 

biofilter  0  0  0  0  0  0  0  0  0  0  0  0 

diet  18543  5348  5315  5243  5236  5339  5295  9203  5303  5350  11745  5340 

inject  0  0  0  0  0  0  0  0  0  0  0  0 
 

Low cost, low effectiveness technology scenario (n=5) 

Mitigation 
technologies 

S25  S26  S27  S28  S29  S30  S31  S32  S33  S34  S35  S36 

base  21280  27631  21423  21173  21336  21176  27443  21164  21128  27529  21502  21458 

segregation  0  0  0  0  0  0  0  0  0  0  0  0 

acid  0  0  0  0  0  0  0  0  0  0  0  0 

percover  0  0  0  58  73  79  100  0  80  40  57  62 

impcover  0  0  0  62  72  111  64  75  81  37  62  68 

scrubbers  0  0  0  0  0  0  0  0  0  0  0  0 

trees  0  0  0  0  0  0  0  0  0  0  0  0 

biofilter  0  0  0  0  0  0  0  0  0  0  0  0 
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diet  11700  5349  11557  11687  11499  11614  5373  11741  11691  5374  11359  11392 

inject  0  0  0  0  0  0  0  0  0  0  0  0 
 

Low cost, low effectiveness technology scenario (n=5) 

Mitigation 
technologies 

S37  S38  S39  S40  S41  S42  S43  S44 

base  21259  27457  27462  21183  27567  21203  21196  15903 

segregation  0  0  0  0  0  0  0  10 

acid  0  0  0  0  0  0  0  1200 

percover  57  84  95  0  0  0  0  192 

impcover  62  85  58  0  62  78  0  145 

scrubbers  0  0  0  0  0  0  0  0 

trees  0  0  0  0  0  0  0  0 

biofilter  0  0  0  0  0  0  0  0 

diet  11602  5354  5365  11797  5351  11699  11784  15530 

inject  0  0  0  0  0  0  0  0 
 

High cost, high effectiveness technology scenario (n=5) 
Mitigation 
technologies 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

base 32980 32980 32960 32962 32904 32980 32980 32299 32980 32980 32980 32980 

segregation 0 0 1 3 11 0 0 0 0 0 0 0 

acid 0 0 0 0 0 0 0 0 0 0 0 0 

percover 0 0 0 0 0 0 0 0 0 0 0 0 

impcover 0 0 19 15 3 0 0 14 0 0 0 0 

scrubbers 0 0 0 0 0 0 0 0 0 0 0 0 

trees 0 0 0 0 0 0 0 60 0 0 0 0 

biofilter 0 0 0 0 0 0 0 607 0 0 0 0 

diet 0 0 0 0 0 0 0 0 0 0 0 0 

inject 0 0 0 0 62 0 0 0 0 0 0 0 

 

High cost, high effectiveness technology scenario (n=5) 
Mitigation S13 S14 S15 S16 S17 S18 S19 S20 S21 s22 s23 S24 



182 
 

technologies 

base 32980 32980 32980 32980 32980 32945 32980 32980 32953 30753 32950 31164 

segregation 0 0 0 0 0 0 0 0 1 0 0 0 

acid 0 0 0 0 0 0 0 0 0 0 0 402 

percover 0 0 0 0 0 0 0 0 0 0 0 0 

impcover 0 0 0 0 0 20 0 0 19 0 0 498 

scrubbers 0 0 0 0 0 0 0 0 0 0 0 0 

trees 0 0 0 0 0 15 0 0 0 2227 30 16 

biofilter 0 0 0 0 0 0 0 0 0 0 0 157 

diet 0 0 0 0 0 0 0 0 0 0 0 743 

inject 0 0 0 0 0 0 0 0 7 0 0 0 

 

High cost, high effectiveness technology scenario (n=5) 
Mitigation 
technologies 

S25 S26 S27 S28 S29 S30 S31 S32 S33 S34 S35 S36 

base 32980 32980 32980 29436 32882 30063 29566 27209 27195 30798 32980 32925 

segregation 0 0 0 4 8 238 152 320 904 2 0 2 

acid 0 0 0 0 0 833 434 357 510 0 0 0 

percover 0 0 0 0 0 0 0 0 0 0 0 0 

impcover 0 0 0 32 28 396 278 28 307 16 0 33 

scrubbers 0 0 0 0 0 0 0 0 0 0 0 0 

trees 0 0 0 3508 0 17 1402 3067 2571 2164 0 0 

biofilter 0 0 0 0 0 95 1025 1577 1279 0 0 0 

diet 0 0 0 0 0 17 0 422 0 0 0 0 

inject 0 0 0 0 62 1321 123 0 214 0 0 20 

 

High cost, high effectiveness technology scenario (n=5) 
Mitigation 
technologies 

S37 S38 S39 S40 S41 S42 S43 S44 

base 32920 31578 32915 29387 29728 30049 32980 21381 

segregation 0 10 5 0 55 90 0 1354 

acid 0 563 0 0 332 431 0 1219 

percover 0 0 0 0 0 0 0 0 

impcover 35 388 13 0 10 780 0 512 
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scrubbers 0 0 0 0 0 0 0 0 

trees 25 13 0 3593 1694 22 0 6403 

biofilter 0 288 0 0 1026 283 0 1941 

diet 0 0 0 0 135 1325 0 2 

inject 0 140 47 0 0 0 0 168 

 
Appendix Table VII categorizes the independent, individual farmer decision-making 

simulation scenarios into groups based on incentive-barrier levels and manure nitrogen value.  
These groups are represented in Tables 7.6 and 7.7 in the results section of Chapter 7. 

Appendix Table VII: Incentive-barrier and manure value scenario groups  

Scenario group Description of barrier-incentive bundle Short description 

Manure 
value, 
m=0 

Manure value   

S1 S2-S5, m=$3-12 Baseline Base 

S6-S8 S18, m=$3 Increasing WTP for environmental values WTP 

S9 S19, m=$3 Administrative assistance AA 

S10-S13 S20, m=$3 Lowering awareness barrier Risk 

S14-S17 S21, m=$3 Increasing cost-share/financial assistance FA 

S22 S34, m=$3 WTP for environmental values and administrative assistance WTP+AA 

S23 S37, m=$3 WTP for environmental values and awareness barrier reduction WTP+risk 

S24 S38, m=$3 WTP for environmental values and cost-share WTP+FA 

S25 S35, m=$3 Administrative assistance and awareness barrier reduction AA+risk 

S26 S39, m=$3 Administrative assistance and cost-share AA+FA 

S27 S36, m=$3 Awareness barrier reduction and cost-share Risk+FA 

S40 S28, m=$3 All incentives except cost-share No FA 

S41 S31, m=$3 All incentives except awareness barrier reduction  No risk 

S42 S30, m=$3 All incentives except administrative assistance  No AA 

S43 S29, m=$3 All incentives except WTP for environmental values No WTP 

S32 S33, m=$3 All four incentives All 

 S44, m=$3 All four incentives, elevated All+ 

 
Appendix Figure 1 illustrates the simulation results for each independent, individual farmer 

decision-making simulation scenario at the low technology boundary over varying manure 
nitrogen value.  Scenario groups are denoted by the short descriptions listed in Appendix Table 
VII.  Appendix Figure 1 (a) shows the proportion of AFO operators voluntarily choosing an 
ammonia control technology under each of the incentive-barrier scenarios at the low technology 
boundary.  Appendix Figure 1 (b) describes the ammonia emissions reduction achieved under the 
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same incentive-barrier scenarios.  For scenarios within each group, incentive levels increase from 
left to right. Environmental values (WTP) includes $0.01, $0.1, $0.5, and $1 per pound of 
ammonia not emitted.  Administrative assistance (AA) lowers wage from $37.28 to $13.12.  
Raising awareness (lowering perceived risk due to unfamiliarity; Risk) includes 0.5, 0.4, 0.3, and 
0.2.  Financial assistance (FA) includes 25%, 50%, 75%, and 100% cost-share. 

Appendix Figure 1: Ammonia control technology adoption at low cost, low effectiveness 
technology boundary with incentives and barriers  
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*Emissions reduction calculated compared to emissions under Base case with m=0. 

Appendix Figure 2 illustrates the simulation results for each independent, individual farmer 
decision-making simulation scenario at the high technology boundary over varying manure 
nitrogen value.  Scenario groups are denoted by the short descriptions listed in Appendix Table 
VII.  Appendix Figure 2 (a) shows the proportion of AFO operators voluntarily choosing an 
ammonia control technology under each of the incentive-barrier scenarios at the high technology 
boundary.  Appendix Figure 2 (b) describes the ammonia emissions reduction achieved under the 
same incentive-barrier scenarios.  For scenarios within each group, incentive levels increase from 
left to right. Environmental values (WTP) includes $0.01, $0.1, $0.5, and $1 per pound of 
ammonia not emitted.  Administrative assistance (AA) lowers wage from $37.28 to $13.12.  
Raising awareness (lowering perceived risk due to unfamiliarity; Risk) includes 0.5, 0.4, 0.3, and 
0.2.  Financial assistance (FA) includes 25%, 50%, 75%, and 100% cost-share. 

Appendix Figure 2: Ammonia control technology adoption in high cost, high effectiveness 
technology boundary with incentives and barriers 

a. 	

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

B
as
e,
	m
=0
‐3

B
as
e,
	m
=6

B
as
e,
	m
=9

B
as
e,
	m
=1
2

W
T
P,
	R
=0
.0
1

W
T
P,
	R
=0
.1
‐0
.5

W
T
P,
	R
=1

A
A
,	w
=1
3

R
is
k,
	z
=0
.8

R
is
k,
	z
=0
.6

R
is
k,
	z
=0
.4

R
is
k,
	z
=0
.2

FA
,	d
=0
.2
5

FA
,	d
=0
.5

FA
,	d
=0
.7
5

FA
,	d
=1

W
T
P	
+	
A
A

W
T
P	
+	
ri
sk

W
T
P	
+	
FA

A
A
	+
	r
is
k

A
A
	+
	F
A

R
is
k	
+	
FA

N
o	
FA

N
o	
ri
sk

N
o	
A
A

N
o	
W
T
P
A
ll

A
ll+

Pr
op
or
ti
on
	A
FO
s	
ad
op
ti
ng
	c
on
tr
ol
	te
ch
no
lo
gy

Adoption	rate,	Manure	N	value=0 Adoption	rate,	Manure	N	value>0



186 
 

b. 	
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