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Ryan McCarthy

Craig Segall
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1001 | Street

Sacramento, CA 95814
ryan.mccarthy@arb.ca.gov
craig.segall@arb.ca.gov

Re: Comments on Proposed Short Lived Climate Pollutant Reduction Strategy
Dear Mr. McCarthy and Mr. Segall:

Pursuant to Senate Bill 605 (Lara), the Air Resources Board has released the Proposed
Short-Lived Climate Pollutant Reduction Strategy (hereafter “Proposed Strategy”). These
comments on the Proposed Strategy are submitted on behalf of the Association of Irritated
Residents, California Environmental Justice Alliance, Center for Climate Protection, Center for
Food Safety, Center on Race, Poverty & the Environment, Central California Asthma
Collaborative, Central California Environmental Justice Network, Central Valley Air Quality
Coalition, Clean Water and Air Matter, Comité Residentes Organizados al Servicio del Ambiente
Sano (Comité ROSAS), Committee for a Better Shafter, Committee for a Better Arvin,
Community Science Institute, Communities for a Better Environment, Delano Guardians,
Environmental Health Coalition, Food & Water Watch, Greenfield Walking Group, Institute for
Agriculture and Trade Policy, Leadership Counsel for Justice and Accountability, Medical
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Advocates for Healthy Air, Merced Bicycle Coalition, Bruce Meyers, North Carolina
Environmental Justice Network, Vianey Nunez, Physicians for Social Responsibility — Los
Angeles, Public Justice, San Joaquin Valley Sustainable Ag Collaborative, Sierra Club
California, Socially Responsible Agricultural Project, and Valley Improvement Projects.

The Proposed Strategy calls for mandatory methane controls for manure management
systems, with the regulatory development process to begin in 2017 at existing industrialized
factory dairies (operations with no pasture utilizing flushed lagoon manure management
systems). We applaud Board staff for shifting this strategy from voluntary performance to
mandatory regulations. Given the urgent need to reduce Short-Lived Climate Pollutants, and the
substantial contribution of dairy methane to California’s total greenhouse gas inventory, the
Board should adopt the proposed methane strategy for manure management at industrialized
factory dairies as soon as possible. The Board should amend the Proposed Strategy, which
inappropriately calls for voluntary reductions from enteric emissions, to instead adopt and
implement mandatory enteric emissions reduction strategies.

We call on the Board to move quickly during the regulatory process because of the short-
term impact of methane, which has a current IPCC 20-year methane global warming potential of
84 (the Proposed Strategy relies on the IPCC 4™ Assessment which assigns a 20-year methane
global warming potential of 72), and prioritize regulatory strategies to provide co-benefits for
disadvantaged communities and environmental co-benefits, especially those offered by pasture-
based dairy systems. To the extent that the State Board uses financial incentives to achieve
methane reductions (e.g. the Greenhouse Gas Reduction Fund), such incentives should be
directed towards pasture-based systems that reduce methane emissions and act as a carbon sink
rather than to subsidize the use of polluting anaerobic digesters in the San Joaquin Valley and the
South Coast air basins. Anaerobic digesters do not offer co-benefits to disadvantaged
communities, and rather negatively impact disadvantaged communities.

Introduction

The Proposed Strategy states that the “science unequivocally underscores the need to
immediately reduce emissions of Short-Lived Climate Pollutants[.]”* Consistent with this
acknowledgement, the Proposed Strategy should require mandatory controls for existing and
new dairies’ methane emissions, the largest uncontrolled sector of the greenhouse gas inventory.?

California’s 2014 Gross Domestic Product was $2.13 trillion,® with 2014 California milk
production accounting for $9.4 billion.* Accordingly, dairy accounts for 0.44 percent of
California’s economy, yet livestock manure management at dairies and enteric methane

! Proposed Strategy at 1 (emphasis added).

2 Proposed Strategy at 64-71.

3 California Legislative Analyst Office, July 1, 2015, available at
http://www.lao.ca.gov/LAOEconTax/Article/Detail/90, attached as Exhibit 1.

4 California Department of Food and Agriculture, available at https://www.cdfa.ca.gov/statistics/,
attached as Exhibit 2.




emissions represent 5.2 percent of California’s 2013 greenhouse gas emission inventory.> Dairy
thus contributes a vastly disproportionate share of greenhouse gas emissions compared to its
overall contribution to the economy, especially when modifying the inventory data to account for
methane’s higher global warming potential in the short term 20-year period. The 2013 emissions
inventory demonstrates that California dairies account for 45 percent of California’s methane
emissions, with manure management and enteric emissions accounting for 25 and 20 percent of
total methane emissions, respectively.® In the San Joaquin Valley, which hosts the majority of
industrialized factory dairies, at least eighty-seven percent of methane emissions are from dairy
(and other cattle) operations.” Compared to the Aliso Canyon (Porter Ranch) natural gas storage
leak, California dairies emit on average 2.3 times more per day than Aliso Canyon, and 1.45
times more per day at the Aliso Canyon’s peak emissions rate.® This Board and other state
leaders have called for abating Aliso Canyon and mitigating that impact, and no reason exists for
why industrialized factory dairies should continue to avoid mandatory reductions. Accordingly,
the State Board should ensure that dairies do their fair share to reduce methane emissions by
adopting a mandatory methane reduction strategy for existing and new dairies.

The Legislature has directed the ARB to, inter alia, (1) identify existing and potential
new control measures for Short-Lived Climate Pollutants; and (2) prioritize development of new
measures that offer co-benefits for water quality and air pollution reductions that benefit
disadvantaged communities.

In developing the strategy, the state board shall do all of the following:

(1) Complete an inventory of sources and emissions of short-lived climate
pollutants in the state based on available data;

(2) Identify research needs to address any data gaps;

(3) Identify existing and potential new control measures to reduce emissions;

(4) Prioritize the development of new measures for short-lived climate pollutants
that offer co-benefits by improving water quality or reducing other air pollutants
that impact community health and benefit disadvantaged communities, as
identified pursuant to Section 39711; and

(5) Coordinate with other state agencies and districts to develop measures
identified as part of the comprehensive strategy.

Health & Safety Code § 39730(a).

s Proposed Strategy at 58; California Greenhouse Gas Inventory 2000-2013 (100 year GWP),
available at http://www.arb.ca.gov/cc/inventory/data/tables/ghg_inventory scopingplan_2000-
13 20150831.pdf, attached as Exhibit 3.

® Proposed Strategy at 58.

"D.R. Genter, et al., Emissions of organic carbon and methane from petroleum and dairy
operations in California’s San Joaquin Valley, Atmos. Chem. Phys., 14, 4955-4978 (2014),
attached as Exhibit 4.

¢ See Memorandum from Jonathan Sha to Brent Newell, February 9, 2016, attached as Exhibit 5.
This memorandum relies on the IPCC’s 4" Assessment methane global warming potential of 72
because that is the global warming potential the Board uses for this Proposed Strategy.
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The Strategy Should Include Mandatory Regulations for Manure Management and Enteric
Emissions

In May 2015, the Board released the Concept Paper, which discussed anaerobic digesters
(covered liquid manure lagoons that capture methane emissions) and manure scraping as
strategies for reducing manure-based methane emissions. The Concept Paper also briefly
addressed breeding and dietary strategies for controlling enteric methane emissions, which
account for twenty percent of total methane emissions. The Concept Paper called for voluntary
controls for the entire dairy sector.

In September 2015, the Board released the Draft Strategy and proposed to continue
voluntary manure management controls, proposed no enteric emissions controls, and
simultaneously failed to investigate the environmental, economic, and other co-benefits of
pasture-based systems. At the public workshop in Fresno on October 19, 2015, ARB staff
indicated that staff would perform a cost-effectiveness and co-benefits analysis to accompany the
next draft of the strategy.

The Proposed Strategy, released in April 2016, marks a paradigm shift. It proposes to do
what no other state or the federal government has done: develop and implement mandatory
regulations to reduce methane from manure management in the animal agriculture industry. For
that we applaud the Board and encourage the Board to move forward with all deliberate speed.
The Proposed Strategy, however, continues to call for dairies to voluntarily control enteric
emissions. We thus call on the Board to move forward with the same urgency and adopt and
implement a mandatory regulation requiring reductions from enteric processes.

The Strategy Should Prioritize Pasture-Based Dairy Systems and Should Not Rely on
Anaerobic Digesters.

The Proposed Strategy focuses on the economic benefits of biogas from anaerobic
digesters without acknowledging significant negative impacts on disadvantaged communities in
the San Joaquin Valley. At the same time, the Strategy attempts to find fault with pasture-based
systems without recognizing several co-benefits such operations achieve. This explicit bias
violates Senate Bill 605.

The Proposed Strategy does not prioritize measures which provide co-benefits to air and
water quality, and which benefit disadvantaged communities. The combustion of methane from
anaerobic digestion adds oxides of nitrogen, an ozone and fine particulate matter (PM2.5)
precursor, to the severely polluted San Joaquin Valley air basin where most liquefied manure
dairy systems are located. Many disadvantaged communities in the Valley suffer from poor air
quality and other social and environmental impacts as demonstrated by CalEnviroScreen 2.0.°
Before the Board claims that combustion of biogas to produce electricity provides a co-benefit, it
should investigate and demonstrate that electricity generation at a dairy-based anaerobic digester
operates more efficiently and produces less GHGs and criteria pollutants than a natural gas

9 Available at http://oehha.ca.gov/calenviroscreen/report/calenviroscreen-version-20.
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combined cycle (NGCC) power plant. The use of electricity from dairy biogas will displace
electricity produced at NGCC plants under the Renewable Portfolio Standard, and thus generate
more emissions in the air basin when internal combustion engines operate less efficiently than a
NGCC power plant. The Proposed Strategy has failed to consider this important impact on the
health and well-being of disadvantaged communities in the San Joaquin Valley. Health & Safety
Code § 39730(a)(4). This is especially important when the Strategy refers to manure
management controls at 500 dairies, which would potentially mean 500 separate internal
combustion engines producing air pollution.® California should end its reliance on dirty energy
sources like anaerobic digesters and power plants, and replace them with truly renewable, clean
sources of energy such as wind and distributed generation solar power.

The Board has failed to perform a meaningful assessment of the relative co-benefits of
pasture-based systems, including an assessment of carbon sequestration in healthy grassland soil,
reduced volatile organic compound (VOC) and oxides of nitrogen (NOXx) emissions from corn
silage, reduced threats to groundwater contamination, and overall reductions in methane from
both manure management and enteric emissions. SB 605 requires the Board to prioritize
measures that attain these co-benefits when developing this Strategy. Id. The Proposed Strategy
briefly discusses pasture-based systems and states that “[P]asture-based systems are a viable
option that is appropriate in some cases, but likely challenging to implement at many existing,
larger dairies in the Central Valley.”** However, the single paragraph in the Proposed Strategy
discussing pasture-based systems dismisses the benefits of pasture with conclusory statements
unsupported by any analysis by the State Board.'> Chapter VIII briefly recognizes the co-
benefits of reduced air pollution and reduction of groundwater pollution, and that 25 dairies
could convert to pasture without reducing herd sizes or procuring additional land.*® The
Proposed Strategy, when fairly read in its entirety, celebrates the benefits of energy produced by
anaerobic digesters without considering adverse impacts on air quality, yet criticizes the viability
of pasture-based systems without considering several significant co-benefits offered by pasture-
based systems. This kind of bias does not comport with SB 605.

The Proposed Strategy fails to support its assertion that pasture-based systems are not a
widely viable methane reduction strategy because they allegedly would require more land, “pose
feed production and animal welfare concerns due to heat exposure,” may face nutrient
management issues, have reduced milk production efficiencies, and have higher enteric
fermentation per unit of milk produced.'* The objective of Senate Bill 605 is not to achieve low
levels of GHG per unit of milk, but rather to achieve net methane reductions. The Strategy has
not identified any social or environmental imperative to continue industrialized factory dairies’
current milk production levels along with concomitant, massive methane emissions, so even if
pasture-based systems result in lower herd sizes and less milk production, the Board should

o Proposed Strategy at 66
nd.

2 Proposed Strategy at 65-66.
3 Proposed Strategy at 124.

1 Proposed Strategy at 65-66.



identify the co-benefits of such systems as well as the opportunity to reduce methane and
sequester carbon in healthy grassland soil.

The Proposed Strategy speciously claims that pasture-based systems implicate animal
welfare concerns. A “happy cow” living on pasture and grazing enjoys a far more natural life
with high animal welfare than a cow confined in a freestall barn or manure-filled corral with no
access to pasture. The fact that irrigated pasture-based dairy and beef cattle farms operate, and
have operated, in the San Joaquin Valley exposes the Proposed Strategy’s fallacy. Pasture-based
systems avoid anaerobic methane emissions, sequester carbon, avoid corn silage VOC and NOXx
emissions, and lead to less enteric emissions because pasture-based systems stock fewer cows
per acre than industrialized systems. Moreover, the Proposed Strategy improperly focuses on
methane emissions per unit of milk rather than overall methane reductions needed from the dairy
sector. The Strategy required by SB 605 should yield overall methane reductions from actual
“happy cows,” and not misleadingly “low” GHG milk from industrialized factory dairies.
Furthermore, the Proposed Strategy has failed to consider whether water consumption may be
lower in pasture-based systems than confinement-based dairies. This analysis could be done —
and the Proposed Strategy has not stated the analysis is not feasible — using existing data from
industrialized factory dairies and pasture-based systems in the San Joaquin Valley, where
irrigated pasture is a demonstrated practice. Given pasture’s promising co-benefits and methane
reductions, including the benefits of reduced herd sizes’ enteric emissions, the State Board
should fully investigate, prioritize, and rely on pasture as a viable methane control strategy and
should revise the Proposed Strategy to include pasture as a priority measure pursuant to SB 605.
Furthermore, the Board should provide tangible support, through grants and financial incentive
programs, for existing pasture-based dairies and industrialized factory dairies interested in
transitioning their operation to a pasture-based system.

Localized Impacts of Anaerobic Digesters.

San Joaquin Valley communities rank among the most disadvantaged communities in
California because of social, economic, and environmental exposures to pesticides, air pollution,
and groundwater contamination, among other factors. Close proximity of industrialized factory
dairies to disadvantaged communities and location in the San Joaquin Valley air basin both
contribute to localized and regional impacts. We are concerned that anaerobic digesters at these
facilities will harm, rather than benefit, disadvantaged communities in the Valley.

Digesters have been and could be placed in already overburdened communities, with
unhealthy air and contaminated drinking water. Dairy digesters will only exacerbate conditions
in disadvantaged communities and further degrade the water and air quality in these communities
by emitting air pollutants and through unlined liquefied manure storage lagoons and application
to feed crops. Placing these facilities in these communities will bring in heavy-duty vehicle
traffic and increase noise levels. Digesters increase vehicle miles traveled as well as levels of
harmful short-lived climate pollutants such as black carbon from diesel truck emissions. Fresno
County, for example, ranks second in the nation for short-term fine particle pollution (PM2.5),



with asthma rates more than three times the national average.r® Bakersfield ranks as the worst
for both short-term and long-term PM2.5 exposure.®

Other issues that arise with the placement of dairy digesters in disadvantaged
communities, include degraded transportation infrastructure, contamination of groundwater
supplies, and increased levels of harmful air pollutants. Rural communities already lack the
services and funding to improve transportation infrastructure, and the placement of these
digesters would lead to an overuse of already substandard road infrastructure and further
deteriorate the roads and highways of disadvantaged, underfunded communities. Furthermore,
the operation of dairy digesters results in nitrogen-rich digestate that negatively affects
groundwater through unlined lagoons, over-application of nitrogen to crop fields, and volatized
ammonia gas, which acts as a precursor to ammonium nitrate, the most prevalent form of PM2.5
in the Valley. Many nearby disadvantaged communities rely on groundwater for their water
needs, and nitrate groundwater levels can reach unhealthy levels, causing such impacts as
methemoglobinemia or “blue baby syndrome.”

Because of these localized impacts on disadvantaged communities in the Valley, we urge
the Board to not adopt a Strategy that relies on anaerobic digesters. Instead, as the Legislature
directed, the strategy should prioritize “the development of new measures for short-lived climate
pollutants that offer co-benefits by improving water quality or reducing other air pollutants that
impact community health and benefit disadvantaged communities.” Health & Safety Code §
39730(a)(4).

The Proposed Strategy’s Economic, Public Health, and Environmental Justice Analysis
Suffer from Significant Shortcomings.

The Proposed Strategy emphasizes the economic benefits to the dairy industry for
utilizing anaerobic digesters to produce electricity and biomethane for use as a transportation
fuel. The Proposed Strategy relies on the economic benefits to dairy producers for these
strategies, and calls for the heavy use of subsidies to support anaerobic digesters for early
adopters prior to the imposition of regulations. The Legislature, however, explicitly did not
direct the Board to prioritize measures based on economic considerations or financial benefits to
the industry. See Health & Safety Code 8 39730. Rather, the Legislature specifically directed
prioritization of those measures that “that offer cobenefits by improving water quality or
reducing other air pollutants that impact community health and benefit disadvantaged
communities, as identified pursuant to Section 39711.” Health & Safety Code § 39730(a)(4).

The economic analysis fails to consider the social cost of carbon'’ as part of the
economic analysis, or an analysis of pasture-based systems’ carbon sequestration co-benefits.

5 American Lung Association, State of the Air 2016, available at http://www.lung.org/our-
initiatives/healthy-air/sota/city-rankings/most-polluted-cities.html, attached as Exhibit 6.

1 ]d.

17 See EPA Fact Sheet, The Social Cost of Carbon, attached as Exhibit 7. Given the global
warming potential of methane is 84, the Board should estimate the social costs of unabated
methane from the dairy industry, the social costs of fugitive methane emissions at anaerobic
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Such negative costs to society caused by dairy methane emissions (as well as COzand co-
pollutants from combusted methane) should be considered as part of the economic analysis.
Moreover, the cost to society for methane emissions warrants regulations implemented quickly.
We note that the social cost of carbon has been criticized as being too low and not accounting for
the cost of all societal impacts.

The public health analysis briefly recognizes air quality co-benefits of pasture,*® but fails
to discuss or analyze the co-benefits of reduced VOC and NOx emissions from corn silage
produced and consumed by industrialized factory dairies when such operations convert to pasture
based systems. Corn silage emits massive amounts of VOC in the San Joaquin Valley, with
dairy corn silage VOC emissions forming more ozone than the VOC emitted by passenger
vehicles.?® As the Board is aware, corn silage also emits NOx, and mitigation of VOC and NOx
emissions remain a challenge at industrialized factor dairies.?’

The Proposed Strategy includes a less than three-page environmental justice analysis.
This section of the Proposed Strategy fails to assess the impacts of anaerobic digesters on air
quality or groundwater quality and how that implicates an environmental justice issue or how air
and water quality impacts will affect disadvantaged communities in the San Joaquin Valley.?
This woefully inadequate environmental justice analysis should be amended prior to the final
hearing before the Board.

The environmental analysis in Appendix C states that:

Generally, digesters may also displace some criteria air pollutant emissions
associated with the use of fossil fuels by using the captured dairy biogas as a
substitute source for generating electricity, fueling vehicles, or cooking and space
heating as well as other natural gas combustion uses. Depending on end-use and
other factors, emissions could fall below current conditions.?

digesters, the social costs of CO2 emitted during methane combustion, the social benefits of
avoided methane emissions from pasture-based operation (includes avoided manure management
emissions from aerobic manure decomposition on pasture and reduced enteric emissions from
lower herd sizes), as well as the social cost benefits of carbon sequestration at pasture-based
systems.

18 Proposed Strategy at 123.

19 Cody J. Howard, et al., Reactive Organic Gas Emissions from Livestock Feed Contribute
Significantly to Ozone production in Central California, Environ. Sci. Technol. (2010), 44,
2309-2314, attached as Exhibit 8; San Joaquin Valley Unified Air Pollution Control District Air
Pollution Control Officer’s Revision of the Dairy VOC Emission Factors at 34-35 (2012),
attached as Exhibit 9.

20 Frank Mitloehner, et al., Quantification of the Emission Reduction Benefits of Mitigation
Strategies for Dairy Silage (2016), attached as Exhibit 10.

21 Proposed Strategy at 125-127.

2 Appendix C at 4-29.



Combusting biogas in internal combustion engines yields significant NOx, SOx, VOC,
and particulate matter emissions that negatively affect air quality.?® The current permitting of
digesters by the San Joaquin Valley Unified Air Pollution Control District only requires internal
combustion engines as Best Available Control Technology.?* For example, a single dairy
digester project with two IC engines producing 1,059 kw of electricity emits air pollution
(approximately 5 tons per year of NOXx, for example) for which the facility does not need to
purchase offsetting emission reduction credits.?> This means that the digester adds pollution to
the air basin.

One can reasonably extrapolate the impact from the 500 dairies the Strategy identifies,?
each emitting approximately 5 tons per year of NOx without obtaining any offsets. Considering
the proposed 600 megawatt NGCC Avenal Power Center’s maximum NOXx emissions of 99.4
tons/year,?’ it would only take 20 digesters the size of the Lakeview Dairy’s digester to emit the
equivalent NOx from the Avenal Power Center, yet the Avenal Power Center had to buy offsets
and the Lakeview Dairy did not.?® Moreover, those 25 dairies would have only produced 25
megawatts of electricity (1,059 kilowatts each). Five hundred dairies with digesters emitting
2,500 tons per year of NOx would equal approximately 25 Avenal Power Centers with no offsets.
This example and analysis also applies with equal force to emissions of VOC, SOx, and PM2.5.
Yet the Proposed Strategy neither analyzes nor mitigates this huge impact.

Such analysis is reasonable, given the report prepared in 2015 for the Board on such
impacts.?® This report studied the effects of burning biogas and found that internal combustion
engines result in criteria pollutant increases, but the environmental analysis here does not provide
that analysis or propose mitigation for the impacts of combustion of methane in IC engines other
than referring to the District’s permitting authority. As demonstrated above, that permitting
authority yields massive cumulative air pollution with no offsets required. Further, the Proposed
Strategy and the Environmental Analysis (Appendix C) fails to consider the health impacts on
disadvantaged communities or environmental justice impacts of an anaerobic digester strategy.
As a whole, the Proposed Strategy and the Environmental Analysis fail to perform a meaningful
assessment of the impacts of anaerobic digesters.

2 Assessment of the Emissions and Energy Impacts of Biomass and Biogas Use in California
(2015) (“Biogas Impact Assessment”), attached as Exhibit 11.

2 See, e.0., Notice of Preliminary Decision — Authority to Construct, Lakeview Dairy Biogas at
7, attached as Exhibit 12.

s |d. at 1, 20.

26 Proposed Strategy at 66.

27 Notice of Final Determination of Compliance, Avenal Power Center at 3, 27, attached as
Exhibit 13.

2 ]d. at 38.

2 Assessment of the Emissions and Energy Impacts of Biomass and Biogas Use in California
(2015).



Conclusion.

Reducing methane emissions to achieve immediate methane reductions requires a
paradigm shift in California milk production from highly polluting, confined industrialized
factory systems to high animal welfare, environmentally beneficial, pasture-based systems that
achieve multiple co-benefits. The Board should not allow such a large component of the total
statewide GHG inventory to escape mandatory controls, especially when the dairy industry has
thus far failed to reduce emissions voluntarily. To the extent that the State Board uses financial
incentives to achieve methane reductions (e.g. the Greenhouse Gas Reduction Fund), such
incentives should be directed towards pasture-based systems that reduce methane emissions,
reduce corn silage emissions, and act as a carbon sink rather than to subsidize the use of
polluting anaerobic digesters in the San Joaquin Valley and the South Coast air basins. Thank
you for your work to date and we look forward to working with you and other Board staff to
ensure significant, equitable methane reductions from California dairies.

Sincerely,

X/ /4 ' /]
\;U{“____L.Irq/q_/.:/

Brent Newell
Center on Race, Poverty & the Environment

Nikita Daryanani
Leadership Counsel for Justice and Accountability

Tom Frantz
Association of Irritated Residents

Amy Vanderwarker
California Environmental Justice Alliance

Woody Hastings
Center for Climate Protection

Kevin D. Hamilton

Central California Environmental Justice Network
Central California Asthma Collaborative

Medical Advocates for Healthy Air

Dolores Weller
Central Valley Air Quality Coalition
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Rebecca Spector
Center for Food Safety

Renee Nelson
Clean Water and Air Matter

Reyna Alvarado
Comité ROSAS

Anabel Marquez
Committee for a Better Shafter

Salvador Partida
Committee for a Better Arvin

Denny Larson
Community Science Institute

Bahram Fazeli
Communities for a Better Environment

Gloria Herrera
Delano Guardians

Monique Lo6pez
Environmental Health Coalition

Sandra Lupien
Food & Water Watch

Gema Perez
Greenfield Walking Group

Tara Ritter
Institute for Agriculture and Trade Policy

Justin Hicks
Merced Bicycle Coalition

Bruce Meyers
Animals | Environment PLLC

Naeema Muhammed
North Carolina Environmental Justice Network

Vianey Nunez
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Martha Dina Arguello
Physicians for Social Responsibility — Los Angeles

Jessica Culpepper
Public Justice

Janaki Jagannath
San Joaquin Valley Sustainable Ag Collaborative

Diana Vazquez
Sierra Club California

Danielle Diamond
Socially Responsible Agricultural Project

Thomas Helme
Valley Improvement Projects
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2014 GDP: California Ranks 7th or 8th in the
World

July 1, 2015

L Jason Sisney Justin Garosi

On June 10, the U.S. Bureau of Economic Analysis released its preliminary estimates of state gross
domestic product (GDP) for 2014, as we described in a blog post last week. California's 2014 GDP—the
value of all goods and services produced here—was estimated at $2.31 trillion. In this blog post, we
discuss one of the most common questions we are asked—how California's economy compares with that
of major countries around the world—based on the preliminary 2014 GDP data.

Traditional GDP Ranking—U.S. Dollar Comparison

California Was the 7th or 8th Largest Economy in World in 2014, Based on Traditional Measure.
There are different estimates of countries' GDP. Based on three estimates now available, the 2014 GDP of
California ranked either as the 7th or 8th largest—based on international GDP estimates converted to U.S.
dollars. The figure below shows how California ranks based on estimates from the International Monetary
Fund (IMF), the World Bank, and the U.S. Central Intelligence Agency (CIA) World Factbook publication.
This exercise essentially treats California as if it were a separate nation-state. Because the difference
between California and Brazil is very small in the IMF and World Bank data, it is possible that later revisions
could result in California rising to #7 on these lists as well. (The state Department of Finance [DOF] shows
the GDP comparison on its website using IMF data.)

http://www.lao.ca.gov/LAOEconTax/Article/Detail/90 1/5
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California and the World's Largest National Economies
2014 Gross Domestic Product (GDP), In Trllions of U.5. Dollars

International Monetary Fund Estimates  World Bank Estimates

1. U.5. (excluding California®) $15.11 1. W.5. (excluding California®y $15.11
2. China® 10.38 2. China” 10.36
3. Japan 462 3. Japan 4 60
4. Germany 3.86 4. Germany 3.85
8. United Kingdom 2.85 &. United Kingdom 2.94
6. France 285 6. France 283
7. Brazil 238 7. Brazil 2.35
8. California® 2.31 8. California® 2.3
9. HKaly 2.15 9. Italy 214
10. India 2.05 10. India 2.07
11. Russia 1.86 11.Russia 1.86
12. Canada 1.79 12. Canada 1.79
13. Australia 1.44 13. Australia 1.45
14. South Korea 1.42 14. South Korea 1.41
15. Spain 1.41 15. 3pain 1.40
16. Mexico 1.28 16. Mexico 1.28

U.5. Central Intelligence Agency World Factbook Estimates

1. U.5.{excluding California®) $15.11
2. China” 10.36
3. Japan 477
4, Germany 3.82
5. France 2.90
6. United Kingdom 2.85
7. California® 2.31
8. Brazil 224
9. [Ialy 213
10. Russia 206
11. India 2.05
12. Canada 1748
13, Australia 148
14. South Korea 1.41
15. Spain 1.40
16. Mexico 1.30

* Calculation based on June 10, 2015 Bureau of Economic Analysis

estimate of California’s 2014 GDP.

* Excludes Taiwan, Hong Kong, and Macau.

Green = Group of Seven industrialized nations. (Excludes Russia: suspended in 2014.)

As shown above, California's economy is of a size that would justify its inclusion in the Group of Seven (or
Eight) industrialized nations, were it independent. This is because California's economy is larger than that
of two "G7" members: Italy and Canada. The international estimates above convert GDP in countries’
home currencies to dollars based on exchange rates that prevailed in 2014. As such, changes in currency
exchange rates can affect these rankings noticeably from year to year.

Changes Since 2013. There has been little change in California's GDP ranking in 2014, based on the
estimates available to date. In our blog post on GDP rankings late last year, we highlighted the World
Bank's GDP data, which would have ranked California 8th at the time. We also noted that, using CIA or IMF
data, California would have ranked 7th or 8th, respectively, for 2013.
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Alternative GDP Rankings

Adjusted for Cost of Living, California’s Economy Could Be Viewed as Ranking #11. An alternative
international GDP comparison uses purchasing power parity (PPP) instead of exchange rates to attempt to
adjust for differences in living costs across countries. Using PPP, California’s economy—adjusted for cost of
living—can be viewed as ranking eleventh in the world, as shown below.

Comparing Largest Economies Based on Purchasing Power Parity (PPP)
2014 Gross Domestic Product (GDP), In Trllions of U.5. Dollars
As Adjusted for Differences in Cost of Living In Different Countries

International Monetary Fund Estimates World Bank Estimates

1. China® 517.62 1. China’ 518.03
2. L.S. (excluding California®) 15.11 2. .S, (excluding California®) 15.11
3. India 7.38 3. India 7.39
4. Japan 475 4. Japan 463
5 Germany T2 5. Russia 375
6. Russia 3.56 6. Germany 3.69
7. Brazil 3.26 7. Brazil 3.26
8. Indonesia 2.68 8. Indonesia 2.68
8. France 258 9. France 257
10. United Kingdom 255 10. United Kingdom 252
11. California® 2.3 11. California® 2.31
12. Mexico 214 12, ltaly 213
13, lkaly 213 13. Mexico 213

U.S. Central Intelligence Agency World Factbook Estimates

1. China® 51763
2 1.5, {excluding California®) 15.15
3. India 7.28
4. Japan 481
5. Germany 362
6. FRussia 357
7. Brazil 3.07
8. France 258
9  Indonesia 255
10. United Kingdom 244
11. California® 2.31
12, Mexico 214
13. Haly 2.07

* Calculation based an June 10, 2015 Bureau of Economic Anatysis

estimate of California’s 2014 GOP.

* Excludes Taiwan, Hong Kong, and Macau.

Green = Member of Group of Seven industrialized nations. (Excludes Russia, which was suspended in 2014.)

This dataset essentially assumes that the cost of living is uniform across the entire U.S. California's cost of
living is higher than the U.S. in several key categories, such that a more refined PPP estimate, if it were
available, might adjust California's GDP down somewhat, compared to the data in the table above.

Using the PPP measure, China’s economy is now larger than that of the entire U.S. As the CIA World
Factbook explains, "because China's exchange rate is determine[d] by fiat, rather than by market forces,
the official exchange rate measure of GDP [that is, the traditional measure described earlier in this post] is
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not an accurate measure of China's input," as it "substantially understate's the actual level of China's
output vis-a-vis the rest of the world." The World Factbook opines that the GDP measurement under the
PPP method "provides the best measure for comparing output across countries," including China. Both
India and Indonesia’s economies also are larger than California’s by this measure due to their lower costs
of living. (Wikipedia has useful entries that list various international GDP rankings, including PPP rankings.)

Per Capita GDP: California Ranks Very Highly Internationally. As shown below, California, if it were a
separate country from the rest of the U.S., could be viewed as ranking #7 in GDP per capita (per person),
according to IMF data. (Several other U.S. states with higher GDP per capita, including some with
substantial oil and gas production, are not shown in this ranking list but are mentioned in its footnotes.)

Per Capita Gross Domestic Product (GDP)
Using 2014 Gross Domestic Product (GDP), In U.5. Dollars

International Monetary Fund Estimates

1. Luxembourg $111,716
2. Morway 97,013
3. Qatar 93,965
4. Switzerland 87.475
5. Aaustralia 61,219
6. Denmark 60,564
7. California 59,574
8. Sweden 58,49
9 San Marino 56,820
10. Singapore 56,319
11.  U.5. (including California) b4.,597

Mote: California is the only state shown separately in the list
above. Eleven U.S. states, plus the District of Columbia,
have higher per capita GOP levels than California, as of 2014.

These other LS. jurisdictions include the District (around §175,000)
and the highest-ranked state, Alaska (around §77,000).

Following Alaska were Wyoming, Morth Dakota, Mew York,
Connecticut, Massachusetts, Delaware, New Jersey, Texas,
Washington, Mebraska, and then California. Per capita GOP
estimates for states were derived by converting Bureau

of Economic Analysis real per capita GDP estimates to 2014

dollars based on the ratio of 2014 current-dallar GDP for

each state to the 2009 chained-dollar real GOP for that state.

GDP per capita rankings can vary based on which countries are included. For example, the IMF

data above excludes some small territories (Monaco, Liechtenstein, Macau, and Bermuda) that likely would
outrank California. If included, Jersey, the Falkland Islands, and the Cayman Islands could rank lower than
California, but above the U.S. as a whole.

Comparisons to Other U.S. States

#1 California GDP 40% Bigger Than #2 Texas. With an estimated $2.31 trillion of GDP in 2014, California
has the largest state-level economy in the U.S. due largely to its population, which ranks 1st among U.S.
states. Texas ranks 2nd at $1.65 trillion. This means that California's 2014 GDP was 40% bigger than that
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of Texas. In 2014, Texas GDP grew at 5.2% (2nd highest growth rate among states), versus California's
2.8% growth rate (9th highest growth rate). Texas was one of the oil and gas states that had significant
GDP growth in 2014. Because the price of oil and its production have declined, GDP growth in Texas and
some other states may be significantly less in 2015.

(This post was edited on July 2 primarily to reflect newly released World Bank data.)

W GDP International State Comparisons
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2014 Crop Year Report

In 2014, the most recent year for which a full crop-year report is available, California's 76,400
farms and ranches received approximately $54 billion for their output. This represents an increase of
5.1 percent over 2013. California is the leading US state in cash farm receipts with combined
commodities representing nearly 13 percent of the US total.

California's Agricultural Exports

In 2014, California's agricultural exports amounted to $21.59 billion in value. As a percentage of
the total US agricultural exports for 2014, California’s share represents 14.3 percent—slightly less
than the 14.9 percent share reported the previous year. California's top 10 export destinations—
European Union, Canada, China/Hong Kong, Japan, Mexico, Korea, India, United Arab Emirates,
Turkey, and Vietham—accounted for 69 percent of the 2014 export value. For 2014, India showed
the largest growth in total export value compared to the previous year at 19.1 percent.

California's agricultural abundance includes more than 400 commaodities. Over a third of the
country’s vegetables and two-thirds of the country’s fruits and nuts are grown in California. The
dairy industry, California’s leading commodity in cash receipts, generated a record $9.36 billion for
milk production in 2014, up 23 percent from 2013 and 22 percent above the record year of 2011.

California's top—ten valued commodities for 2014 are:

Milk — $9.4 billion Lettuce — $2 billion

Almonds — $5.9 billion Walnuts — $1.8 billion

Grapes — $5.2 billion Tomatoes — $1.6 billion

Cattle, Calves — $3.7 billion Pistachios — $1.6 billion

Strawberries — $2.5 billion Hay — $1.3 billion

Statistics

California agricultural statistics derive primarily from the United States Department of
Agriculture/National Agricultural Statistics Services (USDA/NASS) reports. The California Department
of Food and Agriculture also publishes statistics related to California dairy production and, in
cooperation with the University of California at Davis, statistics for California agricultural exports. For
most timely research into California dairy statistics, please see our dairy pages under Division of
Marketing Services. Please see also links in the right hand column for USDA National Agricultural
Statistics and Economic Research Service reporting. For county-level reporting please see the CDFA
County Liaison site.

Annual crop year reports have been reproduced below for your convenience. Export reports are
typically published within the corresponding crop year report. While data is made available
throughout the year, crop year and export reports are published typically about one year following
the given crop year.

SELECT COVERS BELOW TO VIEW NASS/CDFA AGRICULTURAL RESOURCE REPORTS:

https://lwww.cdfa.ca.gov/statistics/

Search
®) This Site California
Statistics Publications

MORE RESOURCES

CA County Ag Commissioners'
Reports (NASS)

CA County Crop Reports
CA Crop Progress & Condition (NASS)

CA Crop Year Reports
(2014-1993 CDFA & USDA NASS)

Cal Ag Export Data (UC Davis, Ag
Issues Center)

NASS/RSS: Cal News Feed
USDA Census of Agriculture (2012)

USDA/ERS Commodity Data Available
by Query by State

USDA/NASS Cal Office

USDA/NASS Cal Publications

Report a Pest App

Report: Improving Food Access
California & 2014 Farm Bill
Strategic Plan for CDFA: 2013-2018
Planting Seeds: The CDFA Blog

California Agricultural Vision 2030
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©= Air Resources Board

Transportation

On Road
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Unspecified

Industrial

Refineries and Hydrogen Production
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Other Fuels
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Last Updated: Friday, April 24, 2015

California Greenhouse Gas Inventory for 2000-2013
— by Category as Defined in the 2008 Scoping Plan

million tonnes of CO2 equivalent - (based upon IPCC Fourth Assessment Report's Global Warming Potentials)

2000
176.08
162.64

126.06
36.58
3.50
4.15
1.88
2.63
1.28

97.87
28.52
20.25
16.82
3.43
19.81
17.53
2.29
9.41
5.43
3.98
11.73
8.15
3.60
0.30
241
1.85

104.85

58.95
50.92
6.84
1.18
45.90
14.27
31.64

2001
176.38
163.12

126.69
36.43
3.32
4.07
1.89
2.79
1.19

96.35
29.10
19.09
14.62
4.46
20.18
17.76
241
9.52
5.52
4.00
10.48
7.99
3.68
0.32
2.37
1.62

122.00

62.98
55.46
6.36
1.16
59.02
25.42
33.59

2002
183.47
169.25

131.58
37.67
3.63
412
2.50
2.77
121

97.27
29.25
20.32
15.18
5.14
18.91
16.51
2.40
9.62
5.60
4.01
10.65
8.52
4.30
0.26
2.39
1.57

108.64

49.68
42.17
6.36
1.15
58.96
26.92
32.04

2003
183.25
168.52

130.77
37.74
3.80
4.25
2.70
2.84
1.13

96.08
29.89
16.54
11.97
4.57
21.39
19.03
2.36
9.71
5.68
4.03
10.59
7.96
3.76
0.27
2.37
1.56

112.61

48.05
40.92
5.98
1.15
64.56
32.05
32.51

2004
186.68
171.30

131.73
39.57
3.81
4.50
291
3.03
1.13

98.02
29.13
17.07
12.80
4.27
21.07
19.20
1.87
9.81
5.77
4.05
12.92
8.02
3.85
0.28
2.38
151

115.20

49.15
42.40
5.59
1.16
66.04
32.92
33.13

2005
188.76
172.42

131.89
40.53
4.06
4.50
3.34
3.22
1.22

96.01
29.80
16.05
12.72
3.33
19.74
17.91
1.83
9.91
5.85
4.06
12.41
8.09
3.88
0.28
2.40
1.53

107.85

45.05
38.11
5.77
1.16
62.80
30.01
32.79

2006
188.84
172.12

131.12
41.00
411
4.57
3.53
3.32
1.20

94.13
29.70
16.01
12.38
3.63
18.07
15.75
2.32
9.74
5.80
3.95
12.16
8.44
4.11
0.27
2.39
1.67

104.53

49.85
43.07
5.63
1.15
54.68
27.95
26.73

2007
188.96
172.15

130.45
41.70
4.27
4.98
3.17
3.18
1.22

90.81
29.26
14.81
11.56
3.25
18.18
15.78
2.39
9.14
5.55
3.59
11.15
8.26
4.00
0.25
241
1.60

113.93

54.12
47.12
5.85
1.16
59.81
32.73
27.08

2008
177.77
162.77

124.31
38.45
4.02
4.51
2.38
2.82
1.27

91.36
28.47
16.05
12.37
3.67
19.43
17.03
2.40
8.63
5.28
3.34
10.40
8.38
4.13
0.24
2.38
1.63

120.14

54.32
48.02
5.15
1.14
65.82
37.92
27.90

2009
171.19
158.20

122.90
35.31
3.66
4.04
1.94
2.25
1.10

88.79
28.34
15.60
11.46
4.14
18.34
15.92
2.42
5.72
3.60
212
12.55
8.23
4.20
0.22
2.29
1.52

101.32

53.27
46.08
5.85
1.34
48.04
14.99
33.05

2010
170.27
157.22

122.25
34.97
3.68
3.85
2.33
2.03
1.16

92.12
30.39
18.03
13.46
4.57
17.44
15.01
244
5.56
3.46
2.10
12.60
8.10
4.04
0.22
2.33
1.50

90.30

46.70
40.59
5.01
1.10
43.59
13.45
30.14

2011
168.00
154.80

120.10
34.70
3.70
3.75
2.49
2.13
1.14

91.97
30.12
19.18
14.48
4.70
17.37
14.91
2.46
6.14
4.08
2.06
11.14
8.02
4.03
0.24
2.32
143

88.04

41.18
35.92
4.01
1.25
46.86
15.52
31.34

2012
167.36
153.96

119.92
34.04
3.88
3.73
2.48
2.23
1.08

92.52
29.88
19.07
14.46
4.60
18.06
15.50
2.56
6.92
4.65
2.26
10.81
7.78
3.84
0.23
231
1.40

95.09

51.02
45.77
4.44
0.82
44.07
17.48
26.59
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2013
169.02
155.24

120.23
35.02
3.96
3.88
2.48
2.33
1.13

92.68
29.27
19.01
14.38
4.63
19.65
16.99
2.67
7.20
4.93
2.28
9.82
7.73
3.82
0.20
2.34
1.37

90.45

50.46
47.04
2.49
0.92
39.99
11.53
28.46



e California Greenhouse Gas Inventory for 2000-2013
©= Air Resources Board — by Category as Defined in the 2008 Scoping Plan

million tonnes of CO2 equivalent - (based upon IPCC Fourth Assessment Report's Global Warming Potentials)
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Commercial and Residential 43.18 42.08 44.06 4243 43.80 4225 4294 43.15 4347 43.70 4488 4540 4288 4354
Residential Fuel Use 29.38 28.47 28.62 28.14 29.17 27.98 28.36 2850 2882 2845 29.18 29.64 27.34 28.11

Natural Gas  27.98  27.38 27.49 26.62 27.33 2593 2655 26.68 26.62 26.26 26.99 2751 2576  26.52

Other Fuels 1.41 1.09 1.13 1.52 1.84 2.06 1.81 1.82 2.20 2.19 2.20 2.13 1.58 1.59

Commercial Fuel Use 1147 11.31 13.11 12.74 12,70 1256 12.84 12.83 1294 1299 1342 13.61 1341 1331

Natural Gas 10.05 10.08 11.88 11.36 11.14 10.92 11.60 11.47 11.14 11.00 11.17 11.33 11.24 11.28

Other Fuels 1.42 1.22 1.23 1.38 1.56 1.64 1.24 1.36 1.80 1.98 2.25 2.28 2.16 2.03

Commercial Cogeneration Heat Output 1.09 1.05 1.06 0.26 0.62 0.40 0.42 0.49 0.37 0.92 0.92 0.78 0.76 0.72
Other Commercial and Residential 1.24 1.26 1.27 1.29 1.30 131 1.32 1.33 1.34 1.35 1.36 1.37 1.38 1.39

Agriculture 3210 3257 34.07 34.63 3434 3508 36.30 36.04 36.48 3486 3450 3568 36.43 36.21

Livestock 19.66 20.44 21.06 21.63 21.06 2181 2222 2373 24.09 2388 2335 23.38 23.92 23.92

Enteric Fermentation (Digestive Process) 10.26 10.45 10.74 10.89 10.78 11.14 11.24 11.93 11.89 11.71 1151 11.49 11.78 11.78
Manure Management 9.40 10.00 10.32 10.75 10.28 10.67 10.98 11.80 12.20 12.17 11.84 11.89 12.14 12.14

Crop Growing & Harvesting 8.63 8.31 8.63 8.63 8.76 8.65 8.76 8.51 8.48 8.33 8.35 8.65 8.71 8.46
Fertilizers 6.59 6.55 6.66 6.70 6.58 6.63 6.57 6.50 6.55 6.33 6.36 6.59 6.63 6.45

Soil Preparation and Disturbances 1.96 1.69 1.91 1.86 2.11 1.95 2.12 1.94 1.86 1.92 1.91 1.98 1.99 1.93
Crop Residue Burning 0.08 0.06 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.08 0.08 0.08 0.08

General Fuel Use 3.81 3.82 4.38 4.37 452 4.62 5.32 3.79 3.91 2.65 2.81 3.66 3.80 3.83

Diesel 2.52 2.69 3.04 3.10 3.17 3.40 3.86 2.68 2.99 1.78 1.98 2.37 2.47 251

Natural Gas 0.98 0.75 0.94 0.85 0.82 0.70 0.88 0.79 0.75 0.69 0.65 0.66 0.70 0.69

Gasoline 0.31 0.38 0.41 0.41 0.52 0.52 0.57 0.32 0.17 0.17 0.17 0.63 0.62 0.63

Other Fuels 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

High GWP 7.24 7.55 8.06 8.79 9.57 10.34 1093 11.60 1261 13.83 1549 16.78 17.77 18.50

Ozone Depleting Substance (ODS) Substitutes 6.35 6.82 7.37 8.10 8.95 9.75 10.33 11.04 12.05 13.38 15.01 16.11 17.16 18.02
Electricity Grid SF6 Losses [4] 0.33 0.32 0.30 0.29 0.30 0.29 0.28 0.26 0.27 0.26 0.24 0.24 0.23 0.19
Semiconductor Manufacturing [3] 0.57 0.41 0.38 0.39 0.32 0.30 0.32 0.30 0.30 0.19 0.24 0.43 0.37 0.30

Recycling and Waste 7.45 7.62 7.59 7.73 7.74 7.93 8.03 8.10 8.27 8.39 8.46 8.75 8.77 8.87

Landfills [3] 7.21 7.36 7.30 7.42 7.40 7.58 7.65 7.70 7.84 7.94 7.99 8.25 8.25 8.32
Composting 0.24 0.26 0.29 0.31 0.33 0.36 0.38 0.40 0.43 0.45 0.47 0.50 0.52 0.54

Total Emissions 468.77 484.56 483.16 485.52 495.34 488.23 485.69 492.60 490.10 462.07 456.02 454.61 460.82 459.28

[1] Includes equipment used in construction, mining, oil drilling, industrial and airport ground operations. [2] Reflects emissions from combustion of natural gas, diesel, and lease fuel plus
fugitive emissions. [3] These categories are listed in the Industrial sector of ARB's GHG Emission Inventory sectors. [4] This category is listed in the Electric Power sector of ARB's GHG
Emission Inventory sectors
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Abstract. Petroleum and dairy operations are prominentof near-source and downwind data, we assess the composi-
sources of gas-phase organic compounds in California’s Sation and magnitude of emissions, and provide average source
Joaquin Valley. It is essential to understand the emissions angrofiles. To examine the spatial distribution of emissions in
air quality impacts of these relatively understudied sourcesthe San Joaquin Valley, we developed a statistical model-
especially for oil/gas operations in light of increasing US ing method using ground-based data and the FLEXPART-
production. Ground site measurements in Bakersfield and reWRF transport and meteorological model. We present ev-
gional aircraft measurements of reactive gas-phase organidence for large sources of paraffinic hydrocarbons from
compounds and methane were part of the CalNex (Californigpetroleum operations and oxygenated compounds from dairy
Research at the Nexus of Air Quality and Climate Change)(and other cattle) operations. In addition to the small straight-
project to determine the sources contributing to regionalchain alkanes typically associated with petroleum operations,
gas-phase organic carbon emissions. Using a combinatiowe observed a wide range of branched and cyclic alkanes,
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most of which have limited previous in situ measurements orthe cracking of larger compounds in oil and can either be
characterization in petroleum operation emissions. Observetermed associated or non-associated depending on the pres-
dairy emissions were dominated by ethanol, methanol, acetience of oil (Lillis et al., 2007). The vast majority of wells in
acid, and methane. Dairy operations were responsible for théhe San Joaquin Valley are oil wells and most have associated
vast majority of methane emissions in the San Joaquin Valgas, also known as wet thermogenic gas (Lillis et al., 2007).
ley; observations of methane were well correlated with non-Thermogenic wet gas is predominately found in oil wells and
vehicular ethanol, and multiple assessments of the spatiatontains substantial amounts of non-methane hydrocarbons
distribution of emissions in the San Joaquin Valley highlight ranging from 3 to 40 % €and greater content (e.g., Table 1)
the dominance of dairy operations for methane emissions(Lillis et al., 2007). The San Joaquin Valley has historically
The petroleum operations source profile was developed usheen an active region for oil/gas production. In 2010, crude
ing the composition of non-methane hydrocarbons in unre-oil production in Kern County, located at the southern end
fined natural gas associated with crude oil. The observeaf the San Joaquin Valley, was 450 000 barrelsdayhich
source profile is consistent with fugitive emissions of con- represents 69 % of production within California and 8 % of
densate during storage or processing of associated gas fohational production (US EIA, 2010; Sheridan, 2006).
lowing extraction and methane separation. Aircraft observa- There have been several studies on fugitive emissions from
tions of concentration hotspots near oil wells and dairies arepil and gas operations, including emissions from isolated fa-
consistent with the statistical source footprint determined viacilities at oil or gas fields, extraction facilities using advanced
our FLEXPART-WRF-based modeling method and ground-recovery methods (i.e., hydraulic fracturing), and urban areas
based data. We quantitatively compared our observations atith industrial storage and processing facilities (Leuchner
Bakersfield to the California Air Resources Board emissionand Rappengluck, 2010; Buzcu and Fraser, 2006; Katzen-
inventory and find consistency for relative emission rates ofstein et al., 2003; Petron et al., 2012; Gilman et al., 2013).
reactive organic gases between the aforementioned sourc@$ese studies all provide important advances in the charac-
and motor vehicles in the region. We estimate that petroleunterization of emissions from petroleum operations, but there
and dairy operations each comprised 22 % of anthropogeniés considerable variability between regions due to differences
non-methane organic carbon at Bakersfield and were eacim reservoirs and production methods. The specific equip-
responsible for 8—13 % of potential precursors to ozone. Yetment/processes, state/county regulations, and regional com-
their direct impacts as potential secondary organic aerosoposition of crude oil and natural gas are critical for deter-
(SOA) precursors were estimated to be minor for the sourcemining the potential emission pathways and composition of
profiles observed in the San Joaquin Valley. fugitive emissions. So, regional studies remain important to
effectively characterize petroleum operation sources.
Previous research on dairy farms and livestock operations
has reported emissions of methane, alcohols, carbonyls, es-
1 Introduction ters, acids, and other organic hydrocarbons. Among these,
emissions are dominated by methane, methanol, ethanol, and
California’s San Joaquin Valley contains a large density ofacetic acid (Alanis et al., 2010; Chung et al., 2010; Hafner
dairy farms and is an important region for oil and natural et al., 2013; Howard et al., 2010a, b; Malkina et al., 2011,
gas production in the United States. Both sources are promiSun et al., 2008; Shaw et al., 2007). Howard et al. (2010b)
nent in the California Air Resources Board (CARB) emis- recently concluded that emissions from dairy operations are
sion inventory of reactive organic gases (ROG) in the Sandominant contributors to ozone production in California’s
Joaguin Valley (California Air Resources Board, 2010). Re- Central Valley (comprised of the San Joaquin Valley and the
cent work has described large emissions and impacts fronsacramento Valley to the north), but modeling studies sug-
new oil/gas operations with increased US production (Petrorgest a larger role for VOC emissions from motor vehicles (Hu
et al., 2012; Gilman et al., 2013; Carter and Seinfeld, 2012;et al., 2012). Methane and oxygenated organic compounds
Schnell et al., 2009; Kemball-Cook et al., 2010; Pacsi etare emitted via several pathways and sources, all co-located
al., 2013). Petroleum operations include extraction, storageat dairies (and their farms). Silage processing/fermentation,
transport, and processing; all of which can have varying de-bovine enteric fermentation, and animal waste are among the
grees of fugitive emissions of methane and other gas-phasost dominant sources (Alanis et al., 2010; Chung et al.,
organic carbon, such as volatile organic compounds (VOCsR010; Hafner et al., 2013; Malkina et al., 2011; Sun et al.,
(Leuchner and Rappengluck, 2010; Buzcu and Fraser, 200&008; Shaw et al., 2007). The composition of emissions from
Katzenstein et al., 2003; Petron et al., 2012; Gilman et al.each of these sources is different and varies widely depend-
2013). Crude oil and unrefined natural gas are composed of ang on factors such as feed composition. The animal feed,
suite of organic compounds that span a range of vapor presalso known as total mixed rations, is typically comprised of
sures, and are either produced by thermogenic or biogenicorn and other grains (i.e., silage), with corn being the abun-
processes in the reservoirs (Lillis et al., 2007; Ryerson etdant type in the US (Hafner et al., 2013). The silage is fer-
al., 2011). Thermogenic gas is geochemically produced viamented on-site in large piles and mixed with various adjuncts
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Table 1. Unrefined natural gas composition for thermogenic wet gas-sampling canisters and ion chromatography to measure
wells in the San Joaquin Valley from USGS samplEgs 49 wells) acids, measurements were made from the top of an 18 m

(Lillis et al., 2007). tower. Measurements of a few light VOCs are included from
canister measurements at ground level to further character-
wtC% Std.Dev.  kow MIR ize the observed sources. Canisters were taken as 3 h aver-
methane 82.3 9.2 0.0064 0.014 ages in the morning (05:00-08:00 PST) and analyzed via US
ethane 5.33 3.46 0248 0.28 Environmental Protection Agency (EPA) methods for an ar-
propane 4.42 3.50 1.09 0.49 ray of organic compounds (Klouda et al., 2002). Support-
isobutane 0.920 0.837 212 123 ing methane measurements were made using integrated cav-
n-butane 1.55 2.17 236 115 ity output spectroscopy (Los Gatos Research, Fast Green-
isopentane  0.223 0.401 36 145 house Gas Analyzer) with 1 min time resolution. Acetic acid

n-pentane 0.273 0.405 3.80 131
neopentane 0.061 0.182 0.825 0.67
n-hexane 0.105 0.108 520 124
n-heptane 0.049 0.041 6.76 1.07

and other acids were measured using both chemical ioniza-
tion mass spectrometry (CIMS) and ambient ion monitor—ion
chromatography (AIM-IC). These two instruments were lo-
cated at different heights on the sampling tower in Bakers-

Notes: ) field and had different measurement frequencies. With both

—kon is in cn? s molecules® x 1012 from Atkinson and Arey, . . .

(2003). sets of data averaged to hourly resolution, the acetic acid data
~MIRsingO; g~* from Carter 2007. o were well correlated to each other=£ 0.84) with a slope

— The observed source profile for petroleum gas emissions at the . . . .

Bakersfield site is well represented by the composition of non-methane near Unlty- Details on their Samplmg and measurement meth-
organic carbon shown here. ods have been published previously (Crounse et al., 2006;

Markovic et al., 2012).

As part of the CalNex project, measurements were also
(e.g., almond shells, fruit, fat). The site-by-site heterogeneity P prol

in feed . dth , £ both animal f ({nade from the National Oceanic and Atmospheric Adminis-
In feed composition an t_ € processing o ot | animal 1e€G ation (NOAA) WD-P3 research aircraft. VOC canister sam-
and waste leads to variability in the source profile and emis-,

: 05 of . ds from dai ; Thi ples were collected on the aircraft and analyzed offline (Bar-
sion ratios of organic compounds from dairy operations. ThiSjg4 g al., 2013). High time resolution data on selected or-

work aims to reduce this uncertainty by estimating the aver—ganic compounds and methane were collected on the aircraft

age squrce”profile for dairy operation emissions in the Sar’ljsing proton transfer reaction mass spectrometry (PTR-MS)
Joaquin Valley. and a Picarro flight-ready greenhouse gas analyzer (model

The objectives of this work are to examine the magnitude,; 354 m), respectively (de Gouw and Warneke, 2007; Peischl
chemical composition, and spatial distribution of organic car-; 2012). High-resolution data were averaged to 1 min

tS’O” emissions Iflrom [;)\gtr-oleum an? ?]a'(;y o.perat|o|r?sl|n thentervals and select flights in the Central Valley were used
an Joaquin Valley. This is accomplished using multiple gasy, o\ 51y ate the spatial distribution of methane concentrations

phase organic carbon data sets from stationary ground Site(?light dates: 5/7, 5/11, 5/12, 6/14, 6/16, 6/18, 2010)
and aircraft platforms. Our approach includes the develop- B ’ ' ’ ’ ' '

ment of a method to assess the spatial distribution of Sources 5 gource apportionment methods
(i.e., a statistical source footprint) via ground site measure-

ments and meteorological modeling. We examine the rela—2_2_1 Petroleum operations

tive abundance of emissions from petroleum and dairy op-

erations agains_t other prominent anthroppgenic SOources iﬂlsing six weeks of in situ VOC data from the Bakersfield
the San Joaquin Valley, and evaluate their potential to im- round site, we assessed emissions from petroleum opera-

pactair quality. W? also proyide a qu.an.titative as;essment ions during spring and summer 2010. Contributions to ob-
petr.oleum ?‘“?’ da|.ry operations emissIons relative to MOtOLerved VOC concentrations at the site from petroleum op-
vehicle emissions in the CARB emission inventory. erations were determined (along with other motor vehicle-

related sources) using a source receptor model with chemi-

2 Materials and methods cal mass balancing and effective variance weighting focused
on hydrocarbon emissions from petroleum-related sources
2.1 Measurement sites and instrumentation (Gentner et al., 2012). The model used 10 compounds emit-

ted from the sources of interest (petroleum operations, non-
Gas-phase organics and other gases were measured 18 Matailpipe gasoline emissions, gasoline exhaust, and diesel ex-
30 June 2010 in Bakersfield, CA during the CalNex (Cal- haust) along with reliable information on the fractional com-
ifornia Research at the Nexus of Air Quality and Cli- position of the 10 compounds from each of the sources (i.e.,
mate Change) project. The ground supersite (35.3863 source profiles). The 10 compounds used were dependent
118.9654 W) was located in southeast Bakersfield, a city species, but the model also calculated the predicted concen-
in the southern San Joaquin Valley. With the exception oftrations of all the independent compounds not included in
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the model, but emitted by the petroleum-related sources andust be attributed to other ethanol sources, but were not cor-
measured at the site. related with the petroleum operations source.
The compounds used in the over-constrained (i.e., more
tracer compounds than sources) source receptor model we2.2 Dairy operations
propane, n-butane, n-pentane, isopentane, m/p-xylene, o-
xylene, isooctane, n-nonane, n-undecane, and n-dodecarfe reliable source profile for dairy operations in the San
to model motor vehicle and petroleum operation sourcesJoaquin Valley was not available in the literature for all the
Due to high background concentrations, measurements afompounds of interest in this study, so the source profile was
propane and n-butane were corrected by local backgroundstablished using a mix of aircraft and ground measurements.
values of 500 and 100 pptv, respectively. The 10 tracer comThe emission ratios of organic compounds to methane were
pounds were carefully selected because together they cagalculated using flight and ground data for compounds that
tured the dynamics of all four petroleum-related sources. Théhad evident, quantifiable emissions from dairy operations to
atmospheric lifetimes of the more reactive species did notconstruct the source profile. The ratio of methanol to methane
bias the model since the vast majority of contributions (i.e.,in dairy operation emissions was determined using 1 min air-
emissions) were within short transport times to the site. Thecraft data points sampled in the plumes from farms and fa-
petroleum operations source had the longest transport timegilities in the San Joaquin Valley. Acetic acid and ethanol
(up to 6 h) from source to field site, which did not present aratios could not be determined using the flight data due to
problem because that source was represented and modeled Aylack of measurements and spatial incongruence of canis-
the least reactive species that had negligible degradation duter to methane data, respectively. Ratios of these two com-
ing transport. Extensive details on these methods and modgdounds to methane were determined using ground site data
validation are described in detail in Gentner et al. (2012). from Bakersfield. Dairies have been shown in previous stud-
A priori source profile information for the model was ies to be major sources of methane, methanol, ethanol, acetic
constructed using US Geological Survey data on associatedcid, and other oxygenated species; and there is a large con-
thermogenic natural gas composition from wells in the Sancentration of dairies in the San Joaquin Valley (Alanis et al.,
Joaquin Valley (Table 1) (Lillis et al., 2007) and regional 2010; Chung et al., 2010; Howard et al., 2010a, b; Malkina
gasoline/diesel fuel composition data (Gentner et al., 2012)et al., 2011; Sun et al., 2008; Shaw et al., 2007). So each
There was substantial variability between wells and samplingcompound is compared to methane via regression with close
methods in the data compiled by the USGS, so standard devattention to enhancements from other sources that may skew
ations for the petroleum operations source profile weB8—  the observed dairy operations emission ratio.
300 %. Due to this large uncertainty, we represented the un- Predicted concentrations in Bakersfield of methanol,
certainty for all the source profiles in the model by standardethanol, and acetic acid from dairy operations were estimated
errors (similar to the US EPA CMB 8.2 model), defined as using the determined emission ratios to methane and mea-
the standard deviation divided by the square root of the samsurements of methane at the Bakersfield ground site. A local
ple size (Vv = 49). background methane concentration of 1.87 ppmv was sub-
The source receptor model effectively modeled the com-tracted prior to multiplication by the emission ratio. These
pounds included in the initial petroleum operations sourcepredicted concentrations were compared with observed con-
profile (Table 1), but there were an array of hydrocarbonscentrations to determine the fraction of each compound emit-
(not among the compounds used in the model) that episodted from dairy operations.
ically exceed predicted concentrations based on emissions OH reactivities and ozone formation potentials reported
from motor vehicles. Many of the excess hydrocarbon con-in this paper are from literature on OH reaction constants
centrations were well correlated with each other and theand maximum incremental reactivities (MIRSs), respectively
petroleum operations source factor, likely indicating emis-(Carter, 2007; Atkinson and Arey, 2003).
sions from the petroleum operations source. Emissions of ad-
ditional compounds from petroleum operations (not presen.3 Methods to determine spatial distribution of
in the initial limited petroleum gas profile) are derived from emissions
the residual mass that is well correlated with the petroleum
operations source. The residuals, or excess concentratior®everal methods are used in this work to assess the spa-
beyond contributions from motor vehicles, were filtered for tial distribution of organic carbon sources. In addition to the
values that exceeded the uncertainties of model calculationgjse of aircraft data collected from the NOAA WD-P3 mo-
which are determined in part by the 10-20 % variability in bile platform during the CalNex campaign, we developed a
gasoline and diesel fuel. method that uses a Lagrangian transport and meteorological
Similarly, we calculated the expected ethanol emissionamodel (FLEXPART-WRF) to calculate the distribution of air
from gasoline vehicles for hourly data. Taking the difference parcels (i.e., back-trajectory footprints) for each hourly sam-
between these predicted concentrations and total observaule prior to measurement at a ground site. We combine these
ethanol results in non-vehicular ethanol concentrations thafootprints with ambient compound data from the CalNex site
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to assess the spatial distribution of emissions for a given com3 Results and discussion
pound in a region. Our method builds upon previous tech-
niques (i.e., TrajStat) to estimate source location(s) using=igure 3 shows measurements of a selection of compounds
ground site data and the Hybrid Single Particle Lagrangiarplotted against carbon monoxide, a common technique to as-
Integrated Trajectory Model (HYSPLIT) (Wang et al., 2009). sess contributions from anthropogenic emissions (after fil-

We generated 6 and 12 h back-trajectory footprints withtering for biomass burning events). Some compounds have
4 x 4 km resolution for each hourly sample using the FLEX- ratios to CO consistent with measurements from the Los An-
PART Lagrangian transport model with WRF meteorologi- geles air basin during the same time period (Borbon et al.,
cal modeling (Fig. 1). Simulations were initiated from the 2013). However, there are several compounds with frequent
top of the 18 m tower using WRF runs EM4N in Angevine enhancements above the Los Angeles slope, indicating ad-
et al. (2012); further details on FLEXPART and WRF mod- ditional sources of these compounds that are not abundant in
eling can also be found in Brioude et al. (2012) and MetcalfLA. Most of the compounds shown in Fig. 3 have been previ-
etal. (2012). Here, we integrate this transport/meteorologicabusly linked to petroleum and dairy operations (e.g., Gilman
model with statistical back-trajectory analysis to explore theet al., 2013 and Shaw et al., 2007), and their enhancements
distribution and relative magnitude of gas-phase organic carhere are evidence for substantial emissions in the San Joaquin
bon sources at ground level. Valley.

The back-trajectory footprint produced by FLEXPART-
WREF represents the area where the air parcel(s) of intere®.1 Emissions from petroleum operations
(i.e., a 30 min VOC sample) contacts the surface layer. The
statistical source footprint (the final output) represents thePetroleum operations emit a significant mass of numer-
calculated distribution of ground-level emissions. Utilizing ous hydrocarbons, which have a distribution of molecular
this concentration-weighted trajectory analysis allows us toweights smaller than emissions from gasoline sources. The
find the emissions potential of every point in a region, which 25th percentiles for propane and n-butane are similar to other
is represented by the average concentration of a compoundrban ground sites during the summer, but higher concentra-
in each cell ¢;;) on a gridded map withand representing  tions were observed for the 50th and 75th percentiles, by up

the axes: to a factor of 2 compared to Pittsburgh, PA (2002) (Millet
) 1 t et al., 2005). The 75th percentiles in the San Joaquin Val-
Cij=—— Zo (crTiji), (1) ley are also higher by 25-50 % compared to measurements
2 0(Tije) from 2005 in Riverside, CA, a much more populated region

(Gentner et al., 2009). Between the CalNex field sites at Bak-
ersfield and Pasadena, median and smaller values (10th and
25th percentiles) were similar and lower at Bakersfield, re-
spectively. Yet, 75th percentile concentrations were greater at
Bakersfield by 53 % for propane (5.6 vs. 3.7 ppbv) and 16 %
for n-butane (5.6 vs. 3.7 ppbv). Previous work in the South
Coast air basin has also reported emissions of light alkanes
Srom oil/gas operations, but there is a lesser prevalence of
oil/gas fields in that air basin compared to the San Joaquin
Valley (Peischl et al., 2013).

wheret;;; is the time each back-trajectory footprint spends
at ground level (<100m) in the 2-dimensional c&ll for
the VOC sample at time, andc¢, is the measured concen-
tration of a compound at the ground site. Each cell has
corresponding;; value, representing the number of individ-
ual footprints included in each cell, which was determined
as the number of samples contributing to a cell's averag
(C_i.,-) (Seibert et al., 1994). To reduce bias from cells with
few samples (i.e., low;; values), a weighting function mul-

tiplies the (;;) result by a factor of 1, 0.7, 0.4, or 0.05 for The source receptor model with chemical mass balancing

cells withn;; values above th@go, O75, Oso OF below the i s eniner et al, (2012) effectively modeled emissions
0Oso percentiles, respectively (Polissar et al., 2001). Contour ; . .

; , of most compounds in a motor vehicle emissions study at
maps were then plotted using these final values and show

with a 1 arcsec elevation map obtained from the USGS Na—[he Caldecott tunnel and many of the compounds that are

. o : most prevalent in gasoline and diesel emissions at Bakers-
tional Map Seamless Servdrt{p://viewer.nationalmap.gov/ .. " ;

) o - : A field. We used the non-methane composition of thermogenic
viewer)). It is insufficient to only consider the distribution

of wind directions against compound concentrations WhenWet gas reported by the USGS (Table 1) to construct the ini-

. .tial petroleum operations source profile in our source recep-
complex meteorology affects the transport of air masses. Thl%or model. The composition of unrefined natural gas has sub-
is the case in California’s Central Valley. Similarly, basic sin- :

gle HYSPLIT back-trajectory analysis can oversimplify the stantial varla_b_|l|ty among all the vyells sampled., but th? aver

: ; : age composition was very effective for modeling the in situ

footprint of measurements into one single path and not ac- ' C .

S : data from Bakersfield. In many cases, ratios in ambient data

curately represent the distribution of ground-level residence . ; ; )

: : . can be impacted by differences in the rates of chemical reac-
times for an air parcel (Fig. 2).

tion in the atmosphere; as is the case in Los Angeles (Bor-
bon et al., 2013). At Bakersfield, the timescales for transport
from source to measurement site are much shorter than the
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Figure 1. 1, 3, 6 and 12 h statistical footprints for the Bakersfield ground site (markee) laweraged across the entire CalNex campaign
(y andx axes represent latitude and longitude, respectively). DaytBnéE, H, K) and nighttime(C, F, I, L) averages are filtered for
08:00-20:00 PST and 21:00-06:00 PST, respectively, and are shown with overall ayardges, J).
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Figure 2. Examples of individual probability distribution back-

trajectory footprints produced using FLEXPART-WRF (contours

with log color scale — red: max, blue: min) for the southern San

Joaquin Valley with air parcels arriving at the CalNex-Bakersfield N ]

ground site. Two examples show results for the previous 6 h with S - 7 iuf% - % Z;g: MR

air parcels comingA) along a concentrated northwest flowpath and o0 O:O_W 5 0:00_%

(B) a more dispersed footprint from the southern tip of the valley. 100 200 300 400 100 200 300 400 T 100 200 300 400

Dates and arrival times are superimposed on the panels. Also showt o Bkt Houly Concentatons = ~ Avens Sope 45, CO ot o Los e e

are comparisons of single-path HYSPLIT back-trajectories (black

lines) and FLEXPART-WRF footprints. Figure 3. Concentrations of several compounds from Bakersfield,
CA shown against carbon monoxide with the average slope of com-
pounds vs. CO during the same time period at the CalNex-LA site in

. . . . asadena, CA (Bourbon et al., 2013). Concentration enhancements
timescales of reaction for the species considered here. Séz:bove VOC/CO line are due o emissions fr¢&+-E) petroleum

variability due to che_mlcal processing is neghgl_ble for all but operations andF-G) dairy operations, neither of which emit CO.
the most reactive primary emitted compounds in our Bakers—(H_l) are shown as examples of compounds that largely agree be-

field data (Gentner et al., 2012). _ _ tween Bakersfield and Los Angeles.
In addition to the compounds known to be in thermogenic

wet gas (Table 1), the model under-predicted the observed
concentrations of numerous alkanes. These compounds are
summarized in Table 2 and Fig. 4, which show their aver-pound in the “unexplained” mass is given in Table 2 with
age unexplained concentrations and the percent of total massmilar fractions in the overall source profile as the known
that is unexplained (determined by the residuals in the chem€s_7; compounds in thermogenic wet gas (Table 1). In all,
ical mass balance source receptor model). Most of the unthe interquartile range of the unrefined petroleum gas source
explained concentrations of these alkanes were well correeontribution was 7.6—89 ppbC, with a diurnal pattern that was
lated ¢ > 0.75) with the petroleum operations source con- strongly dependent on meteorological dilution (Supplement
tribution from the model and are attributed to this source.Fig. S3). This source represented a substantial fraction of an-
The presence of the branched and cyclic alkanes in unrethropogenic emissions. For comparison, the mass concentra-
fined petroleum gas is not surprising as there are significantion of compounds emitted by the observed petroleum oper-
amounts ofCs_7 straight chain alkanes in the reported com- ations source ranged from 30—40 % to 100-150 % of the sum
position (Table 1) and a select few have been measured inf compounds from motor vehicles during the afternoon and
other studies (Gilman et al., 2013; Ryerson et al., 2011). Yetpighttime, respectively (Supplement Fig. S4).
there are limited previous in situ measurements for many of The remaining branched and cyclic compounds that were
the compounds reported here, especially many of the cyclimot highly correlated with the petroleum gas source repre-
alkanes. Concentrations of aromatics observed at Bakerssent a relatively small amount of mass and we could not
field matched predicted concentrations from motor vehicleconfidently infer a specific source for these compounds. The
sources in our model, but other studies have observed arexcessC13-16 branched alkanes were well correlated>(
matic emissions from petroleum operations (e.g., Gilman e0.80) with each other, but not with any other compounds.
al., 2013). The excess concentrations©fp_11 branched alkanes were
The additional compounds attributed here to the petroleuntorrelated with each other, and one of the compounds, 2,6-
operations source profile increase the mass of emissions bgimethyloctane, was well correlated:$ 0.80) with the three
10.6 % as shown by the regression of the correlated “un-Cg cycloalkanes that do not correlate well with the petroleum
explained” compounds with the petroleum gas source (  operations source. These remaining compounds have ozone
0.95) (Fig. 5). The weight fraction of each correlated com- formation potentials similar to other observed compounds,
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Table 2.Interquartile ranges and MIRs for alkanes discussed in this work.

Compound name #inFig. 4 Interquartile WtC % of MIR
range [pptv]  unexplained mass  [g@~1]
propane - 1133-5602 0.49
n-butane - 230-6397 1.15
n-pentane - 221-2127 1.31
2-2-dimethylbutane 1 28.0-76.6 1.17
2-methylpentane & 2,3-dimethylbutane 2 121.6-501.0 9.92 1.2
3-methylpentane 3 50.1-253.9 7.67 1.80
2,4- & 2,2-dimethylpentane 4 13.7-54.7 1.3
3,3-dimethylpentane 5 4.0-16.6 1.20
2,3-dimethylpentane 6 19.7-93.0 1.34
2-methylhexane 7 23.2-90.3 2.73 1.19
3-methylhexane 8 28.0-124.6 3.48 1.61
2,2-dimethylhexane 9 1.0-4.0 1.02
2,5-dimethylhexane 10 6.2-35.8 1.44 1.46
2,4-dimethylhexane 11 7.4-32.0 0.84 1.73
2,2,3-trimethylpentane 12 2.7-12.1 1.22
isooctane 13 39.1-115.3 1.26
2,3,4-trimethylpentane & ctc-1,2,3-trimethylcyclopentane 14  31.6-160.2 7.38 13
2,3,3-trimethylpentane & 2,3-dimethylhexane 15 11.3-32.8 1.1
2-methylheptane 16 10.2-48.8 1.29 1.07
4-methylheptane 17 4.3-20.7 1.25
3-methylheptane 18 9.3-43.6 1.79 1.24
2,2,5-trimethylhexane 19 5.4-16.3 1.13
2,6-dimethylheptane 20 5.4-30.7 1.86 1.04
3,5-dimetylheptane 21 2.2-10.3 1.56
2,3-dimethylheptane 22 0.9-4.7 1.09
2- & 4-methyloctane 23 2.9-12.7 0.9
3-methyloctane & 4-ethylheptane 24 3.1-12.9 1.1
2,2,5-trimethylheptane 25 0.7-1.7 1.26
2,2,4-trimethylheptane 26 0.8-2.6 1.16
C10 branched alkanes (5 unknown isomers) 27 3.0-11.5 0.94
2,6-dimethyloctane 28 0.7-3.2 1.08
2- & 3- & 4-methylnonane & 3- & 4-ethyloctane & 2,3-dimetyloctane 29 6.9-24.6 0.94
C11 branched alkanes (3 unknown isomers) 30 0.7-2.6 0.73
C11 branched alkanes (10 unknown isomers) 31 5.4-17.5 0.73
dimethylundecane isomer #1 32 0.8-3.3 0.6
dimethylundecane isomer #2 33 0.8-2.6 0.6
C13 branched alkanes (2 unknown isomers) 34 2.3-5.8 0.6
C14 branched alkanes (6 unknown isomers) 35 4.4-11.3 0.55
C16 branched alkane (unknown) 36 1.3-3.1 0.47
cyclopentane 37  36.7-164.5 4.14 2.39
methylcyclopentane 38 57.4-315.3 9.24 2.19
cis-1,3-dimethylcyclopentane 39 14.8-100.1 5.09 1.94
trans-1,3-dimethylcyclopentane 40 16.4-177.7 7.70 1.94
ethylcyclopentane 41 7.9-44.4 1.89 2.01
ctc-1,2,4-trimethylcyclopentane 42 5.4-52.2 4.09 1.53
ctt-1,2,4-trimethylcyclopentane 43 1.7-15.5 1.29 1.53
Unknown methylethylcyclopentane 44 0.7-4.3 1.6
iso-propylcyclopentane 45 1.1-5.9 0.35 1.69
n-propylcyclopentane 46 2.1-10.0 0.56 1.69
cyclohexane a7 27.5-154.0 6.10 1.25
methylcyclohexane 48 20.4-147.0 7.17 1.70
cis-1,3- & 1,1-dimethylcyclohexane 49 4.6-38.4 291 1.4
trans-1,2-dimethylcyclohexane 50 4.6-42.4 3.27 1.41
trans-1,3-dimethylcyclohexane 51 2.9-17.8 0.91 1.52
cis-1,2-dimethylcyclohexane 52 1.9-9.8 0.51 141
ethylcyclohexane 53 4.8-31.9 2.31 1.47
ccc-1,3,5-trimethylcyclohexane 54 1.0-6.6 1.15
1,1,3-trimethylcyclohexane 55 2.0-20.4 2.26 1.19
1,1,4-trimethylcyclohexane 56 1.1-8.8 1.2
ctt-1,2,4- & cct-1,3,5-trimethylcyclohexane 57 0.7-3.9 1.2
ctc-1,2,4-trimethylcyclohexane 58 1.2-9.6 1.2
1,1,2-trimethylcyclohexane and isobutylcyclopentane 59 0.7-2.0 1.3
methylethylcyclohexane isomer #1 60 0.8-4.5 0.32 14
methylethylcyclohexane isomer #2 61 0.7-3.7 0.27 14
iso-propylcyclohexane 62 0.9-5.2 1.3
n-propylcyclohexane 63 2.9-15.5 1.29
unidentified C10 cyclohexane 64 2.5-7.8 1.07
unidentified C10 cyclohexanes 65 0.7-2.7 1.07
unidentified C9 cycloalkane 66 1.2-11.0 1.23 1.36
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Figure 4. Many branched and cyclic alkanes exceeded predicted concentrations based on source profiles for motor(AeBirlde

average unexplained concentration of each compound and the percentage of unexplained mass out of total observed mass. Compounds tt
are well correlatedr > 0.75) with the petroleum gas source are shown with shaded bars. A few compounds have negative réSidpls.
Examples of exceedances of observed over-predicted values are shown with a 1: 1 line.

- o of higher molecular weight organic carbon, potentially from
704 r=095 petroleum operations, but we did not observe any significant
Slope = 0.106 + 0.002 correlation with their data.

Unrefined thermogenic wet gas is largely comprised of
methane when extracted at the wells. Yet, at the Bakers-
field ground site observations of methane and contributions
from the petroleum operations source were not well cor-
related (Supplement Fig. S5). Additionally, the potential
methane emissions expected based on the thermogenic wet
gas source profile (Table 1) would exceed all of the observed
methane enhancements above background concentrations by
over 30 %. Despite the absent methane emissions, the large
source of hydrocarbons is well modeled by the source pro-

"Unexplained" Compounds [ppbC]

o file from unrefined thermogenic wet gas in the San Joaquin
T T T T T T .
0 100 200 300 400 500 600 Valley when using propane and Igrger compounds. _
Non-methane petroleum gas [ppbC] We compared the relative ratios of hydrocarbons in the

) ) thermogenic wet gas profile data to regression slopes of in
Figure 5. The sum of unexplained compounds was very well cor- iy, qata and canister data to further explore emissions from
related with gas-phase emissions from the modeled petroleum op- . - . .
erations source with a slope of 0.106. This increases emissions b etroleum operathns usllng . ethane and 'Isobutane, Wr."Ch
10.6 % from the original profile. ere not available in our in situ data. The light alkanes dis-

cussed here were very well correlated in measurements from

Bakersfield. Regressions witly@nd larger compounds have

more scatter due to emissions from gasoline-related sources,
ranging from 0.6 to 1.6 g9y, but their excess concentra- s they are excluded here and addressed using the source re-
tions after modeling were minimal — average values from Oceptor model (example in Supplement Fig. S2). For the light

to 0.15ppbC each (Fig. 4). Work by Liu et al. (2012) and glkanes, which have relatively minimal contributions from
Chan et al. (2013) at CalNex-Bakersfield inferred a source
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Table 3.0Observed light alkane ratios (gC g&) from this and other studies.

Data ethane/ propane/ n-butane/ ethane/ Sample
Source propane n-butane isobutane  n-butane size (V)
Unrefined SJV thermogenic wet gasThis 1.2+0.2 29+0.7 1.7+£04 3.4£0.8 49
[Lstd. err. &std. dev.)] study/USGS (£1.2) (+4.6) (£2.8) (£5.3)
Bakersfield ambient canister This study 0.6:0.03 1.8+0.1 1.7£0.04 11401 46
measurementst{std. dev. (r)] (r=0.93) (r=0.98) (r=0.99) (r=0.90)
Bakersfield ambient in situ This study  — 1.940.01 - - 693
measurementsHstd. dev. £)]2 (r=0.98)

Colorado Front Range ambient Gilmanet 0.86+0.06 1.5+0.1 2.3+£0.2 1.3+0.1 554
in situ measurementsdstd. err. al. (2013) (£1.41) (+£2.6) (+4.6) (+£2.2)
(+std. dev.)fd

Colorado Front Range ambient canPetron etal. — 1.5-1.7 - - 25+
ister measurements [range:gtd. (2012) (£0.01)
dev.) ()]° (r~1)
SW US (fall) ambient canister Katzenstein 1.1+0.2 1.7+£0.4 2.2+0.5 1.9+0.4 85
measurementst{std. err.f:d etal.

(2003)
SW U.S. (spring) ambient canister Katzenstein 1.4+0.1 2.0+£0.3 2.0+£0.3 29+04 261
measurementst{std. err.f.d etal.

(2003)
East Texas Condensate Tanks Hendleret 0.644+0.04 1.3+0.1 1.9+0.2 0.78+£0.07 24
[£std. err. std. dev.)] al. (2009) (£0.20) (£0.4) (£0.8) (£0.33)

Notes:

— Comparison done usingy@lkanes and smaller as there are large contributions/interference from motor vehicle sourgesrfdia@ger compounds at Bakersfield.

— Standard error (aka standard deviation of the mean) is reported as the primary uncertainty for the unrefined natural gas profile and others where appropriate, and
represents the variability of the average within large highly variable data sets. Further information on statistical definitions/differences can be found in Altman and
Bland (2005). Both the standard error and deviation are provided so the reader can judge the uncertainty and variability.

— Results of positive matrix factorization (PMF), and similar studies are excluded from this comparison (Peischl et al., 2013; Buzcu and Fraser, 2006; Leuchner and
Rappengluck, 2010).

2 Measurements of ethane and isobutane were unavailable from Bakersfield in situ data.

b Range of 5 data regressions, each with 25 or more samples and very small uncertainty. Other regressions were not reported in Petron et al. (2012).

¢ Ratios calculated from mean mixing ratios and their standard deviations, with propagation of uncertainty.

d studies focused on regions with large oil and gas operations.

motor vehicles at the site, we compare ratios between atmothe canister data (14 0.1) relative to the unrefined gas data
spheric data and the source profile expected for petroleun3.44 0.8). The propane to n-butane ratios in the in situ and
operations (Table 1) with the results summarized in Table 3canister data (1.2 0.01 ¢ = 0.98) & 1.84+0.1 (- = 0.98))
Ratios of n-butane to isobutane strongly support the concluwere slightly lower than in the oil well data (2490.7). The

sion of a petroleum operations source, as they are identiselective removal of ethane and propane along with methane
cal with 1.7+ 0.4 and 1.4 0.04 ¢ =0.99) in the oil well ~ changes the overall petroleum operations source profile ob-
data and in canister measurements from Bakersfield, respeserved at Bakersfield, primarily for ethane, which was not
tively. The process of methane separation from the associtised in our source receptor model. This also results in a
ated petroleum gas can remove a fraction of very light alka-33 % decrease in the propane weight fraction of the source
nes (i.e., G_3) and affect their relative composition to other profile. A revised source profile is shown in Table 4 with
hydrocarbons in the condensate (Armendariz, 2009; Hendlethe addition of the previously “unexplained” compounds. We
et al., 2009). This is consistent with our observations of ra-modified the propane content of the source profile to reflect
tios involving G_3 alkanes. The ethane to propane ratio this slight change in the propane composition relative to n-
(gCgC1) observed via canister measurements at the Bakbutane, and it resulted in very minor changes to the source re-
ersfield site (0.6-0.06,r = 0.93) (Supplement Fig. S1) is ceptor model outputs and maintained the same robust model
significantly lower than expected based on the thermogeniaiagnostics. The results reported throughout the paper re-
wet well composition in the San Joaquin Valley (£8.2).  flect this minor change. The new source profile (Table 4)
Similarly, the ethane to n-butane ratio is significantly lower in does affect the overall ozone formation potential. Including
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Table 4. Observed petroleum operations source profile at Bakers4is not a major source of methane in this region. In many
field. cases, methane emissions are coincident with emissions of
non-methane hydrocarbons at petroleum extraction or pro-

Compound wiC % cessing sites due to either co-emission from the same equip-
ethane 19.72 ment/reservoir or co-located emission pathways at the same
propane 34.02 facility (Katzenstein et al., 2003; Petron et al., 2012; Gilman
n-butane 17.87 et al., 2013). For comparison, we include light hydrocar-
nrpenane i’;i bon ratios from other relevant studies in Table 3. Given re-
n-heptane 057 gional variability in oil/gas deposit composition, direct ex-
isobutane 10.61 trapolation between regions should only be done with care-
isopentane 2.57 ful attention to compositional differences in wells and other
neopentane 0.70 fuels, especially in urban areas where there are numerous
2-methylpentane & 2,3-dimethylbutane 095 sources of light hydrocarbons. Despite this expected het-
gjmgiﬂi:ﬁgggﬂe 8:;2 er_og_eneity, ratios are simila_r k_Jetween most of the studies
3-methylhexane 0.33 within the calculated uncertainties. The consistency between
2,5-dimethylhexane 0.14 ratios of ethane to propane and n-butane between our ambi-
2,4-dimethylhexane 0.08 ent measurements and condensate tank samples in Hendler
2,3,4-trimethylpentane & ctc-1,2,3-trimethylcyclopentane  0.71 et al. (2009) supports the case for emissions from conden-
g:mgmgmgg:gzg 8'1? sate storage tanks or associated equipment. Our observation
2,6-dimethylheptane 018 of a major petrqleum o_peratlor_ws source vv_|t_h minimal coinci-
cyclopentane 0.40 dent methane is consistent with composition measurements
methylcyclopentane 0.89 of condensate storage tank emissions in two Texas-based
cis-1,3-dimethylcyclopentane 0.49 studies. The tanks contain the separated non-methane lig-
trans-1,3-dimethylcyclopentane 0.74 uids and emissions were dominated by non-methane hydro-
itt:}/llcgi?tﬂ(;?;taﬁjcyclopentane 061389 carbons (Armendariz, 2009; Hendler et al., 2006). The stud-
ctt-1,'2,'4-trimethy|cyc|opentane 0.12 ies demonstrated that condensate tanks eml_t 4_—6 times more
iso-propylcyclopentane 0.03 VOCs than methane, whereas all other emission pathways
n-propylcyclopentane 0.05 emit 3—15 times more methane than VOCs, and methane was
cyclohexane 0.58 on average only 1% 11 wt% of 20 vent gas samples from
methylcyclohexane 0.69 condensate tanks (Armendariz, 2009; Hendler et al., 2009).
cis-1,3- & 1,1-dimethylcyclohexane 0.28 Similar results can also be found in positive matrix factor-
trans-1,2-dimethylcyclohexane 0.31 L . .
trans-1,3-dimethylcyclohexane 0.09 ization (PMF) studies in the urban area of Houston, a promi-
cis-1,2-dimethylcyclohexane 0.05 nent region for petroleum imports and refining. They re-
ethylcyclohexane 0.22 ported considerable emissions attributed to oil/gas operations
1,1,3-trimethylcyclohexane 0.22 and petrochemical production of other chemicals (Leuchner
methylethylcyclohexane isomer #1 003 and Rappengluck, 2010; Buzcu and Fraser, 2006). One evi-
methylethylcyclohexane isomer #2 0.03

dent source, termed oil/natural gas evaporation from refiner-
ies, was comprised of C7 straight and branched alkanes, as
E‘%tgjr:ce profile carbon fraction is 0.82. well as cyclopentane, cyclohexane, and mthyIcycIopentane.
— Uncertainties are defined as standard errors and conservaii&0yg) mainly due to theln Leuchner and Rappengluck (2010), a similar source ac-
variability in the oil well data. counted for 27 % of observed VOC mass at the urban site out-
side of the Houston shipping channel, and resulted in atmo-
spheric concentrations ranging from 10—40 ppbC diurnally
these “new” compounds increases the ozone forming potenfrom that source.
tial of the reported petroleum operations source profile to The good agreement of the observed non-methane hydro-
0.82gQ g1, due to the addition of more reactive cycloalka- carbon source profile with the measured composition of as-
nes and branched alkanes to the initial source profile (Tasociated gas in oil wells (accounting for the selective reduc-
ble 1). tion of C,_3 alkanes) suggests that emissions occurs via a
The successful modeling of these emissions using theathway involving volatile non-methane components sepa-
source profile constructed from well data and the consis+ated from thermogenic wet gas. This is very likely a fugitive
tency of hydrocarbon ratios between wells and Bakersfieldemission pathway(s), occurring predominantly after methane
measurements (canisters and in situ data) contributes to theeparation, during the extraction, storage, or processing of
strong evidence of emissions from petroleum operationscrude oil, associated gas, or condensate. In 2012 and 2013,
Overall, our results infer that the VOC source character-California issued targeted standards to reduce emissions of
ized and classified as petroleum operations in this analysi¥OCs and methane from oil and natural gas operations.

unidentified C9 cycloalkane 0.12
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Table 5. Interquartile range @25 — Q75) at Bakersfield shown with the source profile of dairy operations (determined using ground site
Bakersfield data and aircraft measurements in the San Joaquin Valley), and the ozone formation potential (MIR) of individual components.

Compound IQR [ppbv] wt% MIR[g@g 1] % of Observed concentrations
from dairy operations during
CalNex-Bakersfield

[avg. (range)]
Methane 1950-2380 93.3 0.014 -

Methanol ~ 9.5-25.5 1.4 067 27 % (22—37 %)
Ethanol 3.9-143 49 157 45 % (18-67 %)
Acetic acid  0.79-2.5 0.45 0.68 28 % (11-44 %)

Note:

There are potential contributions from other organic compounds (e.qg., carbonyls, larger alcohols, acids, alkenes).
Based on our data, they are either minor or much more reactive than measured species, as they could not be
apportioned with significance in ambient measurements. Nevertheless, there are potentially other compounds emitted
from dairy operations that have high ozone formation potential.

These efforts to control VOCs are primarily directed at stor- Dairy Operation Plumes in San Joaquin Valley
age tanks and other relevant equipment, with a focus on emis- 117 Slope = 7.4 + 0.6 mmol mol '
sions during production and transmission from equipment r=089

that stores and handles crude oil or condensate, and effective 10 N =471 min. pts.)
control technologies (California Air Resources Board, 2012,
2013). Spatial mapping of emissions in Sect. 3.3 suggests an
area source with a similar distribution to oil wells in the San
Joaquin Valley.

The results of this section along with the following sec-
tions form and augment the conclusion that the vast majority Ps
of methane enhancements observed in the San Joaquin Val-
ley are due to emissions from dairy operations. In particular,
Sect. 3.3 shows the statistical source footprint of emissions
from petroleum operations in stark contrast to both the sta- . [ . . . . .
tistical source footprint of methane emissions and the spatial 19002000 2100 2200 2300 2400 2500
distribution of methane concentrations measured via aircraft cthane [ppbv]
in California’s Central Valley with large spikes over areas Figure 6. Methanol and methane concentrations are well cor-
with high concentrations of dairies. It is very possible that related in dairy operation plumes sampled via aircraft (flight
there are emissions of methane in the San Joaquin Valleglates: 5/7, 6/14, 2010). Ratios of methanol to methane average
from other petroleum operations that are downstream fron¥ -4 0.6 mmol mof! and range up to 16 mol mot due to the het-
our observed source, perhaps related to natural gas markeflogeneity in emission pathways at dairy operations. Note: the data
ing. The results of this study infer that these emissions aré"oWn here represent a subset of dairies in the valley.
minor compared to dairy operations, and are predominantly
not co-located with our characterized petroleum operations

Methanol [ppbv]

source. means were greater in Bakersfield, by approximately 300 %
o _ _ and 50 %, respectively. Despite the larger human population
3.2 Emissions from dairy operations of the South Coast air basin, nighttime geometric means were

70 % and 240 % greater in Bakersfield compared to coinci-
We observed evidence for substantial emissions from dairydent measurements at Pasadena, CA (CalNex) for ethanol
operations in the San Joaquin Valley. These emissions, unand methanol, respectively. The mean and median ethanol
like the petroleum operations source, were dominated byconcentrations at the urban Bakersfield site were 12.8 and
small alcohols, acetic acid, and methane. Concentration3.6 ppbv, respectively. These values are several times greater
of the major non-methane organic compounds — methanolthan observations of urban and continental ethanol mixing ra-
ethanol, and acetic acid (average and interquartile range cortios globally, as reported by Kirstine et al. (2012). However, a
centrations in Table 5) — are higher than previous measureecomparison of methanol concentrations is within the typical
ments at other locations. Compared to another urban grounthnge of observed values globally (Heikes et al., 2002).
site in Pittsburgh during summer 2002 (Millet et al., 2005), The methanol to methane emission ratio in dairy operation
the ethanol and methanol interquartile ranges and geometriplumes measured on the aircraft was #.@.6 mmol mott
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Figure 7. Observations of non-vehicular ethanol vs. methane arerigure 8. Acetic acid vs. methane shown with the inferred acetic
correlated and shown with the inferred emission ratio from dairy acid : methane emission ratio from dairy operations. Acetic acid ex-
operations. Enhancements of ethanol from a source other than thgeedances above the emission ratio are due to other sources of acetic

dominant source of methane and ethanol are shown by enhancegid coincident with emissions o) formic acid,(B) acetone, and
ments in(A) chloroform, (B) trichloroethylene, andC) carbon  (c)isoprene.

disulfide. No major enhancements of methane are observed beyond
the inferred slope with non-vehicular ethanol.

ing a larger sample size of data from more locations in future
source characterization studies.
Ground site ethanol and acetic acid data were compared
(aka ppbv ppmv?); this slope of the regression4 0.89) is  to methane to determine their emission ratios with close at-
nearer to the lower limit of the 7-16 mmolmdl range in  tention to enhancements from other sources. For ethanol and
the plumes (Fig. 6). This ratio was constructed from mul- somewhat for acetic acid, there is a clear slope that emerges
tiple transects and shows a range of ratios indicating soméFigs. 7—8) against methane with occasional enhancements in
near-source variability in emissions from the different path- ethanol or acetic acid that are coincident with high concen-
ways of emissions. This ratio could be improved by collect- trations of tracers for other sources. In contrast, there were
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no enhancements in methane concentrations past these basie cultivation in the San Joaquin Valley. The bulk of Cal-
line slopes in the data. This is indicative of a singular majorifornian rice cultivation is located in the Sacramento Valley
source of methane that is clearly related to ethanol and acetie the northern portion of California’s Central Valley. In the
acid. This result, along with the results of Sect. 3.3 show-San Joaquin Valley, emissions from dairy operations should
ing the agreement of dairy locations with the spatial distri- far outweigh those from rice cultivation. This work is fo-
bution of concentrations (measured via aircraft) and the stacused on sources in the San Joaquin Valley, but data from
tistical source footprint of both methane and ethanol, sup-aircraft canister measurements suggest that dairy operations
ports the conclusion that dairies are the predominant sourcand rice cultivation have different emission ratios of ethanol
of methane in the San Joaquin Valley and emissions fronto methanol (Supplement Fig. S6). In general, observations
petroleum are minor in comparison. To calculate emissionbetween the two valleys are heavily influenced by the major
ratios, data points with enhancements due to other sourcesource that dominates in each air basin (Figs. 13, S11).
(determined and shown by correlation with other tracer com- Constructing an overall source profile for dairy operations
pounds) were not considered in the emission ratio assesss difficult since methane, light alcohols, and acetic acid all
ment. Thus isolating the ethanol and acetic acid associatetave different emission rates from specific source pathways
with dairy operations. With dairy (and other cattle) oper- at dairies. Previous studies report that methane emissions are
ations responsible for the vast majority of methane emis-minimal from animal waste and greatest from enteric fermen-
sions observed at the Bakersfield site, the emission ratios dfation in cows, whereas emissions of non-methane gas-phase
ethanol and acetic acid to methane are effectively the loweorganic carbon come predominately from animal feed, fol-
limit of slopes versus methane when enhancements fronbowed by waste, with minor contributions from the animals
other sources of ethanol or acetic acid are at their minimumthemselves (Chung et al., 2010; Howard et al., 2010b; Shaw
At the Bakersfield ground site, concentrations of non-et al., 2007; Sun et al., 2008). Further variability is intro-
vehicular ethanol (calculated via the source receptor modelluced by factors such as feed composition, temperature, and
were well correlated with methane, except for outliers with specifics of feed and waste handling. Table 5 summarizes the
enhancements in ethanol that were coincident with largeaverage regional source profile for dairy operations, deter-
enhancements in tracers of other ethanol sources (Fig. 7mined via downwind sampling of a large collection of indi-
Other potential sources of alcohols and oxygenated gasvidual farms/feedlots in the San Joaquin Valley. Comparison
phase organic carbon are wastewater treatment, vegetationgainst other studies is limited by the lack of a similar set of
soil processes, motor vehicles, and landfill/composting facil-compounds. Previous studies report high emission rates for a
ities. At low concentrations of these tracers, non-vehicularselection of the primary compounds in Table 5, but there is no
ethanol and methane are very well correlated with a slope ofull set for comparison, and other work is focused on singu-
18 mmol mot L. Chloroform, trichloroethylene, and carbon lar emission pathways rather than the overall source profile.
disulfide correlate with different points that deviate from the Extrapolation to other regions must be done with caution, as
emission ratio, suggesting multiple other minor sources ofthe emission ratios reported here are region specific. So here
ethanol. we compare our results to other studies to the extent that it is
The results of the acetic acid versus methane assessmepobssible.
(Fig. 8) at the Bakersfield ground site produced similar re- In this and other studies, emissions of ethanol are typically
sults to that of non-vehicular ethanol versus methane. The engreater than methanol, ranging 1.3—2.4 molntoBased on
hancements of acetic acid above the emission ratio slope cdhe literature and our results, it is apparent that the ratios of
incided with tracers of other primary and secondary sourcesthe two main alcohols to methane can vary depending on
We calculated an emission ratio for acetic acid to methane othe relative amount of animals versus feed and waste, and
1.3mmol mot 1. This value represents a lower limit of acetic the specifics of feed/waste storage and processing. Our re-
acid emissions associated with dairy operations. There is reported ratios represent the average for the region; the ratio of
maining uncertainty in this emission ratio and, based on thesthanol to methane reported by Sun et al. (2008) for lactating
data shown in Fig. 8, the ratio of acetic acid to methane coulccows and waste (24 mmol mdl) is slightly higher than our
be up to 50 % greater. The diurnal profile of acetic acid alsovalue (18 mmol mot?). Their ratio of methanol to methane
suggests emissions from local/regional sources since conceif19 mmol motl) was greater by 150 %, but is within the
trations are at their maxima during the night when emissiongange observed in our analysis of aircraft data. The differ-
accumulate in the nocturnal boundary layer with minimal ences between results can potentially be attributed to the ab-
horizontal or vertical dilution. The results of our study show sence of feed, which will increase alcohol emissions. Mea-
that there are high concentrations of acetic acid that are assgurements of acetic acid are less common so there are few
ciated with methane, formic acid, acetone, or isoprene. Thistudies to compare emission ratios. Shaw et al. (2007) re-
indicates that there are multiple major biogenic and anthroported ratios of acetic acid to methanol ranging from 0.05 to
pogenic sources of acetic acid in the San Joaquin Valley.  0.94 mol mot! for cows and their waste. In this work, we
Rice cultivation could also be an important source of light observed a ratio of 0.18 mol nol.
alcohols and methane (Peischl et al., 2012), but there is little
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Emissions of other compounds have been reported fron87 %. 28 % of observed acetic acid was from dairies with
dairy and other livestock operations, most in relatively minor a diurnal range of 11-44%. As mentioned previously, the
quantities compared to the dominant compounds presented iemission ratios for methanol and acetic acid are conservative
this work. There are likely small emissions of low molecular estimates that may tend towards lower limits. In this case, the
weight aldehydes (e.g., propanal, butanal), ketones (e.g., acéaction of methanol and acetic acid from dairy operations
tone), other alcohols (e.g., propanol, phenols), alkenes, andill increase slightly, but since ethanol makes up a dominant
esters (e.g., propyl acetate, propyl propionate) from dairy opfraction of the non-methane source profile (Table 5) these
erations (Chung et al., 2010; Howard et al., 2010b; Malkinachanges will have a negligible impact on the overall source
et al., 2011). In general, a major source of many oxygenategrofile and implications of dairy operations on air quality
species is secondary production from the chemical oxidatiorin the valley (Sect. 3.4). Due to the increased use of gaso-
of other compounds. The measurements used in this studline, 9.6+ 5.8 % of ethanol was emitted by gasoline-related
similarly suggest substantial contributions from secondarysources. Of the remainder, 48 % was from dairy operations
production for many of the measured carbonyls and acidson average with a diurnal range of 30-71 %.

At the ground site and from the aircraft, emissions of many The diurnal average of the percent contribution from dairy
of these carbonyls from dairy operations could not be de-sources (Supplement Fig. S8) shows minima during the day-
tected due to the magnitude of other sources, and there wettme for acetic acid and non-vehicular ethanol. These ratios
no measurements of esters or larger alcohols. In this studwary widely with time of day and meteorology. This day-
dairy operation emissions of these minor compounds (acetime minimum can be attributed in part to biogenic emis-
tone, methyl ethyl ketone, propanal, butanal, and other oxysions of ethanol when emissions from natural vegetation
genated VOCs measured at the Bakersfield site) make onlgnd agriculture are likely highest. For acetic acid, the min-
minimal contributions to total emissions of these compoundsmum is likely due to secondary production from the oxi-
on a valley-wide basis. One potential exception is acetaldedation of isoprene and other reactive precursors. Methanol
hyde; previous work reported emissions equivalent to 20-did not have a strong diurnal pattern, since other major day
110 % of ethanol emissions from feed and relatively minorand nighttime sources have similar emission patterns (e.g.,
emissions from cows and their manure (Makina et al., 2007 vegetation). The remaining methanol observed at the Bak-
Shaw et al., 2007). In this study, no significant correlation ersfield site can be attributed to a mix of emissions from
was observed between acetaldehyde and methane in the daianthropogenic urban sources, natural vegetation, and bio-
plumes measured by aircraft, and insufficient data exist fromgenic emissions from agriculture. A recent study by Hu et
the ground site to check for emissions of acetaldehyde. Alsoal. (2011) found that 90 % of methanol was biogenic dur-
neither methyl ethyl ketone nor acetone were well correlatedng the summer in the Midwestern US, with the remainder
(r = 0.55-0.65) with methane in the dairy plumes measuredbeing anthropogenic. Heikes et al. (2002) reports a similar
by the aircraft. Other studies on volatile organic acids havevalue with primary biogenic emissions responsible for 81 %
also reported emissions of propanoic acid and butanoic aci@f non-oceanic emissions. Dairies are an important source
with relative emission rates ranging from an order of mag-of methanol in the San Joaquin Valley along with emissions
nitude below acetic acid to the same order of magnitude agrom agriculture and natural vegetation. The methods used
acetic acid (Alanis et al., 2010; Shaw et al., 2007; Sun et al.jn these studies to allocate emissions will determine whether
2008). We did not measure propanoic or butanoic acid, butairy (and other cattle) operations are categorized as biogenic
we did not observe any correlation between measured coner anthropogenic sources. In this work we consider emis-
centrations of either formic or oxalic acid and the prominentsions from dairy operations to be anthropogenic, similar to
compounds emitted from dairies at the Bakersfield groundthe CARB inventory.

site. Based on our work and the literature, acetic acid appears Pusede et al. (2014) found that daytime average concen-
to be the most prominent acid emitted by dairy operations. trations of light alcohols, aldehydes, and acids at the Bak-

One of the objectives of this study was to provide a ba-ersfield site increased with daily maximum temperature. It is
sic source profile, averaged over the bulk of dairy oper-possible that increases in ambient temperature could lead to
ations in the San Joaquin Valley with the understandingincreases in silage emissions due to enhanced volatilization
that the profile can potentially vary between individual op- of some compounds (e.g., alcohols), which would change the
erations. Methanol, ethanol, and acetic acid were the prereported source profiles slightly. Yet, ethanol was the most
dominant non-methane compounds emitted from dairy op-prominent non-methane compound in our source profile and
erations. Figure 9 shows comparisons of the concentrationsesults from Pusede et al. (2014, Table A2) show that day-
of these compounds attributed to dairy operations versusime averages of ethanol did not increase between moderate
the total observed concentrations for each hourly sample irand high temperatures. So, we do not expect major changes
Bakersfield. The percentage of each compound from dairiesvith temperature for the dairy source profile reported in this
ranged widely with some significant diurnal patterns (Sup-work and recommend further research to identify other high-
plement Fig. S8). On average, 27 % of observed methanolemperature sources of oxygenated compounds.
was from dairies with hourly averages ranging diurnally 22—
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Table 6.Quartiles [ppbC] for ambient concentrations from major petroleum-based sources measured at the Bakersfield site (does not include
methane emissions) shown with average maximum incremental reactivity (MIR) values and secondary organic aerosol (SOA) yields for each
source.

025 0s0 Q75 MIR[gO3g™Y] SOAyield [gSOA g™}

Gasoline exhaust 12 21 35 45 0.628.007
Diesel exhaust 15 28 54 25 0.£9.05
Non-tailpipe gasoline 4.1 8.1 18 2.0 0.0G24.0001
Petroleum gas source 7.6 20 89 0.82 ~0

Dairy operations 5.7 11 26 1.3 ~0

Note:

— Gasoline and diesel exhaust include both emissions of unburned fuel and products of incomplete combustion. MIR and
SOA yield values for motor vehicle sources shown for comparison from Gentner et al. (2013) and Gentner et al. (2012)
for comparison.

— Dairy operations include other cattle farming in the San Joaquin Valley, and the MIR value is for the NMOC fraction of
the source profile.

— The average ozone formation potential (MIR) value is potentially an underestimate due to other organic compounds
emitted, which may also impact the SOA formation potential (see Table 5 note).

3.3 Spatial distribution of sources and aircraft measurements of ethanol and methane (Figs. 13,
14). While there are dairy operations within the 12 h foot-

Using FLEXPART-WRF meteorological data and methods,print and the .em.itted methar_mt and_ ”th alcohols haye long
distributions of back-trajectories were calculated for 6 anga{mospheric lifetimes, the dairies within the 6 h footprint are

12 h prior to arrival and measurement at the Bakersfield site.mUCh more influential on elevated concentrations, especially

Overall averages, as well as day and nighttime averages, afd night. The spatial distributions of petroleum and dairy op-
shown for the entire campaign in Fig. 1. The influence of eration emissions clearly show that they are coming from dif-

local emissions near the site is important at all times. Day_ferent parts of the valley. The maps in this section provide

time measurements are largely impacted by transport fron?tro”g supporting evidence that the vast majority of methane

the north-northwest due to consistent up-valley flows duringIS emitted from dairy (and other cattle) operations.

the day. In contrast, at night the wind speeds and direction areh,The stat'|st|cal efml's_s'ons r'napp;ng method i de"e"?pﬁ‘? in
more variable and irregular with flows that arrive from all this paperis a useful integration of concentration-weighting

directions, but originate as up-valley flows from the north- trajectory methods with the FLEXPART-WRF modeling

northwest. Extensive reviews of meteorology and flow pat_platform. This emissions mapping tool is effective at locat-

terns in the San Joaquin Valley found elsewhere are consié:—ng point and area sources, especially for prominent Sources
tent with the results presented in this work (Bao et al., 2007;" th? San Joe.lqu.ln Valley. The analyses of the spatlal' dis-
Beaver and Palazoglu, 2009). The footprint analysis used irJir|but|on of emissions from petroleum and dairy operations

this study provides a good representation of the distributionShOWn in this work are two applications of this technique. For

of surface-level areas that influence parcels’ contact with thd €S€ PUTPOSes, either cogc?ntratmtr; datagr ?ogel;nghgurtlputs
surface layer and associated sources, but potentially has son\gJ-+ SOurce receptor models) can be used, both of which ap-

uncertainty given the complexities of Bakersfield meteorol-P€a" in this work. Further development of this approach will
ogy (Angevine et al., 2013). continue to improve its utility and quantitative outputs, but

Statistical meteorological modeling using ground site datacaut|0n must be given to the transport timescales and tracer

resulted in a spatial distribution of petroleum gas emissiong'rf]et'me'_ T_he:e IS onef I|m|te_1t|on tol th_e cur:rent versf|on Olf
similar to that of oil wells in the southern San Joaquin Valley (€ Statistical source footprint analysis. The area of analy-
(Fig. 10). Additionally, canister samples taken via aircraft in sis is limited to the distribution of sample footprints across

the region show higher propane (a major component of thé’;l" runs, and there is likely insufficient data to assess areas
source profile) concentrations for some points in the southQutside that total footprint. Nevertheless, the current method

| is excellent for looking at the most important sources that
dimpact an area, such as Bakersfield in this study. Coverage
é:ould be improved in other studies by using data from multi-
le sites in a region, but care must be exercised to ensure the
ata is properly weighted. Overall, this work demonstrates
The statistical distribution of emissions of non-vehicular (€ €fficacy and usefulness of this tool, warrants f_urther de-
velopment, and future work should apply it on regional and

ethanol and methane were similar for both 6 and 12 h back " : .
trajectories. The map of emissions is consistent with the dis_contmental scales, as appropriate, to locate primary sources

tribution of dairies in the San Joaquin Valley (Figs. 11, 12) of pollution.

ern part of the valley (Fig. 10c). Given the co-location of oi
wells in the region and the spatial distribution of elevate
concentrations of petroleum gas compounds, it is probabl
that the observed emissions occur at or near the wells during
extraction, storage, and initial processing.
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Joaquin Valley. On a mass basis, observed VOC concentra-

2

_ T 11,7 tions from petroleum extraction/processing were on the same
g - /// order as emissions from motor vehicles. Yet, they represent
= L7 a relatively minor contribution to potential ozone formation,
é 60 et as the average MIR value for the source (0.82g9) is
g // ~ 3-6 times less than that of motor vehicle sources. Direct
ii 40 - . contributions to secondary organic aerosol (SOA) from the
8 petroleum operations source profile in this study are likely
é to be minimal, given that the yields for all of the alkanes
S o with eight or less carbon atoms will be 0.002 gSOA gt
§ | most, with an organic particle loading of 10 pgm(Gen-
0 20 40 60 80 100 tner et al., 2012). The potential ozone and SOA implications
- Observed Ethanal [ppbv] of petroleum operation emissions will depend greatly upon
100 —_— composition, which varies between regions. We did not ob-
d serve any aromatic content, but other studies have observed
80 /7 aromatic and other larger compound fractions (Carter and
. Seinfeld, 2012; Gilman et al., 2013). Aromatics have been

o))
o
|

\

shown to be very effective precursors to SOA and ozone
(Gentner et al., 2012; Carter, 2007). So, their presence in
oil/gas emissions will have further implications for air qual-
ity.

Dairy operations in the San Joaquin Valley are largely re-
sponsible for the higher than typical ethanol concentrations
in the San Joaquin Valley. Based on the primary compounds

n
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Methanol from Dairy Operations [ppbv]
D
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|

Observed Methanol [ppbv] observed from dairy operations (ethanol, methanol, acetic
© 15 , acid), we infer that emissions have minor impacts on SOA
1:,1’ formation, but have a greater potential to impact ozone for-

109 it mation with an MIR of 1.3g@g 1. The inclusion of other

oxygenated compounds previously observed from dairy op-
erations (e.g., Hafner et al., 2013) to the basic source profile
in Table 5 may increase the ozone and SOA formation poten-
tial. Yet, in this study they were minor and not significantly
correlated with other dairy emissions (see Sect. 3.2).
In Bakersfield during spring/summer, dairy operations
g were responsible for 22 % of anthropogenic non-methane or-
N B N N ganic carbon emissions and 13 % of potential anthropogenic
L . e ozone formation. Similarly, petroleum operations were re-
sponsible for 22 % of anthropogenic emissions and 8% of
Figure 9. Estimated concentrations of non-methane organic com-Potential ozone. Motor vehicles were responsible for the re-
pounds emitted by dairy operations shown against ambient obsermaining 56 % of anthropogenic emissions, 79 % of anthro-
vations at the Bakersfield ground site. Emissions are apportioned tpogenic potential ozone formation, and essentially all of the
dairy operations using the emission ratios of methane determineghotential anthropogenic SOA formation. It is important to
using aircraft and ground site measurements. On average, 45% giote that emissions from petroleum and dairy operations
observedA) ethanol is from dairies, whereas, smaller fractions of hgve substantial potential to impact the atmospheric chem-
(B) methanol (27 %) andC) acetic acid (28 %) are from dairy op- jstry |eading to secondary pollution, but they themselves
er_atlons. These fractions vary W|t_h tlme of day an_d source _strengthare not a major source of SOA precursors (note: does not
Diurnal patterns of percent contributions from dairy operations are . . .
shown in Supplement Fig. S8. consider aqueous chemical processing). These res_ults apply
to the emissions of VOCs from petroleum operations ob-
served and characterized in this work; other recent work on
petroleum operations has reported emissions of larger hy-
3.4 Implications for air quality and emissions drocarbons that have higher SOA vyields (Chan et al., 2013;
inventories Gilman et al., 2013). These five main sources are summa-
rized in Fig. 15 and are very important sources for the San
Both petroleum and dairy (and other cattle) operations areJoaquin Valley. There are other anthropogenic sources that
important sources of reactive organic carbon in the Sarikely contribute emissions on smaller urban scales that are

Acetic Acid from Dairy Operations [ppbv] &
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Figure 10. Maps of the southern part of the San Joaquin Valley #th the location of oil and gas well§¢B) the spatial distribution of
petroleum gas emissions determined using statistical footprint analysis (6 HiC patcraft canister measurements of propane, sized and
colored by concentration. Together the maps show a similar distribution of wells and emissions in the region. Note: meteorological conditions,
altitude, and local dilution varies between canister measurements.

Table 7. Comparison of the relative abundance of VOC emissions from each source observed in Bakersfield to CARB inventory for the San
Joaquin Valley (SJV) and the portion of Kern County in the San Joaquin Valley including Bakersfield (SJV-Kern).

Relative mass  Fraction of emissions [%] in in-
abundance in ventory (absolute emission

Bakersfield rate [tons day?])
(this study)
SJV inventory SJV-Kern
inventory
Petroleum operations 22% 15 % (28) 53 % (26)
Dairy operations 22% 30% (57) 9% (4.5)
On- & off-road motor 56 % 559% (104) 389% (19)

vehicles

Notes:

— Motor vehicle emissions are sum of on- and off-road since ambient source apportionment cannot discern
between them; includes gasoline and diesel exhaust, and non-tailpipe gasoline emissions.

— Comparison is limited to discussed sources, biogenic emissions and other potentially important sources are
excluded (for biogenic emissions from agriculture see Gentner et al., 2014).

not enumerated in this work. Such as the contributions of bio-county (Table 7), the ratio is similar to the valley-wide ratio
genic sources, which are another major factor for air qualityof 3: 2 for light-duty vehicles to livestock feed modeled by
in California’s Central Valley. Hu et al. (2012). Overall, this, and other recent work (Howard
In the comparison of the sources discussed in this worket al., 2010a; Hu et al., 2012), demonstrates that motor ve-
the percent contribution of vehicular sources is larger in Bak-hicles and multiple source pathways at dairy operations are
ersfield than it would be most places in the region. In non-major emitters of reactive ozone precursors throughout the
urban areas of the San Joaquin Valley, motor vehicle emisSan Joaquin Valley. Elevated concentrations of non-vehicular
sions will still be important, but emissions from petroleum ethanol that are largely linked to dairy operations warrants
and dairy operations will make up a greater fraction of non-further evaluation of emission processes involving livestock
methane organic carbon in the atmosphere and will be resilage, as ethanol has been demonstrated as a primary com-
sponsible for a greater fraction of potential ozone forma-ponent of those emissions (Hafner et al., 2013; Howard et al.,
tion. The results from Bakersfield in this study confirm the 2010a; Malkina et al., 2011).
transport and importance of emissions from dairy operations Our results on the relative contributions from each source
throughout the San Joaquin Valley. Our results for potentialindicate a mix of influential sources. Given our location in
ozone give a 3.5: 1 ratio of potential ozone from gasoline ve-an urban area in the southern San Joaquin Valley, where
hicles to dairy operations in Bakersfield. When consideringoil wells are concentrated, emissions from motor vehicles
that there is a greater prevalence of motor vehicles around ouand petroleum operations are likely higher than other parts
measurement site and most dairy emissions are outside thaf the valley. The San Joaquin Valley has an abundance of
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Figure 11. Statistical distribution of emissions of non-vehicular ethanol in the San Joaquin Valley shown as colored contours for 6 and 12 h
footprints. Modeling results shown with the location of dairies as markers (0) scaled by the size of each dairy.
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Figure 12. Statistical distribution of emissions of methane in the San Joaquin Valley shown as colored contours for 6 and 12 h footprints.
Modeling results shown with the location of dairies as markers (0) scaled by the size of each dairy.

agriculture and is surrounded by natural vegetation that repations) since our observed source is clearly related to unre-
resents a large potential source of emissions following transfined petroleum. While there are likely some differences in
port to other parts of the valley. Comprehensive modeling asemissions, it is difficult to separate dairy cattle from other
sessments need to evaluate the sources discussed here alaragtle, so we have assumed that we are observing all cattle in
with biogenic emissions of reactive organic gases from boththis study and include them with dairy operations. Although
agriculture and natural vegetation. in the CARB inventory, dairy cattle represent almost 80 % of
Comparing different assessments for emissions from mul-cattle-related emissions in the San Joaquin Valley. Similarly,
tiple sources presents challenges relating to the definition ofve compare these sources to on- and off-road mobile sources
sources and spatial boundaries. Here, we provide a compaas that is the best representation of the observed motor vehi-
ison of our relative emission magnitudes at the Bakersfieldcle sources in our source apportionment.
site to the CARB emission inventory for the San Joaquin There are potential seasonal effects among the 5 sources
Valley (Table 7). To promote consistency with our observedshown in Tables 6 and 7 and Fig. 15. The composition of
sources, we compare our petroleum operations source tgasoline fuel changes seasonally to reduce volatility by vary-
emissions from oil/gas production and refining, and excludeing formulation, which affects the composition and magni-
petroleum marketing (and combustion from petroleum opertude of emissions. In the CARB almanac, VOC emissions
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Figure 13. Aircraft canister measurements of ethanol in Califor- Figure 14. Map of observed methane concentrations over 7 flights
nia’s Central Valley shown as individual circles, sized and coloredin California’s Central Valley shown as individual circles, sized and
by ethanol concentration. Data were taken at varying altitudes abovéolored by methane concentration. Data were taken at varying al-
and below the boundary layer with a general filter for below 1000 m. titudes above and below the boundary layer with general filter for
Vertical gradients are responsible for some variability, but aircraft below 1000 m. Vertical gradients and multiple flights are responsi-
data support conclusions of other analyses showing large ethandlle for some variability, but methane enhancements in aircraft data
sources in the Central Valley: dairy operations in the San Joaquirshow good correlation with the location of dairy operations (open
Valley and rice cultivation in the Sacramento Valley. Note: meteo- black circles sized by bovine population). A map including the en-
rological conditions and local dilution varies between canister mea-ire Sacramento Valley can be found in the Supplement (Fig. S11).
surements. Also, alcohol measurements made using the canisters

were prone to significant losses, so their use is only relative.

to 139 % of on- and off-road mobile sources (California Air
Resources Board, 2010). These observations are consistent

from dairy operations and petroleum production and refiningwith the statistical footprints shown in this work as daytime
have no seasonal change between summer and winter. THeotprints encompass a larger area that stretches into other
emissions we observe from both sources could be hypothecounties, while nighttime footprints are more heavily influ-
sized to volatilize more in warmer weather, but we have in-enced by local emissions.
sufficient data to assess seasonal changes and effects otherAccording to the CARB emission inventory, dairy and
than temperature may potentially play a role. other cattle operations in the San Joaquin Valley emit 57

The CARB emissions inventory for the San Joaquin Valley tons ROG per day, which is 80 % of non-vegetation farming-
reports an average of 28 tons ROG per day from petroleunrelated emissions (California Air Resources Board, 2010).
operations (production and refining), which is equal to 27 % These emissions from dairy and cattle operations are equiv-
of on-and off-road mobile source emissions-(&2 tons per  alent to 55 % of on- and off-road motor vehicle emissions in
day) in the air basin (California Air Resources Board, 2010).the inventory, which is higher than the average non-methane
This value is consistent with daytime ratios (18-51 %) ob- organic carbon (NMOC) mass comparison at the Bakersfield
served at the Bakersfield site (Supplement Fig. S4) when vemeasurement site (40 %). The CARB inventory for the San
hicular emissions are greatest, but is smaller than nighttimeloaquin Valley states that emissions from dairy operations
ratios (62—120 %) and the overall ratio (39 %). Bakersfield isare twice those from petroleum operations (dairy & other
in much closer proximity to potential petroleum operations cattle operations ROG emissioas2.0 x oil/gas production
sources compared to other parts of the air basin, so nighttimand refining ROG emissions). The average measured contri-
ratios are significantly higher with relatively less vehicular butions from petroleum and dairy sources were equivalent at
traffic and local emissions play a larger role when there isthe Bakersfield site (Fig. 15). This is largely dependent on the
less atmospheric dilution. A comparison on a smaller scaledistribution of petroleum operations relative to dairy opera-
for the portion of Kern County in the San Joaquin Valley tions, which is greatest in the southern part of the San Joaquin
demonstrates the local importance of petroleum operationsyalley (e.g., Bakersfield) where the oil wells and related op-
as much of the San Joaquin Valley's petroleum operationerations are concentrated. Thus, the ratio of petroleum to
emissions are in this county. For this area, petroleum produceairy operation contributions goes up by several factors with
tion/refining emissions in the CARB inventory are equivalent decreased dilution and a greater influence of local sources
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(A) Average NMOC Mass

20% Gasoline Exhaust

22% Petroleum
Operations

28% Diesel

Exhaust 22% Dairy

Operations

8% Non-tailpipe Gasoline

(B) Contributions to SOA Precursors

<1% Non-tailpipe Gasoline

10% Gasoline Exhaust

90% Diesel Exhaust

(C) Contributions to Ozone Precursors

41% Gasoline Exhaust

8% Petroleum
Operations

13% Dairy
Operations

32% Diesel Exhaust
7% Non-tailpipe Gasoline

(Table 6). This is likely also the reason for the greater contri-
bution from motor vehicles relative to dairy operations at the
Bakersfield site versus the inventory. The greater prevalence
of motor vehicles near the site increases its impact relative to
the whole valley.

A comparison of the dairy operations source profile (Ta-
ble 5) with the CARB emission inventory reveals that the
ratio of methane to NMOC is consistent between our results
and the inventory, 93 % vs. 92 % methane. Additionally, the
existing CARB inventory for the San Joaquin Valley reflects
the difference in the magnitude of methane emissions be-
tween the two sources, with total methane emissions from
dairy (and other cattle) operations being an order of magni-
tude greater than petroleum production operations, and re-
sponsible for at least 87 % of methane emissions. Further-
more, for petroleum operations, the majority (81 %) of fugi-
tive methane (and ethane by inventory definition) emissions
are from oil/gas marketing rather than production/refining
(California Air Resources Board, 2010). Overall, these inter-
comparisons, while rough, provide validation of the CARB
emission inventory for relative emission rates of dairy and
petroleum operations in the San Joaquin Valley.

The San Joaquin Valley, and the Central Valley as a whole,
contains a complex mixture of both anthropogenic and bio-
genic sources of reactive gas-phase organic carbon on both
regional and urban scales. Our focus in this paper has been
quantifying regional emissions from petroleum and dairy
operations, comparing their emission rates to other anthro-
pogenic sources, and evaluating their importance for air qual-
ity in the urban area of Bakersfield and the San Joaquin Val-
ley. The dairy and petroleum sources are clearly relevant to
air quality on both local and regional scales for ozone forma-
tion, but are likely not as important as sources of precursors
to SOA. This study provides important new information, ex-
panding knowledge on the suite of compounds emitted from
these sources and providing new useful information on their
sources profiles.

The Supplement related to this article is available online

Figure 15. Breakdown of the contributions of prominent anthro-
pogenic sources in Bakersfield f¢A) total non-methane or-
ganic carbon (NMOC) mass (g)B) precursors to secondary
organic aerosol (SOA), andqC) precursors to ozone. Other
sources/compounds may impact SOA formation indirectly via
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MEMORANDUM

TO: Brent Newell

FROM: Jonathan Sha

DATE: February 9, 2016

RE: Porter Ranch and Dairy Industry Methane Emissions Comparison

On October 23, 2016, a natural gas leak was discovered coming from a well within the
Aliso Canyon Underground Storage Field in Los Angeles County.! The Southern California Gas
Company, which owns and maintains the well, has so far been unable to stop the leak.? The
resulting leak has garnered much attention from the public and media for its adverse effects on
the environment and public health. Since the leak was discovered the California Air Resource
Board has estimated that the leak has cumulatively emitted 100,353 tons of CH4 into the air.?

What is perhaps more alarming, however, is that a far greater source of methane gas has
been allowed to emit its GHG pollution unabated since the inception of AB 32.* In 2013, the
ARB estimates California dairy enteric emissions of 362,000 tons of CH4* and dairy liquefied
manure management emissions of an additional 452,000 tons of CHs*.> Since 2006, when AB
32 became law, until 2013, the ARB estimates California dairy enteric emissions of
approximately 2.84 million tons of CHs* and dairy liquefied manure management emissions of
approximately 3.53 million tons of CH4*.® California dairy emissions are projected to remain
constant for the next 20 years, meaning, for the next 20 years, California dairy enteric and
liquefied manure management will continue to emit approximately 814,000 tons of CH4 *
annually.” The ARB has not promulgated regulations to require methane reductions at dairies,
despite having the authority to do so under AB 32.

While the Porter Ranch gas leakage rate has fluctuated over time, since its announcement
the leak has emitted an average of 955 tons of CH4 per day.2 Comparatively, California dairies
emit an average of 2,230 tons of CHa per day.® Over the course of the Porter Ranch gas leak
between October 23 and February 4, California dairies emitted a total of 234,164 tons of CHa,
more than double the amount emitted by the Porter Ranch leak. Even its peak flow of 58,000
kilograms of methane per hour as measured on November 28, the Porter Ranch leak emitted
1,534 tons of CH4 per day, well below that of California dairies.*

! http://www.caloes.ca.gov/I CESite/Pages/Aliso-Canyon.aspx

2 hitp://www.caloes.ca.gov/ICESite/Pages/Aliso-Canyon.aspx

3 http://www.arb.ca.gov/research/aliso_canyon/aliso_canyon_natural _gas_leak_updates-
sa_flights_thru_feb 4 2016.pdf (As of February 4, 2016)

4 http://www.leginfo.ca.gov/pub/05-06/bill/asm/ab _0001-0050/ab_32_bill 20060927 chaptered.pdf
5 http://www.arb.ca.gov/cc/inventory/data/tables/ghg_inventory ipcc all_2000-13 20150831.pdf
6 http://www.arb.ca.gov/cc/inventory/data/tables/ghg_inventory ipcc_all 2000-13 20150831.pdf
7 http://www.arb.ca.gov/cc/shortlived/2015appendixa.pdf

8 http://www.arb.ca.gov/research/aliso_canyon/aliso_canyon_natural gas_leak_updates-
sa_flights_thru_feb 4 2016.pdf (As of February 4, 2016)

9 http://www.arb.ca.gov/cc/shortlived/2015appendixa.pdf

10 http://www.arb.ca.gov/research/aliso_canyon/aliso_canyon_natural _gas leak updates-
sa_flights_thru_feb 4 2016.pdf (As of February 4, 2016)
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http://www.caloes.ca.gov/ICESite/Pages/Aliso-Canyon.aspx
http://www.arb.ca.gov/research/aliso_canyon/aliso_canyon_natural_gas_leak_updates-sa_flights_thru_feb_4_2016.pdf
http://www.arb.ca.gov/research/aliso_canyon/aliso_canyon_natural_gas_leak_updates-sa_flights_thru_feb_4_2016.pdf
http://www.leginfo.ca.gov/pub/05-06/bill/asm/ab_0001-0050/ab_32_bill_20060927_chaptered.pdf
http://www.arb.ca.gov/cc/inventory/data/tables/ghg_inventory_ipcc_all_2000-13_20150831.pdf
http://www.arb.ca.gov/cc/inventory/data/tables/ghg_inventory_ipcc_all_2000-13_20150831.pdf
http://www.arb.ca.gov/cc/shortlived/2015appendixa.pdf
http://www.arb.ca.gov/research/aliso_canyon/aliso_canyon_natural_gas_leak_updates-sa_flights_thru_feb_4_2016.pdf
http://www.arb.ca.gov/research/aliso_canyon/aliso_canyon_natural_gas_leak_updates-sa_flights_thru_feb_4_2016.pdf
http://www.arb.ca.gov/cc/shortlived/2015appendixa.pdf
http://www.arb.ca.gov/research/aliso_canyon/aliso_canyon_natural_gas_leak_updates-sa_flights_thru_feb_4_2016.pdf
http://www.arb.ca.gov/research/aliso_canyon/aliso_canyon_natural_gas_leak_updates-sa_flights_thru_feb_4_2016.pdf

Though California seeks to fix the Porter Ranch leak, it is now time to also address the
massive amount of unregulated methane emitted from the dairy industry that has escaped
regulation for far too long.

* Figure calculated by converting MMTCO2e to CH4 using an IPCC 100-year GWP for CHa.
An IPCC 100-year GWP for CH4 was selected according to California inventory tracking
methodology from 2002-2014 outlined in
http://www.arb.ca.gov/cc/inventory/data/misc/ghg_inventory trends 00-12 2014-05-13.pdf.
IPCC 100-year GWP for CH4 located at
https://www.ipcc.ch/publications_and_data/ar4/wgl/en/ch2s2-10-2.html.



http://www.arb.ca.gov/cc/inventory/data/misc/ghg_inventory_trends_00-12_2014-05-13.pdf
https://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch2s2-10-2.html
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#4: Fresno-Madera, CA
#5: Phoenix-Mesa-Scottsdale, AZ
#6: Sacramento-Roseville, CA
#7: Modesto-Merced, CA
#8: Denver-Aurora, CO
#9: Las Vegas-Henderson, NV-AZ
#10: Fort Collins, CO
#11: Dallas-Fort Worth, TX-OK
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By Year Round Particle Pollution

#1: Bakersfield, CA
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#14: Altoona, PA
#16: Houston-The Woodlands, TX
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#16: Johnstown-Somerset, PA
#16: San Luis Obispo-Paso Robles-Arroyo Grande, CA
#20: Detroit-Warren-Ann Arbor, M|
#21: Erie-MeadVville, PA
#22: Birmingham-Hoover-Talladega, AL
#23: Fairbanks, AK
#23: Wheeling, WV-OH
#23: Little Rock-North Little Rock, AR

By Short-Term Particle Pollution

#1: Bakersfield, CA

#2: Fresno-Madera, CA

#3: Visalia-Porterville-Hanford, CA

#4: Modesto-Merced, CA

#5: Fairbanks, AK

#6: Salt Lake City-Provo-Orem, UT

#7: Logan, UT-ID

#8: San Jose-San Francisco-Oakland, CA
#9: Los Angeles-Long Beach, CA

#10: Missoula, MT
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#21: Eugene, OR

#24: New York-Newark, NY-NJ-CT-PA

#25: Medford-Grants Pass, OR
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EPA FACT SHEET

SOCIAL COST OF CARBON

Background

EPA and other federal agencies use the social cost of carbon (SC-CO,) to estimate the climate benefits of
rulemakings. The SC-CO, is an estimate of the economic damages associated with a small increase in
carbon dioxide (CO,) emissions, conventionally one metric ton, in a given year. This dollar figure also
represents the value of damages avoided for a small emission reduction (i.e. the benefit of a CO,
reduction).

The SC-CO, is meant to be a comprehensive estimate of climate change damages and includes, among
other things, changes in net agricultural productivity, human health, property damages from increased
flood risk and changes in energy system costs, such as reduced costs for heating and increased costs for
air conditioning. However, it does not currently include all important damages. The IPCC Fifth
Assessment report observed that SC-CO, estimates omit various impacts that would likely increase
damages. The models used to develop SC-CO, estimates do not currently include all of the important
physical, ecological, and economic impacts of climate change recognized in the climate change literature
because of a lack of precise information on the nature of damages and because the science incorporated
into these models naturally lags behind the most recent research. Nonetheless, the SC-CO, is a useful
measure to assess the benefits of CO, reductions.

The timing of the emission release (or reduction) is key to estimation of the SC-CO,, which is based on a
present value calculation. The integrated assessment models first estimate damages occurring after the
emission release and into the future, often as far out as the year 2300. The models then discount the
value of those damages over the entire time span back to present value to arrive at the SC-CO,. For
example, the SC-CO, for the year 2020 represents the present value of climate change damages that
occur between the years 2020 and 2300 (assuming 2300 is the final year of the model run); these
damages are associated with the release of one ton of carbon dioxide in the year 2020. The SC-CO, will
vary based on the year of emissions for multiple reasons. In model runs where the last year is fixed (e.g.,
2300), the time span covered in the present value calculation will be smaller for later emission years—
the SC-CO, in 2050 will include 40 fewer years of damages than the 2010 SC-CO, estimates. This
modeling choice—selection of a fixed end year—will place downward pressure on the SC-CO, estimates
for later emission years. Alternatively, the SC-CO, should increase over time because future emissions
are expected to produce larger incremental damages as physical and economic systems become more
stressed in response to greater levels of climatic change.

One of the most important factors influencing SC-CO, estimates is the discount rate. A large portion of
climate change damages are expected to occur many decades into the future and the present value of
those damages (the value at present of damages that occur in the future) is highly dependent on the
discount rate. To understand the effect that the discount rate has on present value calculations,
consider the following example. Let’s say that you have been promised that in 50 years you will receive
$1 billion. In “present value” terms, that sum of money is worth $291 million today with a 2.5 percent
discount rate. In other words, if you invested $291 million today at 2.5 percent and let it compound, it
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would be worth $1 billion in 50 years. A higher discount rate of 3 percent would decrease the value
today to $228 million, and the value would be even lower—S$87 million-- with a 5 percent rate. This
effect is even more pronounced when looking at the present value of damages further out in time. The
value of $1 billion in 100 years is $85 million, $52 million, and $8 million, for discount rates of 2.5
percent, 3 percent, and 5 percent, respectively. Similarly, the selection of a 2.5 percent discount rate
would result in higher SC-CO, estimates than would the selection of 3 and 5 percent rates, all else equal.

Process Used to Develop the Social Cost of Carbon

An interagency working group was convened by the Council of Economic Advisers and the Office of
Management and Budget in 2009-2010 to design an SC-CO, modeling exercise and develop estimates
for use in rulemakings. The interagency group was comprised of scientific and economic experts from
the White House and federal agencies, including: Council on Environmental Quality, National Economic
Council, Office of Energy and Climate Change, and Office of Science and Technology Policy, EPA, and the
Departments of Agriculture, Commerce, Energy, Transportation, and Treasury. The interagency group
identified a variety of assumptions, which EPA then used to estimate the SC-CO, using three integrated
assessment models, which each combine climate processes, economic growth, and interactions
between the two in a single modeling framework.

Social Cost of Carbon Values

The 2009-2010 interagency group recommended a set of four SC-CO, estimates for use in regulatory
analyses. The first three values are based on the average SC-CO, from three integrated assessment
models, at discount rates of 5, 3, and 2.5 percent. SC-CO, estimates based on several discount rates are
included because the literature shows that the SC-CO, is highly sensitive to the discount rate and
because no consensus exists on the appropriate rate to use for analyses spanning multiple generations.
The fourth value is the 95th percentile of the SC-CO, from all three models at a 3 percent discount rate,
and is intended to represent the potential for higher-than-average damages. See the 2010 SC-CO,
Technical Support Document (PDF, 51pp, 854K) for a complete discussion about the methodology and
resulting estimates.

The interagency group updated these estimates, using new versions of each integrated assessment
model and published them in May 2013. The 2013 interagency process did not revisit the 2009-2010
interagency modeling decisions (e.g., with regard to the discount rate, reference case socioeconomic
and emission scenarios or equilibrium climate sensitivity). Rather, improvements in the way damages
are modeled are confined to those that have been incorporated into the latest versions of the models by
the developers themselves and as used in the peer-reviewed literature. The 2010 SC-CO, Technical
Support Document (PDF, 51pp, 854K) provides a complete discussion of the methods used to develop
these estimates and the current SC-CO, TSD presents and discusses the 2013 update (including minor
technical corrections to the estimates published in July 2015)."

! Both the 2010 SC-CO2 TSD and the current TSD are available at: https://www.whitehouse.gov/omb/oira/social-
cost-of-carbon.
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The four SC-CO, estimates are: $14, $46, $68, and $138 per metric ton of CO, emissions in the year
2025 (2007 dollars).?

The table below summarizes the four SC-CO, estimates in certain years.

Social Cost of CO;, 2015-2050 ° (in 2007 Dollars per metric ton CO,)
Source: Technical Support Document: Technical Update of the Social Cost of Carbon for Regulatory
Impact Analysis Under Executive Order 12866 (May 2013, Revised July 2015)

Discount Rate and Statistic

Year 5% Average 3% Average 2.5% Average 3% 95" percentile
2015 S11 S36 $56 $105
2020 $12 S42 $62 $123
2025 $14 S46 $68 $138
2030 $16 S50 $73 $152
2035 S18 S55 S78 $168
2040 $21 S60 $84 $183
2045 $23 S64 $89 $197
2050 $26 $69 $95 $212

® The SC-CO, values are dollar-year and emissions-year specific.

Examples of Applications to Rulemakings

EPA has used the SC-CO, to analyze the carbon dioxide impacts of various rulemakings since the
interagency group first published estimates in 2010. Examples of these rulemakings include:

e The Joint EPA/Department of Transportation Rulemaking to establish Light-Duty Vehicle
Greenhouse Gas Emission Standards and Corporate Average Fuel Economy Standards (2012-
2016)

e Amendments to the National Emission Standards for Hazardous Air Pollutants and New Source
Performance Standards (NSPS) for the Portland Cement Manufacturing Industry

e Regulatory Impact Results for the Reconsideration Proposal for National Emission Standards for
Hazardous Air Pollutants for Industrial, Commercial, and Institutional Boilers and Process
Heaters at Major Source

® The current version of the SCC TSD is available at:
https://www.whitehouse.gov/sites/default/files/omb/inforeg/scc-tsd-final-july-2015.pdf. The TSDs present SC-CO2
in $2007.

December, 2015 3



e Proposed National Emission Standards for Hazardous Air Pollutants (NESHAP) for Mercury
Emissions from Mercury Cell Chlor Alkali Plants

e Standards of Performance for New Stationary Sources and Emission Guidelines for Existing
Sources: Commercial and Industrial Solid Waste Incineration Units Standards

e Final Mercury and Air Toxics Standards

e Joint EPA/Department of Transportation Rulemaking to establish Medium- and Heavy -Duty
Vehicle Greenhouse Gas Emission Standards and Corporate Average Fuel Economy Standards

e Proposed Carbon Pollution Standard for Future Power Plants

e Joint EPA/Department of Transportation Rulemaking to establish 2017 and Later Model Year
Light-Duty Vehicle Greenhouse Gas Emissions and Corporate Average Fuel Economy Standards

Limitations

The interagency group noted a number of limitations to the SC-CO, analysis, including the incomplete
way in which the integrated assessment models capture catastrophic and non-catastrophic impacts,
their incomplete treatment of adaptation and technological change, uncertainty in the extrapolation of
damages to high temperatures, and assumptions regarding risk aversion. Additional details are
discussed in the Technical Support Documents. >

Next Steps

In addition, the Office of Management and Budget (OMB) has issued a response to the public comments
received through its solicitation for comments on the SC-CO, estimates. In this response, OMB
announced plans to obtain expert, independent advice from the National Academies of Sciences,
Engineering, and Medicine on how to approach future updates to the SC-CO, estimates. To help
synthesize the technical information and input reflected in the comments, and to add additional rigor to
the next update of the SC-CO,, the interagency working group plans to seek independent expert advice
on technical opportunities to improve the SC-CO, estimates from the Academies. The Academies’
review will help to ensure that the SC-CO, estimates used by the federal government continue to reflect
the best available science and methodologies.

After careful evaluation of the full range of comments, the interagency working group continues to
recommend the use of the current SC-CO, estimates in regulatory impact analysis until further updates
can be incorporated into the estimates.

3 Both the 2010 SC-CO, TSD and the current TSD are available at: https://www.whitehouse.gov/omb/oira/social-
cost-of-carbon.
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The San Joaquin Valley (SJV) in California currently experiences
some of the highest surface ozone (0s) concentrations in

the United States even though it has a population density that
is an order of magnitude lower than many urban areas with
similar ozone problems. Previously unrecognized agricultural
emissions may explain why 03 concentrations in the SJV have
not responded to traditional emissions control programs. In
the present study, the ozone formation potentials (OFP) of livestock
feed emissions were measured on representative field
samples using a transportable smog chamber. Seven feeds
were considered: cereal silage (wheat grain and oat grain),
alfalfa silage, corn silage, high moisture ground corn (HMGC),
almond shells, almond hulls, and total mixed ration (TMR =
55% corn silage, 16% corn grain, 8% almond hulls, 7% hay, 7%
bran + seeds, and 5% protein + vitamins + minerals). The
measured short-term OFP for each gram of reactive organic gas
(ROG) emissions from all livestock feed was 0.17—0.41 g-0;
per g-ROG. For reference, OFP of exhaust from light duty gasoline
powered cars under the same conditions is 0.69 + 0.15 g-0;
per g-ROG. Model calculations were able to reproduce the ozone
formation from animal feeds indicating that the measured

ROG compounds account for the observed ozone formation
(i.e., ozone closure was achieved). Ethanol and other alcohol
species accounted for more than 50% of the ozone formation for
mosttypes of feed. Aldehydes were also significant contributors
for cereal silage, high moisture ground corn, and total

mixed ration. Ozone production calculations based on feed
consumption rates, ROG emissions rates, and OFP predict that
animal feed emissions dominate the ROG contributions to
ozone formation in the SJV with total production of 25 4 10 t
03day". The next most significant ROG source of ozone production
in the SJV is estimated to be light duty vehicles with total
production of 14.3 & 1.4 t 05 day™". The majority of the animal
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feed ozone formation is attributed to corn silage. Future work
should be conducted to reduce the uncertainty of ROG
emissions from animal feeds in the SJV and to include this
significant source of ozone formation in regional airshed models.

1. Introduction

Ozone (05) is a persistent public health problem with serious
economic consequences in the United States. In the years
2005—2007, more than 400 counties had 8 h average O;
concentrations higher than 75 ppb (the most recent health-
based National Ambient Air Quality Standard) (I). Three of
six counties with the highest O; concentrations were located
in California’s San Joaquin Valley (S]V), while the remaining
“top six” counties were located in Southern California (2).
The severity of the O; problem in the SJV counties is puzzling
given that they have a combined population of only 2.1 M
compared to 14 M residents in the top Southern California
counties. Higher temperatures, less summer cloud cover,
and longer periods of stagnation in the SJV explain part of
this trend, but even the most sophisticated computer models
that account for all of these effects predict that O; concen-
trations in the SJV should be decreasing faster than currently
observed in response to emissions control programs.

Ozone is produced by the photochemical reaction of
oxides of nitrogen (NO,) and reactive organic gases (ROGs).
Lower ozone concentrations generally result from reductions
in ROG emissions in urban areas. NO, control is a more
effective means to decrease ozone concentrations in regions
where biogenic and other natural sources account for the
majority of the ROG emissions. Photochemical model results
based on current emissions inventories predict that NO,
control is a more efficient method for ozone reduction in the
SJV, but that conclusion is subject to review as new ROG
emissions sources are discovered. One possible cause for
unexpected O; formation in the SJVis missing ROG emissions
associated with the intensity of agricultural activities in the
region. Almost 10% of the agricultural output for the entire
United States comes from the SJV (3). The California Air
Resources Board recently estimated that reactive organic gas
(ROG) emissions from dairy cattle waste are the second largest
source of O3 formation in the SJV (with motor vehicle exhaust
being the largest source) (4). Direct testing suggests that this
initial estimate for dairy cattle waste is overstated since animal
emissions do not contain ROGs with high ozone formation
potential (OFP) (5, 6). Nevertheless, the OFPs of many other
agricultural ROGs have not yet been tested, making agri-
cultural emissions a high priority for further analysis.

Recent studies have identified animal feeds as one possible
ROG source of agricultural OFP (7, 8). The ROG flux measured
from silage and total mixed ration (TMR) was 2 orders of
magnitude higher than comparable fluxes from animal waste
(7). Chamber measurements confirm that animal feed ROG
emissions are significantly higher than animal waste emis-
sions and several of the animal feed ROG compounds have
potentially high OFP (8). Neither of these previous studies
directly quantified the OFP from animal feed or performed
total ozone closure experiments, leaving the contribution of
this source to regional ozone formation unknown.

The purpose of the present study is to directly measure
the OFP of commonly used animal feeds and to estimate the
importance of this ROG source for O; formation relative to
other common ROG sources. A transportable smog chamber
was used to measure OFP from seven feed types including
one feed mixture under realistic agricultural conditions.
Measured ROG emissions from feed placed into an envi-
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ronmental chamber were used to initialize model calculations
of O; formation that were compared to measured values
(ozone closure experiments). Finally, total emissions rates
of ROGs from animal feeding operations were estimated for
the SJV so that the importance of this source could be judged
relative to other common ROG sources that contribute to Os
production.

2. Materials and Methods

2.1. Field Experiments. The OFP of sources too complicated
to reproduce in the laboratory can be measured directly in
the field using transportable smog chambers (5, 9). Ozone
formation is measured by introducing a source gas into a
well mixed chamber that contains background NO, and
reactive organic gases (ROG) that represents conditions in
the region of interest. The background NO, and ROG produce
ozone when it is exposed to ultraviolet (UV) radiation. The
OFP for the target source is defined to be the additional ozone
that is formed when emissions from that source are added
to the background mixture. The one drawback to transport-
able chambers is that they are usually smaller than laboratory
chambers. The reduced size limits experiments to shorter
times and the larger surface to volume ratios require extra
care when accounting for wall effects. The benefits of making
ozone measurements directly from complex sources far
outweigh these limitations.

In the present study, a mobile ozone chamber assay
(MOChA) was used to directly measure OFP from livestock
feeds. The MOChA consists of a 1 m® Teflon film reaction
chamber housed within a wooden enclosure sitting on top
of a modified trailer. The inner surface of the enclosure is
covered with highly reflective aluminum sheeting, which
helps to maximize UV irradiation of the reaction chamber.
The UV irradiation is supplied by up to 26 UV lamps (model
no. FA0BL, Sylvania) with peak intensity at a wavelength of
350 nm. The lamps are mounted approximately 50 cm from
the reaction chamber. The number of lamps was adjusted
to produce ~50 + 2 W/m? of UV output, which is typical for
conditions in Central California during the summer months.
The intensity of UV irradiation was measured before and
after each experiment using a photometer (model no. PMA-
2111, Solar Light Co. Inc., Glenside, PA).

During a typical experiment, the reaction chamber was
filled with source air using a Teflon diaphragm pump. The
target concentration of background NO, was added from a
high pressure cylinder as a 95% NO,/5% NO mixture by
volume. The background ROG used in the present study
consisted of a 55 + 1% ethene, 33 + 1% n-hexane, and 12
+ 1% xylenes mixture by volume that was designed to
simulate background ROG concentrations in the SJV during
stagnation events. The composition of the background ROG
was chosen to represent diluted urban plumes based on the
“mini-surrogate” developed by Carter et al. (10). A grab
canister sample (11) of the ROG concentrations was collected,
the lights were turned on, and a three-hour ozone formation
experiment was performed. Ozone, NO,, relative humidity,
and temperature measurements were made at regular
intervals and logged to a computer. A second grab sample
of ROG concentrations was collected at the end of the
experiment, the lights were turned off, and the bag was
evacuated and flushed using a clean air generator (model
no. ZA-750—12, Perma Pure Inc., Toms River, NJ). Further
details of the MOChA standard operating procedures and
initial validation experiments are provided elsewhere (5).

Ozone formation experiments were performed on seven
different types of feed obtained from a commercial local
dairy. Those tested feeds included cereal silage (wheat grain
and oat grain), alfalfa silage, corn silage, high moisture ground
corn (HMGC), almond shells, almond hulls, and total mixed
ration (TMR = 55% corn silage, 16% corn grain, 8% almond
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hulls, 7% hay, 7% bran+seeds, and 5% protein + vitamins
+ minerals on a as-fed basis). Alfalfa silage was tested under
two conditions: <1 week of fermentation and ~1 month of
fermentation.

Feed samples were collected from trench silos on the dairy
farm and moved to the testing facility in large double wrapped
plastic bags. For cereal, alfalfa, and corn silage, a section of
the silage face was removed so that the entire feed sample
was collected from the anaerobic region. Air was removed
from the plastic bags and they were sealed for transportation
to the UC Davis Department of Animal Science where
experiments were conducted. The test chamber was a 4.4 x
2.8 x 10.5 m sealed room with mechanically controlled
ventilation. A detailed description of this facility can be found
elsewhere (6). Feed samples were weighed and then placed
in a circular bin that set on the floor of the chamber. The
circular bin ensured that each feed type had the same exposed
surface area (2.63 m?) during an experiment. The effective
density of each of the feed types in kg per m® was: corn silage
(300 =+ 40), alfalfa silage (260 + 30), cereal silage (300 =+ 35),
HMGC (640 £ 70), almond shells (150 + 20), and almond
hulls (160 £ 20). After six minutes (the air residence time in
the chamber), MOChA air samples were drawn from the
ventilation outlet of the testing room through a 10 m Teflon
tube. Canister samples, DNPH-silica cartridges (model no.
037500, Waters Corp, MA), and sorbent tube (model no.
226—119, SKC Inc., Eighty-Four, PA) samples were also
collected inside the testing facility for supplemental ROG
analysis. DNPH cartridges were eluted with acetonitrile and
analyzed using high performance liquid chromatography
(HPLC), while sorbent tube and canister samples were
analyzed using gas-chromatography mass-spectrometry (GC-
MS) (11-14). The ozone formation of each feed type was
measured under two background ROG conditions: with
background ROG added to the system and without back-
ground ROG. Initial NO, concentrations were 50 + 5 ppb.

2.2. Model Calculations. Model calculations were used
to perform ozone closure experiments and to estimate OFP
under ROG/NO, ratios other than those tested during
experiments. Ozone closure experiments attempt to reconcile
ozone measurements at the end of an experiment with ozone
predictions made using only the ROG and NO,.concentrations
measured at the beginning of an experiment. Extensive
under-predictions of ozone formation would suggest the
presence of unidentified ROG compounds with significant
OFP (no such under-predictions were detected in the current
study). Simulations were carried out using a modified version
of the Caltech Atmospheric Chemistry Mechanism (CACM)
(15). Modifications were made to CACM in order to accurately
represent ethanol and acetaldehyde chemistry in rural
conditions and to better simulate the spectrum of UV
radiation emitted by the MOChA lamps (5). Model predictions
for OFP were found to be in good agreement with previous
OFP measurements for animal waste sources (5, 9). Likewise,
in the present study model predictions are able to reproduce
OFP for animal feed sources (see the Supporting Information
(SD).

3. Results and Discussion

A detailed list of the chemical species measured across all
feed types and their lumped model category is provided in
the SI. Alkanes (ALKL + ALKH), alkenes (OLEL + OLEH), and
ketones (KETL + KETH) are lumped into two categories based
on the number of carbon atoms in each molecule. Esters are
lumped into one of the two ketone categories. Alcohols
(ALCH) are represented with a single lumped category with
the exception of explicit treatment for ethanol (ETOH).
Acetaldehyde (ALD1) is also represented explicitly, while the
rest of the aldehydes are grouped into two lumped categories
representing higher molecular weight aldehydes (ALD2) and
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FIGURE 1. MOChA ROG canisters sample concentrations vs Direct ROG (from the test chamber) canister sample concentration for
each lumped chemical species (concentrations in ppb). Note that each graph is from 0 to 100% of the maximum concentration,

which is displayed in parentheses next to the species type.

cyclic aldehydes (BALD). Biogenics (BIOL + BIOH) and
aromatic species (AROL + AROH) are lumped according to
their SOA vyield, whereas phenol (PHEN) is represented
explicitly. A more detailed description of the CACM lumping
scheme is provided elsewhere (5, 15), as are emissions rates
for each of the chemical species (8).

Figure 1 depicts the differences between ROG species
concentrations measured in the MOChA vs direct measure-
ments in the feed testing facility. Each graph represents either
an individual chemical species or alumped chemical species
category tracked by model calculations (see SI Table S1) with
direct measurements of ROG on the x-axis and MOChA
measurements of ROG on the y-axis. Regression analysis (see
SI Table S2) was performed on MOChA vs direct measure-
ments and the results show that those lumped species with
average concentrations greater than 2 ppb had R? values
above 0.84. The two species with the highest average
concentration, ethanol (650 ppb) and acetaldehyde (60 ppb),
had R?values 0f 0.91 and 0.98 respectively and the regression
slope fell within one standard deviation of the 1:1 line (0.94
+0.27 and 1.04 £ 0.13, respectively). Four of the eight lumped
categories with average concentrations above 2 ppb (ALCH,
OLEL, OLEH, and KETL) had regression slopes <0.68 with
95% confidence intervals below the 1:1 line consistent with
losses to surfaces in the ventilation ducts and sampling lines.
The two lumped species right at the 2 ppb threshold (BIOH
and PAH) had regression slopes >1.21 but closer inspection
shows that this result was driven by a single data point in
each case. The corresponding 95% confidence intervals for
the regression slopes are therefore very broad. Likewise, there
was significant scatter for lumped species measured at
concentrations <2 ppb, which resulted in lower correlation
coefficients and broader confidence intervals for the regres-
sion slopes. The lower detectable concentration of the ROG
measurement method was 1 ppb which explains the scattered
behavior of measurements approaching this limit.
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FIGURE 2. Ozone formation (ppb 0;) measured in each

experiment vs model predictions using ROG samples from
MOChA and Direct ROG samples from the feed testing facility.

Figure 2 illustrates the ozone formation (ppb-03) due to
emissions from each animal feed vs the ozone formation
predicted using CACM (ozone closure experiment). The figure
depicts ozone formation under controlled conditions, where
surface area of feed, ventilation rate in the chamber, and
volume sampled remain constant across all feed types. By
controlling these variables, the emissions from a feed type
can be attributed to the actual flux from that feed. Simulations
were conducted using the ROG profiles measured in the
MOChA and the ROG profiles measured directly from the
feed testing facility. For almost every feed type, the model
predictions for ozone formation based on the MOChA ROG
profiles are within uncertainty estimates to measured ozone
formation in the MOChA. Ozone formation from corn silage,
high moisture ground corn (HMGC), and almond hulls
predicted using ROG profiles measured directly from the
feed testing facility are higher than predictions based on
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a) Corn Silage (149/140) b)  Alfalfa Silage (139/136)

¢)  Cereal Silage (211/179) d) TMR (73.0/83.4)

¢)  HmGr Corn (14.7/23.2) ) Almond Shells (18.2/17.9)
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FIGURE 3. Contribution to total ozone formation from each
lumped model species assuming additive behavior. Ozone
formation associated with each species is calculated by
removing that species from the ROG profile and observing the
net reduction in ozone formation. The amount of ozone
produced under the experimental conditions is listed after each
subtitle (ppb 0s). The first value represents the measured total
ozone formation, while the second value represents the
predicted total 0; formation using the sum from individual ROG
subfractions. See the Supporting Information for an explanation
of lumped model species codes.

MOChA ROG measurements. Concentrations of alcohol
species were higher in the direct sample than the MOChA
sample by a factor of 1.5, 5, and 10 for corn silage, almond
hulls, and HMGC, respectively. Alcohol concentrations (ALCH
+ ETOH) account for roughly half of the ozone formation for
these feed types. Multiplying the increased alcohol concen-
tration by the expected ozone formation yields the difference
in ozone formation between direct and MOChA samples for
these three feed types (25% increase for corn silage, 300% for
almond hulls, and 500% for HMGC). The influence of
samplingline losses on these compounds must be considered
when predicting the atmospheric ozone formation associated
with these feeds.

Figure 3 illustrates the contribution that each lumped
ROG category makes to ozone formation for each of the feeds.
ROG contributions to ozone formation were calculated by
removing the ROG from the feed profile and observing the
reduction in predicted ozone production. This method
assumes simple additive behavior (linear approximation) that
does not completely describe the nonlinear photochemical
system. The measured ozone formation and predicted ozone
formation (sum of the individual ROG contributions) are
displayed after the subtitle for each feed to convey the
uncertainty introduced by the linear approximation. The
relative error introduced by the linear approximation is <20%
for feeds that produce >50 ppb O; under the experimental
conditions (corn, alfalfa, cereal, TMR) with larger errors for
feeds that produce <50 ppb of O; under the study conditions
(HMGC, almond shells, almond hulls). Ethanol and especially
larger alcohol species (ALCH) account for >50% of the ozone
formation for most types of feed. Alkene species (OLEL) were
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FIGURE 4. Calculated average O; formation potential (OFP) of
the ROG emissions from animal feed sources and light duty
gasoline-powered vehicles (LDV) expressed as g-0; produced
per g-ROG emitted based on background NO, and ROG
concentrations. Uncertainty bars represent the range of
conditions considered (see text).

significant contributors for corn silage and important in alfalfa
silage and TMR. Acetaldehyde accounts for 25—30% of the
ozone formation in cereal silage, TMR, and HMGC. Phenols
account for significant ozone production for HMGC, almond
shells, and almond hulls. Other important contributors to
total ozone formation include the second lumped aldehyde
category (ALD2), biogenic species, and aromatic species.

Model simulations were conducted to explore OFP of
animal feeds under pollutant conditions expected in the SJV.
Figure 4 displays the calculated ozone formation potential
for feed in grams of ozone produced per gram of ROG emitted
using the emissions measured in the current study. These
values can be compared to the OFP of light duty gasoline-
powered vehicle exhaust (LDV). The error bars in Figure 4
represent the range of conditions considered for each feed
type, while the large bar represents the average between the
estimates. The upper estimate represents urban concentra-
tions in the SJV (NO, = 75 ppb, ROG = 125 ppb), while the
lower estimate represents rural conditions in the SJV (NO,
= 25 ppb, ROG = 62.5 ppb) (2). OFP is typically calculated
using incremental reactivity, which compares the ozone
formation of a reference mixture to the ozone formation of
the reference mixture plus a small concentration of source
ROG. Incremental reactivity can be defined for any point on
an ozone isopleth, but at low NO, and ROG conditions it is
best to use the equal benefit incremental reactivity (EBIR),
which is the point on the ozone isopleth where ROG and
NO, controls contribute equally to ozone reduction (16).
Fortunately, the reference estimates for the SJV fall along
this EBIR line for the NO, conditions considered. The three
silage feed types used in the experiments had OFP ranging
from 0.17 to 0.29 g-O3 per g-ROG. Total mixed ration, which
contains both silage and other feeds, had the sixth highest
OFP at 0.26 & 0.11 g-O; per g-ROG. High moisture ground
corn had the third highest OFP (0.36 + 0.15 g-O; per g-ROG),
almond shells had the second highest OFP (0.37 £+ 0.16 g-O3
per g-ROG), and almond hulls had the highest OFP (0.41 +
0.21 g-O3 per g-ROG). The OFP of LDV at EBIR conditions
was calculated using CACM to be 0.69 + 0.15 g-O3 per g-ROG
using published ROG emission estimates (17). These results
demonstrate that under representative NO, conditions, the
OFP of feed sources are potentially important compared to
LDV OFP.

Ozone formation potential quantifies the reactivity of each
gram of ROG, but total emission estimates are needed to
calculate total ozone formation within a region. Animal feed
ROG emissions originate from storage silos and from feed
placed in front of animals for their consumption. ROG



emission rates from the exposed face of storage silos and
from feed placed in front of animals are calculated based on
exposed feed surface area and measured flux rates (g ROG
day ! m~?. SI Table S3 summarizes the flux emissions rates
for different feeds inferred from test chamber measurements
in the current study. Test chamber measurements were
converted to flux rates using the following equation:

_cv
flux = A (1)

where Cis the measured concentration in the chamber, V
is the chamber volume, 7 is the time scale for air exchange
in the room, and A is the surface area of exposed feed.
Chamber measurements made at time = 7 were still
increasing to steady state values (achieved after time = 37)
and so the flux values are approximately 37% lower than the
true initial emissions rates from the animal feeds. Continuous
emissions flux measurements for corn silage made over a
24 h period indicate that steady state emissions decreases
over time (18). A decrease of 37% from the initial emissions
rate is achieved after approximately 4—5 h have passed.
Hence, the emissions flux measurements are appropriate
for an exposure time of 4—5 h. The corn silage emissions flux
rates in the current study (1.66 £ 0.18 ROG g hr ! m™) are
in excellent agreement with direct flux rate measurements
described by other investigators (1.8 & 0.1 g ROG hr™! m™2)
(7).

Total corn silage ROG emissions in the SJV were calculated
assuming that almost all of the corn silage used in California
is fed to dairy cattle and that most of the corn silage is kept
in trench silos (not tower silos). The total daily feed
consumption was estimated using statistics from the U.S.
Department of Agriculture (19) (see SI Table S1).

ROG emissions from the exposed face of the trench silo
(Etace) Were calculated using the following equation:

E _ MeedAface (ﬂux)
foce PVpite

2

where Mg.q is the total mass of silage feed consumed in the
SJV each year (1.0 x 10'° £ 5.0 x 108 kg) (19), p is the density
of silage in the pile (300 + 40 kg m~3) (20), Vpite is the volume
of a representative silage pile (1.0 x 10* = 100 m?) (20), Agace
is the representative area of the silage pile face (90 & 4.5 m?)
(20), and flux is the ROG emissions flux appropriate for 4—5
h of exposure time (40 & 2 g ROG day ! m™?) (measured this
study).

Fugitive ROG emissions from corn silos (Egpoilage) Were
calculated assuming that all of the ROG contained in the
spoiled silage is released to the atmosphere using the
following equation:

E _ MspoilDMf]'EToﬂfDM

spoilage

3)

.fiETOH_ROG

where Mg, is the total amount of feed lost in the silo due
to air spoilage (10% of total mass = 1.0 x 10° 4+ 5.0 x 107 kg
yr'Y) (21), DM is the fraction of the silage that is dry matter
(30%) (22), from pwm is the ratio of ethanol to dry matter in the
feed (1.2%) (22), and fron roc is the fraction of the ROG
attributed to ethanol (EtOH) (55%) (8). This methodology
predicts that fugitive ROG emissions can be calculated as
0.65% of the spoiled silage mass.

The ROG emission rate from feed placed in front of the
animals (Enanger) Was calculated assuming that the feed is
available to the cows twenty-four hours a day using the
equation:

E = Scochowf;ilageﬂux 4
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FIGURE 5. Total ozone production in metric tons per day for the
various animal basic feed types vs light duty vehicles (LDV) in
the SJV. Note that the y-axis is log scale. Calculations are
based on OFP and total ROG emissions (see S| Table S1 for a
summary of corn silage calculations).

where Sy is the representative surface area of feed in front
of each cow, N, is the number of cows in the SJV (1.9 x 108
+ 1.9 x 10% (7), filage is the fraction of the feed composed
of silage (50%) (see previous discussion of TMR composition),
and flux is the ROG emissions flux appropriate for 4—5 h of
exposure time (40 + 2 g ROG day ! m™?) (measured this
study). The Enanger was calculated using measurements from
atypical dairy in the SJV (1200 cows, two barns each housing
600 cows, total length of feed line is 750 m, and effective
cross-sectional width of feed line is 2.2 m). The result gives
the average exposed feed surface area of 1650 m? for 1200
cows or 2.7 x 10° m? for 1.9 million cows in the SJV (23).
Again, fag reduces the resulting surface area by half to
account for approximately 50% corn silage used in TMR. All
of the values needed to apply eqs 2—4 are summarized in SI
Table S6 along with references for data sources.

The total ROG emissions from corn silage calculated using
eqs 2—4 were 12.3 + 1.9 t day ! (storage face) + 18.4 + 1.8 t
day! (fugitive emission) + 53.1 & 6.0 t day™! (feed in front
of animals) yielding a total emissions rate of 83.8 &+ 6.6 t
day!. Multiplying ROG emissions by the OFP of corn silage
(0.27 + 0.11 g-O3 per g-ROG) gives total ozone production
in the SJV as 23 + 9.5 t day'. Similar calculations of ozone
production from the other feed sources were performed and
the result is summarized in Figure 5. The estimated ozone
formation from LDVs is also displayed in Figure 5 using
published emissions estimates for this source (4). Traditional
emissions inventory estimates have identified LDVs as the
largest anthropogenic ROG source of ozone production in
the SJV. The present calculations suggest that ozone produc-
tion from animal feed ROG (25 + 10 t day™!) is nearly two
times larger than ozone production from LDV ROG (14.3 +
1.4 t day ') in this heavily polluted region. Corn silage
accounts for 93% of the feed ozone production in the SJV.
The next most significant category of feed is alfalfa silage
contributing 2% to the SJV total.

All of the calculations described above are preliminary.
Further refinements are needed to account for meteorological
variables such as temperature, wind speed, and humidity.
The relative importance of NO, vs ROG control on ozone
formation in the SJV must also be considered. The natural
approach to evaluate these factors is the application of a
regional air quality model that includes the newly recognized
animal feed ROG emissions and then perturbs the system to
consider the effectiveness of NO, vs ROG emissions controls.
The preliminary calculations shown in the present study
clearly indicate that animal feed emissions are a significant
source of ozone precursors in the SJV at current NO, levels.
Ozone control strategies in the SJV currently focus on NO,
control because previous calculations (without animal feed
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ROG emissions) predicted this to be the most efficient
strategy. If some measure of ROG control is deemed to be
worthwhile when these new emissions are recognized, then
future research should study how ROG emissions can be
reduced from these essential animal feeds.

Acknowledgments

This research was funded by USDA Grant TM No. 2004-
06138 with additional funding provided by the California Air
Resources Board and the San Joaquin Valleywide Air Pollution
Study Agency under contract 2000-05PM. The statements,
opinions, findings, and conclusions of this paper are those
of the authors and do not necessarily represent the views of
the California Air Resources Board. The authors thank Chris
Alaimo for his help with sample collection and analysis. Prof.
Tom Young made available HPLC and GC-MS instruments.
We are especially grateful to the cooperating dairy farm for
providing animal feeds.

Supporting Information Available

Table S1 describes the assignment of individual ROG
species to lumped CACM species, Table S2 summarizes
regressions between MOChA vs Direct ROG measurements,
Table S3 displays the emission flux rates for the various
feed types in the test chamber, Table S4 lists the mass of
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DAIRY EMISSION FACTORS REPORT

Introduction

This report provides the bases for the District’s revision to the District’s Volatile
Organic Compound (VOC) emission factors for dairies, which were previously
established on August 1, 2005 in the report, entitled “Air Pollution Control
Officer's Determination of VOC Emission Factors for Dairies”’. The emission
factors set forth in this document will be used for permitting dairies in the San
Joaquin Valley.

This document lists some of the previous studies that were analyzed to develop
the previous dairy VOC emission factors and reviews the more recent studies
that were not available to the District during the previous process. It includes a
summary of the analyses performed by the District that resulted in the
determination of the District’'s Dairy VOC emission factors, as well as general
recommendations for further research necessary to continue to improve our
understanding of VOC emissions from dairy operations.

Accurate dairy emission factors are required for the proper implementation
of applicable air quality regulations and also for the evaluation of
appropriate technologies and practices to reduce emissions. Dairy VOC
emission factors are needed to implement the requirements of State law. Under
State law (SB 700, Florez 2003) agricultural operations, including dairies, that
have emissions greater than % of any of the major source thresholds are
required to obtain air district permits. In order to determine which operations
exceed this level of emissions, accurate VOC emission factors are needed.
Emission factors for the specific processes at dairies are also needed to evaluate
and revise Best Available Retrofit Control Technology (BARCT) for existing
dairies as required under the District’s attainment plan and to evaluate and
establish Best Available Control Technology (BACT) for new and expanding
dairies to comply with the requirements of New and modified Source Review
(NSR). The magnitude of the emission factor will be one of the several factors
that are considered when establishing the final BARCT and BACT requirements.
The District, through a public process, will also fully examine the technological
feasibility, availability, and cost of possible control measures that may be
required.

San Joaquin Valley Air District staff members have gained a great deal of
experience in the evaluation of emissions from agricultural sources
through collaborative efforts with other institutions, agencies, and
interested stakeholders. Technical methodologies for determining agricultural
emissions that were compiled and developed by Valley Air District engineers and
specialists are currently being used by air quality agencies throughout California
to establish permitting requirements for agricultural sources, determine the
applicability of requirements under Title V of the Federal Clean Air Act, and

' San Joaquin Valley Air Pollution Control District (APCO), August 1, 2005. Air Pollution Control
Officer's Determination of VOC Emission Factors for Dairies
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develop air quality attainment plans. Additionally, members of the Valley Air
District have been thoroughly involved with recent and ongoing collaborative
scientific research efforts to evaluate emissions from agricultural sources. This is
particularly true of the agricultural emissions research efforts that have been
ongoing in California. The extent of Valley Air District involvement in agricultural
research efforts includes providing recommendations on the allocation of funds;
evaluating test methods and protocols to quantify emissions from agricultural
sources; identifying important areas in which further research is needed;
evaluating and commenting on study proposals; working with other parties to
lead research projects; and interpretation of the data obtained. These research
efforts require coordination between air quality agencies, research institutions,
independent researchers, and agriculture. The Valley Air District plays an
important role in these essential coordination efforts through the San Joaquin
Valleywide Air Pollution Study Agency (Study Agency) and the Study Agency’s
Agricultural Air Quality Research Committee (AgTech).

The revised Dairy VOC emission factors proposed in this report is based
on a detailed review of the available science. There has been significant
additional scientific research conducted since the development of the previous
emission factor in the report by the APCO, dated August 1, 2005. These
additional studies have been conducted with greater focus on processes and
compounds of interest and were also designed to be more reflective of conditions
found at California dairies. The District has compared some of these recent
studies with the studies that were used to develop the previous emission factor.
As would be the case with emission factors for other sources, the District’s dairy
emission factors will be revised to reflect the latest scientific information that is
currently available.

In revising the dairy emission factors, the District continued to adhere to the
sound guiding principles which were used to establish the District’s original dairy
emission factor. Continued adherence to these principles ensures that the
revised dairy emission factors are supported by best available science.

In evaluating the latest research studies, studies performed on California
dairies and in conditions representative of California conditions were
always given preference. The revised dairy emission factors are entirely based
on results from studies of California researchers at California dairies. The
District’s previous emission factor was also predominantly based on California
research. However, because at the time there was not adequate California
research to quantify emissions of volatile fatty acids (VFAs), studies from outside
of California (Hobbs et al and Koziel et al) were previously used to calculate
emissions of these compounds from dairy manure. In establishing the revised
dairy emission factor, these studies have been replaced with more recent studies
on enteric VFA emissions from dairy cattle conducted by Dr. Frank Mitloehner
from UC Davis and studies on total VOC emissions from various dairy processes
conducted by Dr. Charles Schmidt, a private consultant based in California. This
report also uses California emission studies to quantify emissions from dairy
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feed, an important emissions source for which there was previously insufficient
research.

The District’s Dairy Emission Factors are summarized in the tables below.
The District continues to support continued and ongoing research at

California dairies to further refine and supplement these emission factors.

Summary of Dairy Emission Factors

Dairies Subject to Phase | of District Rule 4570 (= 1,000 milk cows)

Per Cow Dairy VOC Emission Factors

Process or Constituent Emissions (Ib/hd-yr)
1. Enteric Emissions from Cows 4.1
2. Milking Parlor(s) 0.03
3. Freestall Barns 1.8
4. Corrals/Pens 6.6
5. Liquid Manure Handling
(Lagoons, Storage Ponds, 1.3
Basins)
6. Liquid Manure Land

2 1.4
Application
7. Solid Manure Land Application 0.33
8. Separated Solids Piles 0.06
9. Solid Manure Storage 0.15
Total not including Feed 15.8
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Dairies not Implementing Phase | of District Rule 4570 (< 1,000 milk cows)

Uncontrolled Per Cow Dairy VOC Emission Factors

Process or Constituent Emissions (Ib/hd-yr)
1. Enteric Emissions from Cows 4.3
2. Milking Parlor(s) 0.04
3. Freestall Barns 1.9
4. Corrals/Pens 10.0
5. Liquid Manure Handling
(Lagoons, Storage Ponds, 1.5
Basins)
6. Liquid Manure Land 1
2 .6
Application
7. Solid Manure Land Application 0.39
8. Separated Solids Piles 0.06
9. Solid Manure Storage 0.16
Total not including Feed 20.0

VOC Emissions from Dairy Feed Sources

Silage Pile VOC Emissions Flux*
10. Silage Piles Emissions Flux (Ib/ft?-day)
1. Corn Silage 1.02E-02
2. Alfalfa Silage 5.15E-03
3. Wheat silage 1.29E-02
*Assuming silage piles are completely covered except for the “face” from where feed can
be removed

Average Total Mixed Ration (TMR) VOC Emissions Flux

11. Average TMR Emissions Flux (Ib/ft?-day)
TMR 3.85E-03
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Background

The San Joaquin Valley Air Basin has an inland Mediterranean climate
characterized by hot, dry summers and cool, foggy winters. The San Joaquin
Valley is surrounded by mountains on the east, west, and south sides. This
creates stagnant air patterns that trap pollution, particularly in the south of the
San Joaquin Valley. Additionally, the sunshine and hot weather, which are
prevalent in the summer, lead to the formation of ozone (photochemical smog).
Because of the San Joaquin Valley’s geographic and meteorological conditions,
it is extremely sensitive to increases in emissions and experiences some of the
worst air quality in the nation.

The San Joaquin Valley Air Basin was previously classified as a serious non-
attainment area for the health-based, Federal eight-hour ozone standard.
However, EPA recently reclassified the air basin as an extreme non-attainment
area for the eight-hour ozone standard because of the inability to reach
attainment of the standard by the earlier serious and severe classification
attainment dates using currently available technologies. The air basin is also
classified as a non-attainment area for the Federal PM-2.5 (ultra-fine particulate
matter) standard.

Purpose of the San Joaquin Valley Air Pollution Control District

The San Joaquin Valley Air District is a public health agency whose mission is to
improve the health and quality of life for all Valley residents through efficient,
effective and entrepreneurial air quality management strategies. To protect the
health of Valley residents, the District works toward achieving attainment with
health-based ambient air quality standards as required under State and Federal
law. To achieve this goal, the District develops and adopts air quality attainment
plans that include control measures aimed at further reducing emissions from a
broad range of sources, including agriculture.

As mandated by Federal Law, the San Joaquin Valley Air District adopted its
2007 ozone attainment plan to demonstrate how the Valley would reach
attainment with the Federal eight-hour ozone standard. In developing the ozone
attainment plan every feasible measure to reduce emissions of ozone precursors
(VOC and NOx) was explored. However, even though the District will be
requiring every practical VOC and NOx control, and will be relying on the state
and federal governments to significantly reduce emissions from mobile sources
of pollution, the San Joaquin Valley will still need the development and adoption
of future, not-yet-developed, clean air technologies to reach attainment by the
2023 deadline. Achieving the goal of attainment with air quality standards will
require continued contributions from all industries, businesses, and individuals in
the San Joaquin Valley.
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Permitting Requirements

A critical tool that the air districts use to limit increases in emissions of air
pollutants and to assure compliance with air quality regulations is the issuance of
conditional construction and operating permits to commercial and industrial
sources of air pollution. Since the 1970s, the San Joaquin Valley Air Pollution
Control District and its predecessors have issued tens of thousands of
conditional permits that are being used to assure compliance with air pollution
control requirements throughout the Valley. District permits address the
requirements of federal standards, state regulations, and District rules that
specifically apply to a source of air pollution. New and modified sources of air
pollution are also subject to the more protective requirements of “New Source
Review”, which are determined on a case-by-case basis and are also included in
the permit. Permit holders, District Inspectors, and others use these District
permits, rather than directly reference the complex and voluminous underlying
regulations, to verify compliance with applicable air quality requirements.

Removal of the Agricultural Exemption from Permitting

Under California state law, agricultural sources of air pollution, including dairies,
were previously exempt from air district permitting requirements and new source
review emissions limitations. This exemption was removed effective January 1,
2004, when Senate Bill 700 (Florez) amended the California Health and Safety
Code to eliminate the longstanding permit exemption for agricultural operations
that grow crops or raise animals. With the elimination of the agricultural permit
exemption, San Joaquin Valley dairies also became subject to “New Source
Review” requirements, including the requirement to apply Best Available Control
Technology (BACT) to new and expanding operations.

San Joaquin Valley Dairies and Air Quality

Dairies are significant sources of smog-forming Volatile Organic Compounds
(VOCs) and fine particulate matter in the San Joaquin Valley. Volatile Organic
Compounds are emitted directly from the Valley’s approximately 2.5 million dairy
cows?, from the fermentation and decomposition of cattle feed, and from the
decomposition of the manure generated each day from dairy cows in the San
Joaquin Valley. Dairies are among the largest sources of VOCs in the Valley, and
these smog-forming VOC emissions can have an adverse impact on efforts to
achieve attainment with health-based air quality standards.

VOC Emission Factors for Dairies

When agricultural sources in California first became subiject to air district
permitting requirements on January 1, 2004, there was very little data available

% USDA, National Agricultural Statistics Service. 2007 Census of Agriculture — County Data, Table
11 — Cows and heifers that had calved
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that could be used to quantify Volatile Organic Compounds (VOC) emissions
from confined animal facilities, such as dairies. To calculate VOC emissions from
dairies, EPA and the California Air Resources Board (ARB) used a VOC
emission factor of 12.8 Ib/head-year based on the very limited information that
was available. Subsequently, California air districts, including the San Joaquin
Valley Air Pollution Control District, adopted this VOC emission factor for dairy
permitting and emissions inventory purposes. However, the basis for the 12.8
Ib/head-year VOC emission factor was an older study performed in the 1930s
that only measured methane emissions from dairy cows in environmental
chamber tests. Volatile Organic Compounds emissions were not directly
determined in the tests but were estimated using an assumed ratio of VOCs to
total organic gasses with the methane emission measurement values used as
total organic gas emissions. Additionally, the 1930 chamber tests did not
represent the majority of dairy processes. Because of the age of the original
study and the many assumptions that were needed to derive the dairy VOC
emission factor, there was a great deal of uncertainty as to whether the 12.8
Ib/head-year emission factor accurately reflected VOC emissions from dairy cows
and dairy processes and was scientifically defensible.

As such, the District revised the dairy emission factor in its report entitled, “Air
Pollution Control Officer's Determination of VOC Emission Factors for Dairies™
which was released on August 1, 2005 and resulted in the District’s previous
dairy VOC emission factor of 19.3 Ib/head-yr. This is the emission factor that the
District used for permitting dairy operations in the San Joaquin Valley. This
emission factor was based on a thorough review of the scientific research
available and represents a significant improvement compared to the previous
value of 12.8 Ib/head-year. However, the emission factor report identified several
dairy processes and compounds for which additional research was needed to
accurately quantify emissions. This second revision is brought about because of
an accumulation of significant additional scientific research on the majority of
sources of emission at a dairy, specifically at those sources where no data were
available during the initial revision.

Deferral of Permit Requirements for Some Smaller Operations

Under SB 700, permitting requirements were deferred for smaller agricultural
operations with emissions less than one-half of the major source thresholds.
Based on the original dairy VOC emission factor of 12.8 Ib/head-year, existing
dairies with 1,954 cows® were estimated to have VOC emissions equal to or
greater than one-half of the District major source threshold, and were required to
apply for District permits by June 30, 2004. Dairies with less than 1,954 cows
were determined to have emissions less than one-half of the major source

® The 1,954 number is an estimated threshold assuming all cows on the dairy emit VOCs at the
same rate as milk cows, which is not the case. The actual threshold (generally above 1,954) must
be determined on a case-by-case basis and varies with the number of milk cows, dry cows,
heifers, and calves on the dairy.
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threshold; therefore, District permitting for these smaller dairy operations was not
initially required. However, on August 1, 2005 the District revised the Dairy VOC
emission factor from 12.8 Ib/head-year to 19.3 Ib/head-year using the best
available science. As a result of the revised emission factor, dairies with more
than 1,190 milk cow (or an equivalent mix including support stock) became
subject to District permits after August 1, 2005.

Additionally, under the provisions of SB 700, an air district may permit smaller
sources by making the following findings in a public hearing:

1) A permit is necessary to impose or enforce reductions in emissions of
air pollutants that the district shows causes or contributes to a violation of
a state or federal ambient air quality standard.

2) The requirement for a source or category of sources to obtain a permit
would not impose a burden on those sources that is significantly more
burdensome than permits required for other similar sources of air
pollution.

The District did, in fact, make these findings during its adoption of District Rule
4570 — Confined Animal Facilities (CAF). The District determined that to ensure
enforceability of the VOC mitigation measures required by state law and the
District’s attainment plans, agricultural facilities subject to the rule required
District permits. As determined by the California Air Resources Board (ARB), a
dairy with 1,000 milk cows or more is defined as a large CAF. Therefore, any
dairy with 1,000 or more milk cows became subject to District permits.

It should be noted that agricultural sources of air pollution do not become subject
to District permitting, “New Source Review” (NSR), or Best Available Control
Technology (BACT) requirements until the emissions from these sources exceed
one-half of the major source threshold values, which was previously 12.5 tons
(25,000 Ibs) of NOx or VOC, but was recently reduced to 5 tons (10,000 Ibs) of
NOx or VOC after EPA approved the re-designation of the San Joaquin Valley as
an Extreme Nonattainment area for the Federal 8 hour ozone standard. For non-
agricultural source categories, District permits and BACT are generally required
at the far lower emissions rate of anything greater than 2 Ib/day. For numerous
years, permits and significant air pollution controls have been required for much
smaller sources of emissions such as print shops, autobody shops, gasoline
stations, and dry cleaners.

Authority to Construct Permitting Requirements for Dairies Constructed or
Modified after 1/1/2004

As well as requiring operating permits for existing dairies, SB 700 also required
dairies with emissions greater than one-half the major source thresholds that
were constructed or modified on or after 1/1/2004 to obtain Authority to Construct
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permits from the District prior to commencing construction. These new and
modified dairies, like all other new and modified sources of air pollution, are
subject to the requirements of the District’'s New and Modified Stationary Source
Review Rule (District Rule 2201), including the requirement to apply BACT, and
may potentially be required to offset emission increases once protocols are in
place to allow agricultural sources to bank Emission Reduction Credits from
qualified emission reductions.

Large CAF Rule for Existing Dairies

In addition to the Air District permitting requirements described above that
resulted from the elimination of the agricultural exemption, Section 40724.6 of the
Health and Safety Code required the California Air Resources Board (ARB) to
develop a definition for the source category of "large" Confined Animal Facilities
(CAF) that would be subject to VOC control requirements. In developing the large
CAF definition, ARB was required to review relevant scientific information,
including potential air quality impacts, the effects that confined animal facilities
may have on the attainment and maintenance of air quality standards, and
applicable livestock emission factors. This section of the Health and Safety Code
also required the District to adopt a rule establishing VOC control requirements
for large CAFs, including dairies.

On June 23, 2005, at the conclusion of a public hearing, ARB adopted Resolution
05-35, which established the definition of large Confined Animal Facilities. The
definition adopted by ARB specifies that dairies with 1,000 or more milk cows
that are in a region designated as a federal ozone nonattainment area as of
January 1, 2004 are large CAFs and that dairies in all other areas with 2,000 or
more milk cows are large CAFs. Because of the San Joaquin Valley Air Basin’s
status as a federal ozone nonattainment area, dairies in the Valley with 1,000 or
more milk cows are large CAFs. On June 15 2006, the District adopted Rule
4570 — Confined Animal Facilities to require existing large CAFs to begin to
implement VOC control requirements that are suitable to each particular
operation. District Rule 4570 included various options and management practices
that could be used to achieve the required emission reductions from different
sources at confined animal facilities, such as feed storage and handling, animal
housing, manure handling and storage, and lagoons. The District issued
Authority to Construct permits to over 600 confined animal facilities, including
over 500 dairies, to implement various mitigation measures and practices to
reduce VOC emissions from these facilities.

The District recently amended the existing version of Rule 4570 to achieve
further reductions from existing confined animal facilities in order to attain
compliance with applicable health-based ambient air quality standards. The
amendments resulted in lowering the applicable threshold and requiring Phase |l
mitigation measures. The Phase Il mitigation measures include additional
practices to reduce VOC emissions from feed sources at dairies, which are now

10
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known to be a significant source of VOC emissions. During the District’s process
to amend Rule 4570 it was critical to use the most accurate emissions
information available. The use of the revised dairy emission factors from this
document allowed for a more accurate assessment of sources that contribute to
emissions at a dairy and allowed these emission sources to be targeted for cost-
effective emission control strategies. Implementation of the recently adopted
Phase Il mitigation measures of District Rule 4570 is expected to result in
significant reductions of smog-forming VOCs in the San Joaquin Valley that will
be in addition to the VOC reductions that have already been achieved by the
implementation of Phase | of District Rule 4570.

Important Findings from Latest Dairy Emissions Research

Recent dairy emission research studies performed under the direction of
California air quality agencies and stakeholders have significantly increased
knowledge of dairy emissions and also shed some light on potential strategies to
reduce these emissions. Recently completed California dairy emission studies of
note include:

e A study at UC Dauvis, led by Dr. Frank Mitloehner, entitled “Volatile Fatty
Acids, Amine, Phenol, and Alcohol Emissions from Dairy Cows and Fresh
Waste”.* This study measured emissions of alcohols, volatile fatty acids,
and amines directly from lactating and dry cows and also from their fresh
manure. This study provides valuable information on enteric emissions
from cattle as well as emissions from freshly excreted manure.

o0 The original study led by Dr. Mitloehner (May 2006) was found to
have incorrect data due to the lack of an ammonia filter in the
INNOVA measurement device. The lack of an ammonia filter
resulted in significant interference when measuring alcohols;
therefore, readings of ammonia emissions were incorrectly reported
as alcohol emissions. In order to obtain accurate data; Dr.
Mitloehner repeated the study with the proper filters in place. The
study was completed in October 2009.° At the request of District
staff, Dr. Mltloehner provided the resulting preliminary data,
minimal but sufficient, to the District so that emissions could be
estimated using this data.

e Two studies conducted by Dr. Charles Schmidt and Thomas Card (Dairy
emissions using flux chambers, 2006 - Phase 111° and 2009 - Phase V'),

* Mitioehner, F. Trabue, S. Koziel, J.A. (2006) Volatile Fatty Acids, Amine, Phenol, and Alcohol
Emissions from Dairy Cows and Fresh Waste (May 31, 2006). Final Report to California Air
Resource Board (ARB)

® Mitloehner, Frank, 2009. Revision of May 2006 Study- Alcohol Emissions from Dairy Cows and
Fresh Waste from Environmental Chambers (data set only)

® Schmidt, C. Card, T. (2006) Dairy Air Emissions Report: Summary of Dairy Emission Estimation
Procedures (May 2006). Final Report to California Air Resource Board (ARB)

” Schmidt, C. Card, T. (2009) 2008 Dairy Emissions Study: Summary of Dairy Emission Factors
and Emission Estimation Procedures. August 2009. Final Report to San Joaquin Valley Air
Pollution Control District

11
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which measured various emission compounds along with total VOCs from
dairy manure and feed. The emission measurements were taken from
silage piles, bunker feed (Total Mixed Ration (TMR)), lagoons, manure
piles, corrals, flush lanes, solid manure application and liquid manure
application. This information will be used to develop estimates of annual
emissions from important sources such as corrals, silage piles, and total
mixed ration.

e A series of studies in which flux chambers were used to evaluate VOC
emissions from sources at six dairies in the San Joaquin Valley; the field
sampling program was led by Dr. Charles Krauter of CSU Fresno and the
corresponding analytical program was headed by Dr. Donald Blake at UC
Irvine.® The emission measurements were taken from many sources at the
dairy including the corrals, flush lanes, lagoons, feed storage areas, and
Total Mixed Ration (TMR). Seasonal and diurnal data were also taken for
certain sources during the flux chamber studies.

e An ARB research project led by Dr. Ruihong Zhang of UC Davis in which
a team of researchers identified and quantified significant VOC
compounds emitted from thin layers of loose silage, cows and manure in
environmental chambers, and dairy manure storage for the purpose of
developing VOC emissions models to quantify emissions from dairy
processes.’ Flux chambers were used to measure emissions from
samples of loose silage. The emissions were evaluated using Proton
Transfer Reaction Mass Spectroscopy (PTRMS) and an INNOVA photo-
acoustic analyzer to measure alcohols. A wind-tunnel was used to
evaluate the effect of wind speed on VOC emissions from silage and the
information gathered was used to create a preliminary model to estimate
ethanol emissions from thin layers of loose silage given the initial ethanol
concentration. A preliminary model was also generated to estimate acetic
acid emissions from manure storage depending on the characteristics of
the manure in storage (i.e. acetic acid concentration, pH, temperature,
solids content, etc.). This ARB project was supported by UC Davis, UC
Berkley, and USDA Agricultural Research Service (ARS). A large number
of researchers contributed to the project including: Dr. Ruihong Zhang, Dr.
Frank Mitloehner, Dr. Hamed El-Mashad, Dr. Irina Malkina, Dr. Huawei
Sun, Dr. Peter Green, Dr. Baoning Zhu, Dr. Yongjing Zhao, Ms. Veronica
Arteaga, Mr. Kameron Chun, Ms. Sara Place, and Ms. Yuee Pan, Dr.
Allen Goldstein, Dr. Daniel Matross, Dr. Sasha Hafner, Dr. Felipe Montes,
and Dr. C. Alan Rotz. This project greatly increased the available data
regarding the speciation of VOC compounds emitted from sources at dairy
operations and provides a strong foundation for the continued

® Krauter, C. Blake, D. (2009) Dairy Operations: An Evaluation and Comparison of Baseline and
Potential Mitigation Practices for Emissions Reductions in the San Joaquin Valley (May 01,
2009). Final Report for California Air Resource Board (ARB)

% Zhang, Ruihong. (2010) Process-Based Farm Emission Model for Estimating Volatile Organic
Compound Emissions from California Dairies. May 2010. Final Report for California Air Resource
Board (ARB)

12
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development of emission models to estimate VOC emission models from
dairies and is expected to become a useful tool for identifying and
evaluating measures that have the potential to reduce emissions from
important sources at dairy operations.

Important findings of the latest dairy research studies include:

Manure storage ponds and lagoons, which were previously thought to be
one of the largest sources of VOC emissions at dairies (approximately 8.1
Ib/head-year of the District’s previous dairy VOC emission factor of 19.3
Ib/head-year was attributed to lagoons and volatile fatty acids from wet
processes), now appear to emit a comparatively small fraction of the
overall dairy VOC emissions;

Feed at dairies is a significant source of VOC emissions. The exposed
faces of silage piles that are used to store and preserve silage to be fed to
the cattle and the total mixed ration placed in lanes for cattle consumption
emit significant amounts of VOCs, particularly alcohols.

Emissions of alcohols (primarily ethanol) from feed, fresh manure, and
directly from cows appear to comprise a significant fraction of dairy VOC
emissions;

Manure deposited in open corrals appears to be an important source of
VOC emissions on some dairies;

Emissions of volatile fatty acids (VFAs) from non-feed sources, which
comprised 15.5 Ib/head-year (over 80%) of the District’s previous dairy
VOC emission factor of 19.3 Ib/head-year, are not as significant as
previously estimated;

The practice of flushing freestall barns more frequently has the potential to
reduce VOC emissions from cow housing areas.

Several of the compounds that have been identified as important
components of dairy emissions, such as alcohols and volatile fatty acids,
are highly soluble in aqueous solutions. This property may be important
when developing potential mitigation strategies.

Land application of solid and liquid dairy manure appears to contribute a
relatively small amount to total VOC emissions at dairy.

Seasonal variation in emissions may be an important factor to consider
when developing annual emission estimates. The seasonal variation in
emission rates was observed to be more pronounced with ammonia
emissions than VOC emissions.

This additional research, which has been completed since the August 1, 2005
revision to the dairy emission factors, will be evaluated to update the dairy VOC
emission factors that are used to permit dairies in the San Joaquin Valley.

The Purpose of this Revision to the Dairy VOC Emission Factors

The District is charged with the responsibility of adopting emission factors for
various sources of air pollution in order to establish accurate emissions

13
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inventories for the San Joaquin Valley air basin and to develop rules and
standards to efficiently allocate resources to reduce emissions in the most cost-
effective way. For sources, such as agriculture, that have only recently become
subject to air quality regulations, there can be a lack of consensus as to the
emission factors that are most suitable. In these cases the District must use its
expert judgment to evaluate the scientific information available to establish an
appropriate emission factors. This District did exactly this during the previous
revision to the dairy VOC emission factor. However, as stated earlier, dairy
emissions research that better reflects the conditions at California dairies has
recently been completed. These studies have greatly improved our knowledge of
the emissions of compounds, such as alcohols and volatile fatty acids. These
studies have also given us valuable, new information on emissions from
important sources, such as dairy feed and land application, which had not
previously been measured. The District has determined that the new information
on dairy emissions that is contained in the latest studies must be included in the
District’s dairy VOC emission factors in order to accurately quantify emissions
and assess potential mitigation strategies that may be required by BACT and the
revised version of District Rule 4570. As with the previous revision to the dairy
VOC emission factor, the contents of this report went through a public process in
which comments on the proposed emission factor were addressed.

Guiding Principles Used by the APCO for Determining Appropriate
Emission Factors

Dairies are fairly complex emissions sources that emit several types of VOCs
from the different dairy processes. Because of this, it is difficult to design and
carry out a single research effort that would measure all of the VOCs emitted.
Therefore, in order to determine appropriate dairy emission factors, the District
reviewed several different studies in the previous revision to the dairy VOC
emission factor. This current revision will reevaluate the dairy VOC emission
factor in light of the recently completed California dairy emissions studies. The
results of these studies will be used to augment or replace values in the previous
dairy emission factor for categories of dairy processes or compounds emitted for
which better emissions research is now available.

The following principles were utilized to evaluate studies and select appropriate
data for revision of the dairy emission factor:

1. Emissions data from research studies provided by scientists, information
of dairy emissions research, and data from available scientific literature
were used to determine the emission factor.

2. The methods used to collect the data were reviewed. Data were
considered invalid if any of the following problems are found, unless an
appropriate way to correct the data is available:

a) Indications that samples may have been contaminated.

14
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b) Evidence that sample collection procedures may have resulted in
the potential for significant loss of analyte.

c) Evidence that sample storage procedures may have resulted in the
potential for significant loss of analyte.

d) Sample loss determined to have occurred in the analytical process
(e.g. low laboratory spike recovery due to matrix effects)

e) Indications of mis-calibration or excessive calibration drift.

f) Appropriate laboratory protocols were not followed.

g) Other uncorrectable errors were identified.

3. When VOC data for a process or compound is available from more than
one source, the following steps are to be followed to select the best
available data for use in developing an emission factor:

a) Valid data from recent tests performed at California dairies was
given preference over data from other sources. The District will
carefully consider specific process conditions (such as
meteorological conditions, season, manure moisture content,
available information on feed, etc.) in evaluating the transferability
of out-of-state data.

b) Data representing a specific constituent or process are to be given
preference over data that represents a broad range of constituents
Or processes.

c) Where test results from more than one source are deemed
equivalent, an average emission factor is to be determined.

4. Non-quantitative or anecdotal evidence of emissions such as compound
concentrations measured near dairies or feedlots that could not be related
to process parameters, or the presence of varying levels of odors near
dairy processes, will not be used to determine emission factors.

5. When no valid source of quantitative VOC data that could be linked to
dairy processes is found, no emission factor is to be determined, and the
constituent or process emission factor is to be reported as “NA” or not
available and further research is to be recommended.

6. When evidence indicates that significant quantities of VOC compounds
are emitted, but the emissions cannot be quantified based on available
data, the constituent or process emission factor is to be reported as “TBD,
>0”, meaning To Be Determined, but known to be greater than zero, and
further research is to be recommended.

15
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Analysis
Category 1: Enteric Emissions

Basis of Previous VOC Emission Factor

Basis of the Previous Dairy VOC Emission Factor — Enteric Emissions

Process or Emission Factors Basis for Previous
Constituent (Ib/hd-yr) Emission Factors

Previous Category 1: Emissions from Cows and Feed in Environmental Chamber

Emissions from Cows Emissions from Cows and Feed in
and Feed 1.4 Environmental Chamber with analysis by
PTR/MS (Mitloehner, 2005)"°

From Previous Category 5: VFA Emissions from Cows and Feed in Environmental Chamber

Measurement of airborne volatile fatty acids
emitted from dairy cows and their manure
Enteric VFA Emissions 8.3 using sorbent tubes with GC/MS analysis
(Estimated based on preliminary unpublished
data from Trabue, Koziel, & Mitloehner, 2005)

VOC emissions from cows, feed, and fresh manure were measured in
environmental chambers by Dr. Mitloehner and other researchers using Proton
Transfer Reaction Mass Spectroscopy (PTRMS). VOC emissions were estimated
to be 1.6 Ib/head-year. Because other VOC tests by Dr. Mitloehner using EPA
Method TO-15 had shown that emissions from fresh manure in the test chamber
represented approximately 10% of emissions, the value for enteric and feed
emissions without the excreta was calculated to be to 1.4 Ib/head-year.

Enteric Volatile Fatty Acid (VFA) emissions in the District’s previous dairy
emission factor were estimated based on preliminary unpublished information
from an environmental chamber study conducted by Dr. Mitloehner, Dr. Steven
Trabue and Dr. Jack Koziel. The purpose of the study was to determine the
relative concentration of VFA components. The VFA samples were collected
from the environmental chamber using sorbent tubes. Preliminary data indicated
high levels of VFAs in the exhaust from the environmental chamber but the inlet
concentrations of VFAs were not measured and there was a high amount of
variation in the concentration data. Further analysis of the data and the
subsequent performance of similar studies have measured enteric VFA
emissions that are significantly less than the estimate used in the District’s

'% Study conducted in 2005, but published in 2007: Shaw, S.L. Mitloehner, F.M. Jackson, W.A.
DePeters, E. Holzinger, R., Fadel, J. Robinson, P. and Goldstein, A.H. “Volatile Organic
Compound Emissions from Dairy Cows and Their Waste as Measured by Proton Transfer-
Reaction Mass Spectrometry”, Environmental Science and Technology. VOL. 41, NO. 4, 2007,
1310-1316
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previous dairy emission factor. This may be related to the lack of VFA inlet data.
It also may be possible that the type of feed that was used during the preliminary
chamber studies may have influenced VFA measurements since it is now known
that silage-based feed is a significant source of VOC emissions. It is not known
what type of feed was used during the preliminary measurements but the
subsequent environmental chamber studies used grain-based feed.

Recent VOC Emissions Studies

Recent Studies — Enteric Emissions

Emission Factors

Recent Studies from Recent Studies Notes
(Ib/hd-yr)

. The alcohol measurements were performed
Emissions from Cows and Feed . . .
: . . using INNOVA photoacoustic analyzers with
in Environmental Chambers with Milk C s
analysis by TDS/GC-MS, NIOSH I ows no ammonia fllters. It was _Iater shown that

’ VFAs: 0.015 ammonia present in the mixture of gases

2010, alcohols by INNOVA
photoacoustic ana!yzers
(Mitloehner, 2006)

Phenols/Cresols: 0.08

being measured results in inferences that
cause measured alcohol concentrations to be
greater than the true values.

Alcohol Emissions from Cows and
Feed in Environmental Chambers
by INNOVA photoacoustic
analyzers with ammonia filters
(unpublished data Mitloehner,
2009)’

Milk Cows
Ethanol: 2.6
Methanol: 0.03

Unpublished Data for Period before Manure
Accumulates in the Environmental Chamber

Evaluation

The California research that is currently available to quantify enteric emissions
from dairy cows is from a series of studies conducted at UC Davis led by Dr.
Mitloehner, including a recent study that has not yet been published. Dairy cows
were placed in controlled environmental chambers and various methodologies
were used to quantify VOC emissions from cows and the manure deposited in

the chambers.

In the first environmental chamber study conducted in 2005 (published in 2007),
Proton-Transfer-Reaction Mass Spectrometry (PTRMS) was used to quantify
emissions from dairy cattle and fresh manure. PTRMS detected a number of
oxygenated compounds and some volatile fatty acids. However, ethanol
emissions were not quantified in this study because the measurement process
converts much of the ethanol to ethane, which has a low proton affinity, and is,
therefore, undetectable by PTRMS. Several other studies have shown that large
quantities of ethanol are emitted from the various processes at dairies; therefore,
the inability to measure ethanol is a significant weakness in the PTRMS data.
However, the PTRMS measurements were used to quantify emissions for the
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August 2005 revision to the dairy emission factor because it was the best
information available at the time.

In the second environmental chamber study completed in 2006, INNOVA
photoacoustic analyzers were used to quantify ethanol and methanol emissions
from dairy cattle and fresh manure and emissions of VFAs and phenolic
compounds were sampled using a modified sorbent tube method and quantified
using thermal desorption and gas chromatography (EPA TO-17). The
instrumentation was calibrated to measure the following VFAs: acetic, propionic,
isobutyric, butyric, isovaleric, valeric, isocaproic, caproic, and heptanoic acids
and was calibrated to measure the following phenol and cresol compounds:
phenol, 2-methylphenol, 2-ethylphenol, 3-methylphenol, 4-methylphenol, indole,
and 3-methylindole. The results of this study indicated very high emissions of
alcohols from cows and their fresh manure. However, subsequent research by
Dr. Mitloehner has confirmed that when using the INNOVA analyzer without an
ammonia filter, significant interference occurs when measuring alcohols.
Because the INNOVA analyzer in this study did not include an ammonia filter,
ammonia present in the chamber was incorrectly identified as alcohols.
Therefore, the alcohol measurements from this study are not reliable. The study
results showed very low levels of VFAs and phenol and cresol compounds. The
only VFAs that were detected in measurable quantities were acetic, propionic,
and butyric acid. Acetic acid was the only VFA that was consistently above the
Limit of Quantification and the only VFA found to measurably contribute to enteric
VOC emissions from milk cows but this contribution was very small. The VFA
emissions measured in this study were lower than the acetic acid values
measured in the earlier study using PTRMS.

The third environmental chamber study was completed by Dr. Mitloehner in late
2009. The experimental setup was as described in the California EPA, ARB
project led by Dr. Zhang (May 2010), Section 6.0 - Measurement and Modeling of
Volatile Organic Compound Emissions from Free Stall and Corral Housing.
However, the information used to estimate enteric emissions from cows is based
on unpublished data from the study for the period when cows are initially
introduced into the environmental chamber and manure had not begun to
accumulate. This unpublished data was provided by Dr. Mitloehner. This study is
intended to replace the alcohol data from the previous 2006 study. In this study
INNOVA photoacoustic analyzers with ammonia filters were used to quantify
ethanol and methanol emissions from dairy cattle and fresh manure. The alcohol
measurements from this study are considered to be much more reliable than the
measurements from the earlier study, in which INNOVA analyzers without
ammonia filters were used. This study resulted in significantly lower alcohol
emissions. Enteric ethanol emissions from milk cows were significantly lower and
enteric methanol emissions from milk cows were nearly zero. The methanol
emissions measured in this study were lower than the value measured in the
earlier study using PTRMS.
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Conclusion

The APCO has chosen to continue to use the 1.4 Ib/head-yr from PTRMS to
quantify emissions of methanol, acetic acid, and other compounds in this
category due to the conservative nature of the PTRMS measurement and sample
loss. The storage and transport loss was less likely than with the sorbent tube
method used to measure VFAs in the second chamber study. Additionally, 0.08
Ib/head-year will be added to represent the measured value for enteric emissions
of phenols and cresols from the second chamber study and 2.6 Ib/head-year will
be added to account for the ethanol emissions measured in the third chamber
study. Therefore, enteric VOC emissions from milk cows are determined to be
4.1 Ib/head-year.

Category 2: Milking Parlor (manure emissions)

California VOC Emissions Studies

Milking Parlor (manure emissions)

Process or Emission Factor Basis for Previous
Constituent (Ib/hd-yr) Emission Factor
VOCs by TO-15:
VOCs from Milking 0.02 Ib/hd-yr Flux chambers with analysis by EPA TO-15, &
parlors EPA TO-11 (Schmidt, 2004)""
Amines: 0.01 Ib/hd-yr

Dr. Charles Schmidt and Thomas Card measured VOC emissions from a dairy
milking parlor at one Merced County dairy using flux chambers in conjunction
with EPA method TO-15 and EPA method TO-11. The emission measurements
were performed in 2004. The TO-15 measurements resulted in a total VOC
measurement of 0.02 Ib/head-year and amines were found to contribute an
additional 0.01 Ib/head-year. Therefore, total VOCs from the milking parlor were
0.03 Ib/head-year based on this study.

Evaluation

The VOC emissions measured from the milking parlor were found to be very low.
This is likely the result of the high solubility of the VOCs that would be emitted.
Milking parlors are constantly flushed with fresh water so these compounds are
likely to remain in solution in the water rather than being emitted to the
atmosphere.

" Schmidt, C.E. April 2005. Results of the Dairy Emissions Evaluation Using Flux Chambers
Merced Dairy- Summer Testing Event. Final Report to the Central California Ozone Study
(CCOS) group
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Conclusion

The only California data available to calculate non-enteric VOC emissions from
milking parlors are from Schmidt and Card’s 2004 study; therefore, the APCO
proposes an emission factor of 0.03 Ib/head-year for milking parlors. Because of
the high solubility of VOCs emitted at dairies and the relatively small surface area
of milking parlors, this source does not contribute significantly to total VOC

emissions at a dairy.

Category 3: Freestall Barns (manure emissions)

Recent VOC Emissions Studies

Recent Studies — Freestall Barns (bedding and flush lanes)

Recent Studies

Emission Factors from
Recent Studies

(Ib/hd-yr)

Notes

Flux chamber sampling of
barns (flush lanes and stalls)
with analysis of Total ROG by
SCAQMD 25.3 (Schmidt, 2006
- Phase III)°

1.8 Ib/hd-yr

Average pre-flushed flush
lane flux of 131 pg/mz-min
(Dairy 1: 158 pg/mz-min;
Dairy 2: 104 pg/m?-min)

Average bedding solids flux
of 246 pg/m*-min

Total non-methane, non-ethane VOC as
methane determined by SCAQMD 25.3

Flux chamber sampling of ROG
from flush lanes with analysis
by GC/MS (Krauter, 2009)’

Average flush lane flux of
187 pg/m?-min (pre-
flush/scrape: 353 ug/mz-
min; post-flush/scrape: 21
Hg/m?-min)

Average flush lane flux
excluding outlier: 111 - 131
pg/mz—min (pre-
flush/scrape: 200 - 241
ug/m*-min; post-
flush/scrape: 21 pg/m?-min)

Analysis and speciation by GC/MS

1st average includes single outlier with
higher ROG primarily due to refrigerant
CFC-12, which was removed from second
average flux value

Evaluation

The recent California research that is currently available to quantify emissions
from dairy freestall barns is from two studies conducted at dairies in the San

Joaquin Valley.

The first study was performed in 2005 (report completed in 2006) by Dr. Charles
Schmidt and Thomas Card and used flux chambers to quantify emissions at two
dairies located in Merced County and Kings County. Flux chambers were used to
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collect samples and SCAQMD Method 25.3 was used to quantify total VOC flux.
Several other methods were also used to quantify emissions during this study,
including EPA TO-11, EPA TO-13, EPA TO-8, BAAQMD 29, EPA TO-14, and
EPA TO-15. SCAQMD Method 25.3, which quantifies total carbon atoms from
VOCs excluding methane and ethane, consistently resulted in higher mass
values of VOC as methane than the sum of the other methods when the total
carbon measured by these methods was also converted to methane. The
measured flux values and the surface areas of specific processes at the dairies
were used to determine the emissions rate. The emissions rates were then
divided by the number of cows at the dairies to arrive at the emission factors for
the dairies. VOC emissions measured from the flush lanes prior to flushing were
low and the emissions flux was similar at both dairies. The original study report
calculated an emission factor based on the total head at the dairies. The
measured flux and process surface areas for only the milk cow areas and
estimated number of milk cows at the dairies in 2005 were used to calculate the
VOC emission factors based only on milk cows. The resulting VOC emission
factors were 0.8 Ib/head-year for the flush lanes and 1.0 Ib/head-year for the stall
bedding, for a total of 1.8 Ib/head-year from the freestall barns.

A recently completed study, in which the field sampling program was led by Dr.
Charles Krauter with sample analysis headed by Dr. Donald Blake, measured
VOC flux from six dairies in the San Joaquin Valley using flux chambers. Flux
chambers were used to collect samples and GC/MS was used to quantify VOC
flux. Sampling occurred during the winter, early summer, and fall. The report did
not provide the surface areas of specific processes at the dairy, which are
needed to calculate the total mass emissions rates. However, the average flux
values from this study can be compared to the flux values obtained in the
Schmidt and Card study. This study measured higher average VOC flux values
for the flush lanes prior to flush/scrape than Dr. Schmidt’s 2005 study, but also
measured very low VOC flux from the lanes after flushing/scraping. Therefore,
the overall averages were similar. There was one flux measurement at Dairy A
that had several times the flux value of the next highest measurement, primarily
due to the refrigerant CFC-12, which was not found in more than trace amounts
in the other samples. When this measurement is removed, the overall average
for VOC flux from the flush lanes is nearly the same as Dr. Schmidt's 2005 dairy
study. Although the study report did not provide sufficient information to calculate
an emission factor for the individual dairies sampled, the study did contain an
example of emissions that could be expected from a fictitious dairy based on the
information gathered in the study. The fictitious dairy in the report had a VOC
emission factor of 1.0 Ib/head-year for the flush lanes, which is very close to the
value of 0.8 Ib/head-year from the Dr. Schmidt’s 2005 dairy study.

Conclusion

The APCO has determined that the total VOC measurements from Schmidt and
Card’s 2005 study provide the best available data to quantify VOC emissions
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from dairy freestall barns. Dr. Schmidt’s 2005 dairy study measured total VOC
emissions from both flush lanes and stalls in the freestall barns and provided the
information needed to calculate specific emission factors for these processes.
The study by Krauter and Blake resulted in similar average VOC flux from the
freestall flush lanes. If the one potentially anomalous measurement is removed
from the Krauter and Blake study, the average VOC flux from the freestall is
equivalent or less than the average flux determined in the Schmidt and Card
study using a different analytical method. Both studies indicated that VOC
emissions from flush lanes are low because of the high solubility of many of the
compounds. The flush lane VOC emission factor from the data in the Schmidt
and Card study and the VOC emission factor for the fictitious dairy described in
the report for the Krauter and Blake study are nearly the same. Therefore, both
studies clearly support each other. However, it is more defensible to base the
emission factor on the data from Dr. Schmidt’s study because the surface areas
used to calculate the emission factor in this report were based on the processes
observed at the dairies studied rather than approximations based on a fictitious
dairy. Therefore, the APCO proposes an emission factor of 1.8 Ib/head-year for

non-enteric emissions from freestall barns.

Category 4: Exercise Pens and Corrals (manure emissions)

Recent VOC Emissions Studies

Recent Studies — Exercise Pens and Corrals (manure emissions)

New Studies

Emission Factors
from Recent Studies

(Ib/hd-yr)

Notes

Flux chamber sampling of corrals/
pens with analysis of Total ROG
by SCAQMD 25.3 (Schmidt, 2006
- Phase III)°

Turnout Average: 8.3
Ib/hd-yr (Average flux
of 243 pg/m?min)

Seasonally Adjusted
Turnout Average based
on 2008 Study: 6.8
Ib/hd-yr (Average flux
of 195 pg/m>-min)

Total non-methane, non-ethane VOC as
methane determined by SCAQMD 25.3

Flux chamber sampling of corrals/
pens during summer and winter
seasons with analysis of Total
ROG by SCAQMD 25.3

(Schmidt, 2009 — Phase V)’

Seasonally Adjusted

Turnout Average: 6.5

Ib/hd-yr (Average flux
of 207 pg/m>-min)

Total non-methane, non-ethane VOC as
methane determined by SCAQMD 25.3

Flux chamber sampling of ROG
from open lots with analysis by
GC/MS (Krauter, 2009)°

Average flux of 173
pg/mz—min from open
lots

Analysis and speciation by GC/MS
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Evaluation

The recent California research that is available to quantify emissions from corrals
and exercise pens at dairies is from three studies conducted at dairies in the San
Joaquin Valley.

As mentioned above, Dr. Schmidt and Card performed a study in 2005 using flux
chambers and SCAQMD Method 25.3 to quantify emissions at two dairies
located in Merced County and Kings County. Dr. Schmidt and T. Card performed
a follow-up study in 2008 using flux chambers and SCAQMD Method 25.3 to
quantify emissions at the same two dairies. However, the first study measured
emissions only during the summer season while the 2008 study collected some
samples during the winter season to characterize seasonal effects on the VOC
emissions rates. The study results showed that winter VOC emissions rates from
the corrals were lower than the summer rates. This information was used to
adjust the summer data from the 2005 and 2008 studies to arrive at an annual
average considering seasonal variability. The original study reports calculated
emission factors based on total head at the dairies. The measured flux and
process surface areas for only the milk cow areas and estimated number of milk
cows at the dairies in 2005 and the reported number of milk cows at the dairies in
2008 were used to calculate the VOC emission factor based only on milk cows.
This resulted in an annual VOC emission factor of 6.6 Ib/head-year for the
exercise pens and corrals.

The Krauter and Blake study also measured VOC flux from six dairies in the San
Joaquin Valley using flux chambers to collect samples. GC/MS was used to
quantify VOC flux. Sampling occurred during the winter, early summer, and fall.
The average flux values from this study can be compared to the flux values
obtained in Dr. Schmidt’s study. This study resulted in average VOC flux values
for the corrals that were similar but slightly less than the seasonal-adjusted
averages from Dr. Schmidt’s 2005 and 2008 dairy studies. The study report
states that emissions from the corrals were found to vary with surface
temperature and season. Like the Schmidt and Card dairy studies, emissions
from the corrals were found to be higher in the summer than the winter. As
previously mentioned, the report contained an example of emissions that could
be expected from a fictitious dairy based on the information gathered in the
study. The fictitious dairy in the report had a VOC emission factor of 3.2 Ib/head-
year for the corrals/pens, which is approximately half the annual average value
from Dr. Schmidt’s dairy study.

Conclusion
The APCO has determined that the total VOC measurements from Dr. Schmidt’'s
2005 and 2008 studies provide the best available data to quantify VOC

emissions from corrals and exercise pens at dairies. The study by Krauter and
Blake resulted in similar average VOC flux rates from corrals but the study
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estimated a lower overall emissions rate for the fictitious dairy presented in the
report. It appears that the dairy VOC compound profile used for the GC/MS
captured a large portion of the mass of VOC emissions from corrals since the
average flux measurements were similar to Dr. Schmidt’s study. Based on this, it
appears that the corral area needed for the fictitious dairy was possibly
underestimated, thereby resulting in lower VOC emissions. As stated above, it is
more appropriate to base the emission factor on the actual data from Dr.
Schmidt’s study because the surface areas used to calculate the emission factor
in this report were based on the processes observed at the dairies studied rather
than approximations based on a fictitious dairy. Therefore, the APCO proposes
an emission factor of 6.6 Ib/head-year for the corrals and exercise pens.

Category 5: Lagoons, Storage Ponds, and Settling Basins

Basis of Previous VOC Emission Factor

Basis of the Previous Dairy VOC Emission Factor

Emission Factors
(Ib/hd-yr)

Basis for Previous
Emission Factors

Process or
Constituent

Previous Category 4: VOCs from lagoons and storage ponds

Flux chambers with analysis by EPA TO-15, &

VOCs (except VFAs EPA TO-11 (Schmidt, 2004)"

and Amines) from
settling basins,
lagoons, and storage

1.0
Concentration analysis by EPA TO-15 and

processes (settling
basins, lagoons,
storage ponds, etc.)

7.14

ponds Emiss1i20ns Modeling by ISCST3 (Krauter,
2005)
From Previous Category 5: VFAs from Wet Processes
VFASs from wet Estimated based on laboratory manure slurry

study and a correlation between ammonia and
VOC emissions from manure (Hobbs, P.J.
Webb, J. Mottram, T.T. Grant, B. and
Misselbrook. T.M. 2004)

Dr. Schmidt and Card measured VOC emissions from a dairy lagoon at one
Merced County dairy using flux chambers in conjunction with EPA method TO-15
and EPA method TO-11. In a study led by Dr. Krauter VOC emissions from
lagoons and storage ponds at two San Joaquin Valley dairies were estimated
using TO-15 measurements of upwind and downwind concentrations in
conjunction with inverse dispersion modeling techniques.

12 Krauter Presentation to DPAG on March 8, 2005 at the San Joaquin Valley Air Pollution Control
District Central Office, Fresno, CA - Concentration analysis by EPA TO-15 and Emissions by
Inverse Dispersion Modeling using ISCST3
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At the time of the previous revision to the District’s dairy VOC emission factor, no
California studies were available to estimate VFA emissions from wet processes,
such as lagoons. Therefore, VFA emissions from wet processes were estimated
based on the Hobbs et al study, in which VFA emissions were measured from
manure slurry in a laboratory. The Ib/head-year VFA emission factor was
calculated based on a correlation between ammonia emissions and VOC
emissions from manure and assuming that 60% of the manure on a typical San
Joaquin Valley dairy is handled in a wet process.

Recent VOC Emissions Studies

Recent Studies — Lagoons, Storage Ponds, and Settling Basins

Emission Factors

New Studies from Recent Studies Notes
(Ib/hd-yr)
Flux chamber sampling of
lagoons with analysis of Total 13 Total non-methane, non-ethane VOC as
ROG by SCAQMD 25.3 (Schmidt, ' methane determined by SCAQMD 25.3

2006 - Phase 1)

Evaluation

Dr. Schmidt’s 2005 study used flux chambers to collect samples at two dairies
located in Merced County and Kings County and SCAQMD Method 25.3 was
used to quantify total VOC flux. The original study reports calculated emission
factors based on total head at the dairies. The measured flux, process surface
areas, and estimated number of milk cows at the dairies in 2005 were used to
calculate an emission factor based only on milk cows. This resulted in an annual
VOC emission factor of 1.3 Ib/head-year for the liquid manure handling system.

Conclusion

The District has determined that the VOC measurements taken in the study led
by Dr. Krauter in 2005 and the total VOC measurements from Dr. Schmidt’s 2005
study provide the best available data to quantify VOC emissions from dairy
lagoons, storage ponds, and settling basins. Each of these studies resulted in a
VOC emission factor of 1.3 Ib/head-year. Therefore, the APCO proposes an
emission factor of 1.3 Ib/head-year for the lagoons, storage ponds, and settling
basins. Dr. Schmidt’s earlier 2004 study reported lower emissions but only
focused on a very limited number of compounds. SCAQMD Method 25.3, which
was used in Dr. Schmidt’s later studies, is able to measure total VOCs and
captures a greater proportion of the VOCs emitted at dairies, including volatile
fatty acids and amines. Recent studies that are available have indicated that
VOC emissions from lagoons were relatively low; therefore, VFA emissions from
this source are not as significant as previously thought.
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Category 6: Liquid Manure Land Application

Recent VOC Emissions Studies

Recent Studies — Liquid Manure Land Application

Emission Factors
New Studies from Recent Studies

(Ib/hd-yr)

Notes

Flux chamber sampling of
lagoons with analysis of Total 14
ROG by SCAQMD 25.3 (Schmidt, |
2009 — Phase V)’

Total non-methane, non-ethane VOC as
methane determined by SCAQMD 25.3

Evaluation

The only VOC emissions data that were available for liquid manure land
application at a California dairy were from Schmidt and Card’s Phase IV flux
chamber study at a dairy located in Merced County. Total VOCs (as methane)
were measured from the dry soil prior to land application and following
application of liquid manure. VOC flux measurements from land application of
chemical fertilizer at a different site were also performed for comparison
purposes. Emissions were measured immediately after irrigation and at three
hours, eight hours, and 21 hours after irrigation. The net VOC flux from liquid
manure land application was found to be very low and was near the detection
limits of the instrumentation. Therefore, the contribution of land application to
VOC emissions at the dairy was primarily the result of the very large land
application area (2,500 acres) being irrigated with liquid manure three times per
year. The land application area was shared with an adjacent dairy. The land
application emission factor given in the study report was based on the total
number of milk cows at both dairies and resulted in an annual VOC emission
factor of 1.4 Ib/head-year for liquid manure land application.

Conclusion

The only California data that were available to calculate VOC emissions from
liquid manure land application are from Dr. Schmidt’s Phase IV study; therefore,
this data will be used to quantify VOC emissions from this source. Therefore, the
APCO proposes an emission factor of 1.4 Ib/head-year for liquid manure land
application.

The study resulted in very low total VOC flux near the quantification limit.
Additionally, there was an extremely low correlation for the estimated curve fit
that was used to calculate overall emissions. Therefore, in future studies
additional measurements are needed to better quantify the low net flux value to
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calculate emissions with greater accuracy. Because of the low flux value, the
mass of emissions is primarily the result of the very large surface area for this
process. Therefore, to more accurately assess VOC emissions from this source,
additional information is needed regarding the number of times liquid manure is
applied to land, the number of acres irrigated for each event, and the total land
application area at dairies in relation to the number of milk cows and total herd
size.

Category 7: Solid Manure Land Application

Recent VOC Emissions Studies

Recent Studies — Solid Manure Land Application

Emission Factors
New Studies from Recent Studies Notes

(Ib/hd-yr)

Flux chamber sampling of solid
manure land application with
analysis of Total ROG by 0.33
SCAQMD 25.3 (Schmidt, 2009-
Phase IV)’

Evaluation

The only VOC emissions data that were located for solid manure land application
at a California dairy were from Dr. Schmidt and Card’s 2008 flux chamber study
at a Merced County dairy. Total VOCs (as methane) were measured from the soill
prior to land application of solid manure and following the application of solid
manure. Initial emission measurements were performed for both incorporated
and unincorporated solid manure. Incorporation of solid manure was found to
significantly reduce ammonia emissions; however, no significant differences were
found in the VOC emissions from incorporated and unincorporated solid manure.
VOC emissions were measured for incorporated manure at one hour, three
hours, and seven hours after application. The net VOC flux from solid manure
land application was found to be very low and was near the detection limits of the
instrumentation. The net VOC flux dropped back to background levels at
approximately four hours after application. The contribution of solid manure land
application to VOC emissions at the dairy was the result of solid manure being
applied to the very large application area (2,500 acres) twice per year. The
annual VOC emission factor from the study for solid manure land application
based only on milk cows was 0.33 Ib/head-year.

Conclusion

The only California data that were available to calculate VOC emissions from
solid manure land application are from Dr. Schmidt’s Phase IV study; therefore,
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the data in that study will be used to quantify VOC emissions from this source.
Therefore, the APCO proposes an emission factor of 0.33 Ib/head-year for solid
manure land application.

The study resulted in very low total VOC flux near the quantification limit and the
mass of emissions is primarily the result of the very large surface area for this
process. To more accurately assess VOC emissions from this source, additional
information is needed regarding the number of times solid manure is applied to
land and the total land application area at dairies in relation to the number of milk
cows and total herd size.

Category 8: Separated Solids Piles

Recent VOC Emissions Studies

Recent Studies — Separated Solids Piles

Emission Factors
New Studies from Recent Studies Notes

(Ib/hd-yr)

Flux chamber sampling of
separated solids piles with
analysis of Total ROG by 0.06
SCAQMD 25.3 (Schmidt, 2006 -
Phase II1)°

Evaluation

The only California data that were available to calculate VOC emissions from
separated solids plies are from Dr. Schmidt and Card’s 2005 study. Flux
chambers were used to measure emissions at a dairy located in Merced County
and SCAQMD Method 25.3 was used to quantify total VOC flux. Dr. Schmidt also
measured this source in 2004 using TO-15 to quantify emissions. The total VOC
emissions measured using SCAQMD Method 25.3 were approximately twice the
emissions measured using TO-15. But the overall emissions quantified with
either method were very low, possibly because of the high solubility of the volatile
compounds emitted from dairies, which may have resulted in many of these
compounds remaining in the liquid manure when solids were removed. The
annual VOC emission factor for separated solids resulting from the 2005 study
using SCAQMD Method 25.3 adjusted for only milk cows is 0.06 Ib/head-year.

Conclusion
The APCO has determined that the total VOC measurements from Dr. Schmidt’'s
Phase lll study provide the best available data to quantify VOC emissions from

separated solids. All available studies indicate that VOC emissions from
separated solids are very low. However, the earlier 2005 study used only TO-15

28

Total non-methane, non-ethane VOC as
methane determined by SCAQMD 25.3




DAIRY EMISSION FACTORS REPORT

and focused on a very limited number of compounds. SCAQMD Method 25.3,
which was used in Dr. Schmidt’s later studies, captures a more complete range
of compounds, including volatile fatty acids and amines. Therefore, the APCO
proposes an emission factor of 0.06 Ib/head-year for manure separated solids.
Given the very low emissions measured, future dairy emission studies do not
need to focus on VOC emissions from this source.

Category 9: Solid Manure Storage

Dairies in the San Joaquin Valley will typically have stockpiles of solid manure
consisting of stored separated solids that can be used as bedding in freestalls or
applied to cropland and scrapings from exercise pens and corrals that are
applied to the dairy’s cropland or transported offsite to be applied to the cropland
of other farms.

Recent VOC Emissions Studies

Recent Studies — Solid Manure Storage

Emission Factors
New Studies from New Studies Notes
(Ib/hd-yr)

Flux chamber sampling of

lagoons with analysis of Total 0.15

Total non-methane, non-ethane VOC as

ROG by SCAQMD 25.3 (Schmidt, ' methane determined by SCAQMD 25.3

2006 — Phase 111)°

Evaluation

The only recent California data that were available to calculate VOC emissions
from stored solid manure are from Dr. Schmidt and Card’s 2005 study. Flux
chambers were used to measure emissions at two dairies located in Merced
County and Kings County. The annual VOC emission factor from the study for
solid manure storage adjusted for only milk cows is 0.15 Ib/head-year.

Conclusion

The only California data that were available to calculate VOC emissions from
separated solids are from Dr. Schmidt's 2005 study; therefore, the data from this
study will be used to quantify VOC emissions from this source. Therefore, the
APCO proposes an emission factor of 0.15 Ib/head-year for solid manure
storage.
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Category 10: Silage Piles

Recent VOC Emissions Studies

Recent Studies —Silage Piles

New Studies

Average VOC Flux
from Recent Studies

(Mg/m>-min)

Notes

Flux chamber sampling with
analysis of Total ROG by
SCAQMD 25.3 (Schmidt, 2006 —
Phase II1)°

Silage Pile Average
Flux: 29,335 pg/m?-min
(8.65 x 10 Ib/ft>-day)

Seasonally and Time
Adjusted Average Flux
based on 2008 Study:
21,435 pg/m*min
(6.32 x 10° Ib/ft>-day)

Total non-methane, non-ethane VOC as
methane determined by SCAQMD 25.3

Highest reported flux from freshly disturbed
silage: 49,329 ug/m?

Flux chamber sampling during
summer and winter seasons with
analysis of Total ROG by
SCAQMD 25.3 (Schmidt, 2009 —
Phase V)’

Seasonally and Time
Adjusted Average Flux:
39,405 ug/m*-min
(1.16 x 10 Ib/ft*-day)

Total non-methane, non-ethane VOC as
methane determined by SCAQMD 25.3

Highest reported flux from freshly disturbed
silage: 85,240 ug/m” and 81,374 pg/m?

Although higher average flux was measured
in 2008, the higher per head EF in the report
is also due to an additional silage pile being
open at each dairy during the Phase IV study.

Flux chamber sampling of ROG
from with analysis by GC/MS
(Krauter, 2009)°

Average flux
Disturbed silage:
19,170 pg/m*min

(5.65 x 10™ Ib/ft>-day);
Undisturbed silage:
4,229 u%/mz-min
(1.25 x 10° Ib/ft>-day)

Analysis and speciation by GC/MS

Time dependent data not provided but highest
reported flux from freshly disturbed silage
(75,977 ug/m? and 72,698 pg/m?) is very
similar to highest flux reported in Schmidt
Phase IV study.

Recent Study for Comparison Purposes — Thin Layers of Loose Silage

New Studies

Average VOC Flux
(Lg/m>-min)

Notes

Flux chamber sampling with
analysis of VOC by PTRMS and
INNOVA photoacoustic analyzer
(Zhang, 2010)

Loose Corn Silage™:
Ave. Flux: 1.17 g/m*hr
(~ 19,400 pg/m*-min)

Loose Alfalfa Silage*:
Ave. Flux: 1.00 g/m*hr
(~ 16,700 pg/m*-min)

Major VOC measured by PTRMS: methanol,
acetic acid, and acetaldehyde.

INNOVA analyzer measured ethanol and
methanol.

Based on Cumulative Emissions measured
over 12 hours

*For total VOC flux the methanol values by PTRMS and the INNOVA analyzer were averaged
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Evaluation

The recent California research that is available to quantify emissions from silage
piles at dairies is based on three studies conducted at dairies in the San Joaquin
Valley. In addition, the average flux rates measured for loose silage from the
ARB research project led by Dr. Ruihong Zhang of UC Davis will also be briefly
discussed for comparison purposes.

Dr. Schmidt and Card’s Phase Il study used flux chambers and SCAQMD
Method 25.3 to quantify emissions at two dairies located in Merced County and
Kings County. As previously mentioned, Schmidt and Card performed a follow-up
study in 2008 (Phase IV) using flux chambers to quantify emissions at the same
two dairies. In the Phase IV study, some samples were collected during the
winter season to characterize seasonal effects on the VOC emissions rates. The
study showed that winter VOC emissions rates from the feed sources were lower
than the summer rates. This information was used to adjust the summer data
from the Phase Il and Phase IV studies to arrive at an annual average
considering seasonal variability. Additionally, measurements were taken at one
of the dairies throughout the day to characterize how emissions changed with
time. The VOC emissions from the silage piles were the highest when the silage
was initially disturbed to remove feed for the TMR but declined with time. The
silage that had not been disturbed had much lower emissions. The operational
practices observed at the dairy were used to simulate emissions and arrive at an
average annual VOC emission factor. The adjustment factors from the Phase IV
study were also used to adjust the emissions measurements from the Phase ll|
study. The following average flux values were derived from these studies: corn
silage: 1.02E-02 Ib/ft>-day (34,681 pug/m?-min); alfalfa silage: 5.15E-03 Ib/ft-day
(17,458 ug/m?-min); and wheat silage: 1.29E-02 Ib/ft>-day (43,844 ug/m?min).

For reference purposes, the measured flux and process surface areas for the
open faces of the silage piles can also be used to calculate the seasonally
adjusted VOC emission factor based on the number of milk cows at the dairies.
This would result in an average VOC emission factor of approximately 6.5
Ib/head-year for the uncovered faces of the silage piles. However, the Ib/head-
year emission factor may overestimate VOC emissions from silage since the
silage piles at the Merced dairy also served other dairies with additional milk
cows that were not counted when determining this value. Additionally, because
emissions from this source are more dependent on the exposed area of the
silage piles than the number of cows at the dairy, using the average flux values
to calculate VOC emissions is more appropriate for this source. This is illustrated
by the fact that a significant portion of the increased Ib/head-year silage pile VOC
emission factor reported in the Phase IV study conducted in 2008 as compared
to the Phase lll study conducted in 2005 can be attributed to an additional silage
pile being open and utilized at each dairy during the Phase IV study.

31



DAIRY EMISSION FACTORS REPORT

The study by Dr. Krauter and Dr. Blake also used flux chambers to measure
VOC emissions from the silage piles at six dairies in the San Joaquin Valley.
GC/MS was used to analyze and quantify VOC flux. Sampling occurred during
the winter, early summer, and fall but no seasonal effects were found for VOC
emissions from feed sources. This study reported maximum VOC flux values for
freshly disturbed silage that were similar to the maximum VOC flux values for
freshly disturbed silage reported in Dr. Schmidt’s Phase Il and Phase IV dairy
studies, particularly the higher values in the Phase IV study report. However, the
average VOC flux values reported for silage piles were significantly less than the
seasonally-adjusted averages from Dr. Schmidt's Phase Ill and Phase IV dairy
studies. The reason for this difference is not known at this time but may be
related to the time measurements were taken after initial disturbance of the
silage and how these values were averaged. Additional time-dependent
emissions data for dairy feed sources would be useful for better characterizing
emissions from this source and determining representative emission values.
There was also a great deal of variability in the flux measured from the silage at
the dairies. The variability may be related to the types of silage used or silage
compaction; however, the study report does not provide all of this information but
states that an upcoming report may contain at least some of this information.

During the Krauter and Blake study INNOVA analyzers were also used to
quantify alcohol emissions from sources at the dairies. The INNOVA analyzer
measurements were taken at the same source within 10 minutes of the canister
samples analyzed with GC/MS. In the report to ARB for the Krauter and Blake
study it was noted that the INNOVA analyzer alcohol measurements for silage
were consistently three to four times the values obtained with the canister
samples analyzed by GC/MS and that Dr. Donald Blake of UC Irvine and other
project collaborators had questioned the ability of the GC/MS system to extract
all of the water soluble gasses, such as alcohols, from the canisters when they
are analyzed. However, the results in the report indicating higher alcohol
emissions measured with the INNOVA analyzer as compared to GC/MS were
based on preliminary information from an earlier progress report submitted to
ARB in April 2007. Later measurements performed by the researchers indicated
general agreement between the GC/MS alcohol measurements and the INNOVA
analyzer alcohol measurements.' Researchers at CSU Fresno that were
involved in the project were contacted and they indicated that the apparent
difference between the two methods occurred in the first year (2006) and
possibly the early part of the second year (2007) of the monitoring study while
the methodology was still being developed and the field collection and lab
analysis techniques were still being modified. Dr. Krauter and other researchers
involved with the project stated that the data from the later years, 2007- 2009,
including the measurement values in the main body of the final report to ARB,
showed much better agreement and are more reliable than their preliminary work

'3 Chung M., Beene M., Ashkan S., Krauter C., Hasson A. (2009) Evaluation of non-enteric
sources of non-methane volatile organic compound (NMVOC) emissions from dairies.
Atmospheric Environment 44, 786-794.
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that indicated differences between the GC/MS alcohol measurements and the
INNOVA analyzer alcohol measurements.

The primary purpose of the study led by Dr. Ruihong Zhang was to identify and
quantify significant VOC compounds emitted from silage and dairy manure
storage for the purpose of developing process-based models to quantify
emissions from dairy sources. As part of the study, samples of corn and alfalfa
silage were spread in thin layers and flux chambers were used to measure
emissions using PTRMS and an INNOVA photoacoustic analyzer to measure
alcohols. Four major compounds were detected with high certainty by PTRMS:
methanol, acetic acid, acetaldehyde, and acetone (an exempt compound). The
INNOVA analyzer was used to measure ethanol and methanol. Emissions from
the loose silage samples were measured over a twelve-hour period. The average
VOC flux rates from the main compounds reported in this study are presented for
comparison purposes only since the thin layers of loose silage samples that were
measured are not representative of the condition of the majority of silage in
silage piles, which is densely compacted to slow aerobic spoilage and preserve
nutritional value. The average flux measurements for the major VOCs reported
for thin layers of loose corn and alfalfa silage are generally similar to the average
silage pile emission numbers reported by Dr. Krauter and Dr. Blake. These
average flux values were less than the seasonally-adjusted average flux for corn
silage from Dr. Schmidt’'s Phase Ill and Phase IV dairy studies and similar to the
seasonally-adjusted average flux for alfalfa silage. This is likely because of the
limited number of compounds for which the flux rates were reported since
emissions are known to increase with increased porosity and loose silage
samples would be expected to have a higher average flux rate than silage in
silage piles, most of which would be densely compacted.

Conclusion

The APCO has determined that the total VOC flux measurements from Dr.
Schmidt's Phase Ill and Phase |V studies provided the best available data to
quantify VOC emissions from silage piles at dairies. Because emissions from this
source are more directly related to the exposed area of the silage piles, the
measured flux will be used to calculate emissions on a per area basis rather than
a per cow basis. The APCO proposes that the following average flux values be
used to calculate emissions from the silage piles at a dairy on a per area basis:
corn silage: 1.02E-02 Ib/ft>-day; alfalfa silage: 5.15E-03 Ib/ft>-day; and wheat
silage: 1.29E-02 Ib/ft>-day.

The study by Krauter and Blake resulted in very similar maximum VOC flux rates
but lower average VOC flux using GC/MS. Additional time-dependent emissions
data for dairy feed sources would be useful to better characterize emissions from
this source and determine representative emission values. The difference in the
average flux values may also be related to the types of silage used or other
factors. The study report states that some of this information may be provided in
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another report. As mentioned above, preliminary results of the Krauter and Blake
study had initially indicated higher alcohol flux using INNOVA analyzers; however
these preliminary results were based on measurements that were taken while the

field and lab procedures were still being developed. Later measurements
demonstrated general agreement between the values obtained by GC/MS and
the INNOVA analyzer and the researchers involved with the project state that
these later results are more reliable. Dr. Schmidt’s Phase IV study found
seasonal variation that was not found in the Krauter and Blake study but the
winter data set from Dr. Schmidt’'s Phase |V study was very limited. Therefore,
additional data may need to be collected in the winter and/or fall seasons to
better quantify seasonal variability of VOC emissions from this source.

The average flux rates of major VOCs emitted from thin layers of loose silage
that were identified in the study led by Dr. Zhang were presented for comparison
purposes. The average VOC flux rates from this study were similar to the
average flux rates for silage piles in the Krauter and Blake study and less than
the average flux rates for silage piles from the Schmidt and Card Studies. This is
likely because of the limited number of major compounds for which flux rates
were reported since loose silage will generally have higher emission fluxes than
densely compacted silage piles.

Category 11: Total Mixed Ration

Recent VOC Emissions Studies

Recent Studies — Total Mixed Ration (TMR) (feed placed in front of cows)

New Studies

Average VOC Flux
from Recent Studies

(Lg/m>-min)

Notes

Flux chamber sampling with
analysis of Total ROG by
SCAQMD 25.3 (Schmidt, 2006 —
Phase III)®

TMR Average Flux:
40,061 pg/m?min
(1.18 x 10 Ib/ft’-day)

Seasonally and Time
Adjusted Average Flux
based on 2008 Study:
15,415 ug/m*min
(4.55 x 10 Ib/ft>-day)

Total non-methane, non-ethane VOC as
methane determined by SCAQMD 25.3

Flux chamber sampling during
summer and winter seasons with
analysis of Total ROG by
SCAQMD 25.3 (Schmidt, 2009 —
Phase V)’

Seasonally and Time

Adjusted Average Flux:

10,696 pg/m -min
(3.15 x 107 Ib/ft>-day)

Total non-methane, non-ethane VOC as
methane determined by SCAQMD 25.3

Flux chamber sampling of ROG
from TMR with analysis by
GC/MS (Krauter, 2009)®

TMR Average flux:
8,260 p%/mz—min
(2.44 x 10° Ib/ft>-day)

Analysis and speciation by GC/MS
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Evaluation

The recent California research that is available to quantify emissions from Total
Mixed Ration (TMR) at dairies is based on three studies conducted at dairies in
the San Joaquin Valley.

Schmidt and Card’s Phase lll study used flux chambers and SCAQMD Method
25.3 to quantify emissions at two dairies located in Merced County and Kings
County. The later Phase IV study used the same methodologies but with a focus
on seasonal and temporal variability from important emission sources. The VOC
emissions from the TMR, the feed placed to be consumed by the cows, were the
highest when the feed was first placed but declined with time. The TMR was the
largest source of VOC emissions at the dairies and also had the most variability.
The maximum flux measured from the TMR at the Kings County dairy was
significantly higher than the flux measured from the TMR at the Merced County
dairy. The operational practices observed at the dairies were used to simulate
emissions and arrive at an average annual VOC emission factor. However, the
original exponential curve fit used in the report to calculate VOC emissions from
the milk cow TMR had a very low correlation value - so low that it could be
argued that there was no true correlation between the data set and the
exponential equation used. Therefore, the emission factor for the TMR used in
this report is based on a slightly more conservative linear curve fit of the 2008
data set that had a higher correlation value. The adjustment factors derived from
the 2008 study were also used to adjust the emissions measurements from the
2005 study for both temporal and seasonal variability. For reference purposes,
the measured flux and process surface areas for the TMR can be used to
calculate the seasonally adjusted VOC emission factor based on the number of
milk cows at the dairies, which results in an average VOC emission factor of
approximately 11.8 Ib/head-year for the TMR. However, as with silage piles, the
other feed emission source, it has been determined that using the average flux
value and the area of the TMR placed for the cows to calculate VOC emissions is
more appropriate for determining emissions from this source. The following
average flux value derived from Schmidt and Card’s Phase Il and Phase IV dairy
studies can be used to calculate emissions from the TMR on a per area basis:
3.85E-03 Ib/ft>-day (13,056 pg/m3min).

The Krauter and Blake study (2009) also used flux chambers to measure VOC
emissions from the TMR at six dairies in the San Joaquin Valley. Sampling
occurred during the winter, early summer, and fall. No seasonal effects were
found for VOC emissions from feed sources. However, as in Schmidt and Card’s
studies, emissions from the TMR were found to decrease with time after
placement of the feed. The average flux values reported for this study can be
compared to the average flux values reported for the studies by Schmidt and
Card. This study resulted in average VOC flux values for the TMR that were less
than the values reported by Schmidt and Card but were more similar to the
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average flux values reported by Schmidt and Card after they had been adjusted
to account for temporal and seasonal variability in VOC emissions from feed. The
study also resulted in lower emissions from the TMR for the fictitious dairy
described in the report. As mentioned earlier, preliminary results of the Krauter
and Blake study had initially indicated higher alcohol flux using INNOVA
analyzers compared to the values obtained by GC/MS; however these
preliminary results were based on measurements that were taken while the field
and lab procedures were still being developed. Later measurements
demonstrated general agreement between the values obtained by GC/MS and
the INNOVA analyzer® and the researchers involved with the project state that
these later results, including the values contained in the main body of the final
project report to ARB, are more reliable. More data were collected on TMR
emissions at two of the dairies but these data were not presented in the current
project report. The report states that these data will be presented in a
forthcoming report.

Conclusion

The APCO has determined that the total VOC measurements from the Schmidt
and Card Phase Il and Phase |V studies provide the best available data to
quantify VOC emissions from TMR at dairies. Therefore, the APCO proposes
that the following average flux value be used to calculate emissions from the
TMR on a per area basis: 3.85E-03 Ib/ft>-day.

The Krauter and Blake study resulted in a slightly lower average VOC flux than
the values reported by Schmidt and Card, once these values had been adjusted
to account for temporal and seasonable variability. Additional data may need to
be collected in the winter and/or fall seasons to better quantify seasonal
variability of VOC emissions from this source. Additionally, the correlations for
the curve fits that were examined to calculate emissions from TMR based on
data from the Phase IV Schmidt Study were all low. Additional time-dependent
emissions data are needed to better characterize changes in emissions from
dairy feed sources over time and determine representative emission values.

Category 12: Composting

Composting
Process or Emission Factor Basis for
Constituent (Ib/hd-yr) Emission Factor
Composting TBD, >0 N/A

Although unknown quantities of VOCs may be emitted during composting of dairy
manure solids, no California emissions data could be located that were
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representative of this source. Therefore, the APCO will consider the emissions
from this source to be of the category to be determined but greater than zero.
Further research is recommended to quantify emissions from this source.

Summary of Dairy Emission Factors

In summary, the tables below show the dairy emission factors that were
developed based on the best information available to the APCO and will be used
for each source and constituent:

Dairy Emission Factors based on Studies Summarized in this Document

Per Cow Dairy VOC Emission Factors

Process or Constituent Emissions (Ib/hd-yr)
1. Enteric Emissions from Cows 4.1

2. Milking Parlor(s) 0.03
3. Freestall Barns 1.8
4. Corrals/Pens 6.6

5. Liquid Manure Handling

(Lagoons, Storage Ponds, 1.3
Basins)

6. Liquid Manure Land 14
Application ’

7. Solid Manure Land Application 0.33
8. Separated Solids Piles 0.06
9. Solid Manure Storage 0.15
12. Composting & Manure TBD, >0
Disturbance

Total not including Feed 15.8

The dairy emission factors that are summarized in the table above were
developed based on the studies reviewed and summarized in this document;
however, the APCO has determined that during the time that the maijority of
these studies were performed, measures were being implemented that would
reduce VOC emissions below the levels that would otherwise have been
measured. In order to calculate the uncontrolled dairy emission factors for the
period when no controls/mitigation measures were implemented (i.e. prior to
District Rule 4570), the dairy emission factors developed in this document were
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adjusted to remove control efficiencies for certain practices that reduced
emissions. Details of how this calculation was performed can be found in
Appendix 8 and the uncontrolled dairy VOC emission factors to be used for
dairies that are not required to implement measures from Phase | of District Rule
4570 are summarized in the table below.

Dairies not Implementing Phase | of District Rule 4570 (< 1,000 milk cows)

Uncontrolled Per Cow Dairy VOC Emission Factors

Process or Constituent Emissions (Ib/hd-yr)
1. Enteric Emissions from Cows 4.3
2. Milking Parlor(s) 0.04
3. Freestall Barns 1.9
4. Corrals/Pens 10.0
5. Liquid Manure Handling
(Lagoons, Storage Ponds, 1.5
Basins)
6. Liquid Manure Land

o 1.6
Application
7. Solid Manure Land Application 0.39
8. Separated Solids Piles 0.06
9. Solid Manure Storage 0.16
12. Composting & Manure TBD, >0
Disturbance
Total not including Feed 20.0

VOC Emissions from Dairy Feed Sources

Silage Pile VOC Emissions Flux*
10. Silage Piles Emissions Flux (Ib/ft>-day)
1. Corn Silage 1.02E-02
2. Alfalfa Silage 5.15E-03
3. Wheat silage 1.29E-02
*Assuming silage piles are completely covered except for the “face” from where feed can
be removed
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Average Total Mixed Ration (TMR) VOC Emissions Flux

11. Average TMR Emissions Flux (Ib/ft?-day)
TMR 3.85E-03

Previous Dairy VOC Emission Factor for Reference

For comparison purposes only, the District’s previous dairy emission factor
(adopted August 1, 2005) is provided in the table below. The District’s revised
dairy emission factors represent a significant improvement because it specifically
addresses many areas of the previous dairy emission factor for which there was
a need for additional research to better quantify emissions under California dairy
conditions.

District’s Previous Dairy Emission Factors
(Adopted August 1, 2005)

Process or Constituent Emissions (Ib/hd-yr)
1. Emissions from Cows and Feed 14

in Environmental Chamber '

2. Ethylamines from specific dairy 0.2
processes '

3. VOCs (except VFAs and

Amines) from miscellaneous dairy 1.2
processes

4. VOCs (except VFAs and

Amines) from lagoons and storage 1.0
ponds

5. Volatile Fatty Acids 15.5
6. Phenols (from dairy processes) TBD, >0
7. Land Application TBD, >0
8. Feed gtorage, settllng.basms, TBD, > 0
composting, & manure disturbance

Total not including Feed 19.3
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Summary of Future Research Recommendations

The APCO believes that future research will continue to improve the quality of
dairy emission factors and recommends future research on the following items:

Additional data are needed on different process emissions and effects of
management practices on emissions to develop practical measures to
mitigate emissions from important sources at dairies.

Additional data need to be collected using real-time emission
measurement techniques to better characterize changes in emissions
from dairy feed sources over time and to compare these values with total
VOC and other canister methods analyzed in a laboratory.

Additional information is needed to better assess seasonal variability of
emissions sources at dairies, particularly feed sources.

Research should continue to determine which specific VOC compounds
(e.g. alcohols, VFAs, aldehydes, esters) have the greatest contribution to
the total mass of VOC from emitted from important sources at dairies and
which of these compounds may have greater potential for ozone
formation.

Research should be conducted to determine if representative compounds
can be measured to represent general categories of similar compounds
(e.g. alcohols, VFAs, aldehydes) for purposes of assessing potential
mitigation strategies.

Additional information is needed comparing the effects of different sample
collection techniques (e.g. flux chambers and wind tunnels) on calculated
emissions rates

Additional information is required regarding total land application area in
relation to the number of milk cows and/or total head at a dairy and the
frequency of land application of solid and liquid manure
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Appendix 1: Partial List of Emission Papers and Presentations Reviewed

Appendix 1 — Partial List of Emissions Studies Papers
and Presentations Reviewed

Previous Papers and Presentations Reviewed to Establish the 2005 Dairy
VOC Emission Factor

Cassel, T. Flocchini, R. Green, P. Higashi, R. Goodrich, B. Beene, M. Krauter, C.
(Jan 2005). On-Farm Measurements of Methane and Select Carbonyl Emission
Factors for Dairy Cattle. Presented at the Livestock Emissions Research
Symposium held on January 26, 2005 at the San Joaquin Valley Air Pollution
Control District Office, Fresno, CA
ftp://ftp.arb.ca.gov/carbis/ag/agadvisory/cassel05jan26.pdf

e Carbonyl Emission Factors by DNPH

Hobbs, P.J. Webb, J. Mottram, T.T. Grant, B. Misselbrook, T.M. (2004)
Emissions of Volatile Organic Compounds Originating from UK Livestock
Agriculture. 2004©. Society of Chemical Industry. J Sci Food Agric 84:1414-1420
http://www.valleyair.org/busind/pto/dpag/VOC from UK livestock.pdf
e Non-methane VOCs emitted from slurry manure in an enclosed chamber
measured using adsorbent material and thermal desorption GC/MS

Mitloehner, F. Trabue, S. Koziel, J.A. Research Proposal Summary (~2004) -
Measurement of airborne volatile fatty acids emitted from dairy cows and their
waste using sorbent tubes
http://www.valleyair.org/busind/pto/dpag/Appendices/Appendix%2024%20%20PI
an%200f%20work%20VFAs_FMM.pdf
e VFAs by sorbent tubes and analyzed on a thermal desorption TDS/GC-
MS system

Krauter, C. Goodrich, B. Dormedy, D. Goorahoo D., and Beene, M. 2005.
Monitoring and Modeling of ROG at California Dairies. Presented at the EPA 14"
Emissions Inventory Conference, April 13, 2005, Las Vegas, NV
http://www.epa.gov/ttn/chief/conference/ei14/session1/krauter.pdf
http://www.epa.gov/ttn/chief/conference/ei14/session1/krauter_pres.pdf
e VOC Concentration by EPA Method TO-15; Speciation by GC/MS;
Emission Modeling by IST-STv3:

Krauter, C. Goorahoo, D. Goodrich, B. Beene, M (2005). Monitoring and
Modeling of ROG at California Dairies, Presented at the Livestock Emissions
Research Symposium held on January 26, 2005 at the San Joaquin Valley Air
Pollution Control District Central Office, Fresno, CA
ftp://ftp.arb.ca.gov/carbis/ag/agadvisory/krauter05jan26.pdf
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Appendix 1: Partial List of Emission Papers and Presentations Reviewed

McGinn, S. M. Janzen, H. H. Coates, T. (2003). Atmospheric Ammonia, Volatile
Fatty Acids, and Other Odorants near Beef Feedlots. J. Environ. Qual. 32:1173-
1182
e VFAs (acetic, propionic, butyric, isobutyric, isovaleric, valeric, and caproic
acids), cresols, phenol, indole, and skatole from beef feedlots by sorbent
tubes and GC

Mitloehner, F. (2005). Volatile Organic Compound Emissions from Dairy Cows
and Their Excreta. Presented at the Livestock Emissions Research Symposium
held on January 26, 2005 at the San Joaquin Valley Air Pollution Control District
Central Office, Fresno
ftp://ftp.arb.ca.gov/carbis/ag/agadvisory/mitloehner05jan26.pdf)

e Cows in an environmental chamber oxygenated VOCs (i.e. Ketones,
Aldehydes, Alcohols, Carbonyls, Phenols, and Volatile Fatty Acids (VFAs))
by PTR/MS; TO-15 VOCs by GC/MS; total non-methane, non-ethane
organic compounds by GC-FID; VFAs by GC/MS thermo-desorption

Schmidt, C. Card, T. Gaffney, P. (2005). Assessment of Reactive Organic Gases
and Amines from a Northern California Dairy Using the USEPA Surface Emission
Isolation Flux Chamber. Presented at the Livestock Emissions Research
Symposium held on January 26, 2005 at the San Joaquin Valley Air Pollution
Control District Central Office, Fresno
ftp://ftp.arb.ca.gov/carbis/ag/agadvisory/schmidt05jan26.pdf

e Flux Chambers with VOCs by EPA Method TO-15 (GC/MS); Amines by
NIOSH 2010 (GC/IC); Aldehydes & Ketones by EPA Method TO-11
(GC/HPLC); Volatile Organic Acids by EAS Method (UV-VIS)

e Process units measured: Flush lanes; Solids storage piles; Lagoon (inlet
and outlet of lagoon); Solids in Solids separator; Bedding in pile for
freestall; Freestall area; Barn turnout and corral area; Manure piles in
turnout; Heifer pens (dry cow area); Open feed storage in barn feed lanes;
and Milk parlor wastewater effluent stream

Schmidt, C. E. (2005). Technical Memorandum: Results of the Dairy Emissions
Evaluation Using Flux Chambers Merced Dairy- Summer Testing Event. April
2005. Final Report to the Central California Ozone Study (CCOS) group.
http://www.valleyair.org/Workshops/postings/PriorTo2008/2005/7-11-
05/Appendix%206%20Schmidt%20ARBDairy. TM.02.pdf

Rabaud, N.E. Ebeler, S.E., Asbaugh, L.L, and R.G. Flocchini. 2002©. The
application of Thermal Desorption GC/MS with Simultaneous Olfactory
Evaluation for the Characterization and Quantification of Odor Compounds from
a Dairy. Crocker Nuclear laboratory and department of Viticulture and Enology.
American Chemical Society, 10.1021/jf020204u

Ngwabie, N.M. and Hintz, T. 2005©. Mixing Ratio Measurements and Flux
Estimates of Volatile Organic Compounds (VOC) from a Cowshed with

-2-



DAIRY EMISSION FACTORS REPORT
Appendix 1: Partial List of Emission Papers and Presentations Reviewed

Conventional Manure Treatment Indicate Significant Emissions to the
Atmosphere. Geographical Research Abstracts, Vol. 7, 01175, 2005 Sref-ID:
1607-7962/gra/EGU05-A-01175

Koziel, J.A., Spinhirne, J.P., and Back, B.H. Measurements of Volatile Fatty
Acids Flux from Cattle Pens in Texas. Texas Agricultural Experiment Station,
Texas A&M University. Paper #04-A-646-AWMA

Additional VOC Papers and Presentations Reviewed

Schmidt, C. Card, T. (2009) 2008 Dairy Emissions Study: Summary of Dairy
Emission Factors and Emission Estimation Procedures. August 2009. Final
Report to San Joaquin Valley Air Pollution Control District

Schmidt, C. Card, T. (2009) Recent Sampling of Total Organic Gas Emissions
from Dairies. Presented at the UC Davis Green Acres, Blue Skies |l Conference,
June 1, 2009, Davis, CA
http://airquality.ucdavis.edu/pages/events/2009/greenacres.html

Krauter, C. Blake, D. (2009) Dairy Operations: An Evaluation and Comparison of
Baseline and Potential Mitigation Practices for Emissions Reductions in the San
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Appendix 8 — Calculation of Uncontrolled VOC Emission Factors for Dairies
with less than 1,000 milk cows

Uncontrolled Dairy Emission Factors

In order to calculate the uncontrolled dairy emission factors for the period when
no controls/mitigation measures were implemented (i.e. prior to the
implementation of District Rule 4570), the dairy emission factors developed in
this document were adjusted to remove control efficiencies for certain practices
being implemented that reduced emissions. The District’'s dairy emission factor of
15.8 Ib/head-year was used as the basis for this calculation. This emission factor
was adjusted to account for the control measures that were being applied at the
time when the emission measurements took place. The following control
measures are assumed to have been in place at the dairies where the emission
measurements were taken:
e Feed according to the NRC guidelines
e Flush or hose milk parlor immediately prior to, after, or during each milking
¢ Removal of manure from the corrals
e Clean manure from corrals at least once between April and July and at
least once between October and December
e Manage corrals such that the depth of manure in the corral does not
exceed 12” at any point or time, except for in-corral mounding™
e Maintain corrals and pens to ensure drainage and prevent water from
standing more than 24 hours after a storm, slope the surface of the pens
at least 3% where the available space for each animal is 400 square feet
or less or at least 1.5% where the available space for each animal is more
than 400 square feet per animal, or rake/harrow/scrape pens to maintain a
dry surface™
¢ Inspect water pipes and troughs and repair leaks
e Install all shade structures uphill of any slope in the corrals
e Remove solids from the liquid manure handling system, prior to the
manure entering the lagoon
e Incorporation of solid manure applied to land
e Not allowing liquid manure to stand in fields for more than 24 hours after
application

Based on the 2006 staff report for District Rule 4570, a conservative control
efficiency of 10% was applied to many of the mitigation measures. Therefore, a
10% control efficiency will be assumed for each of the mitigation measures that
was being implemented at the time the studies were performed unless otherwise
noted. For mitigation measures that were only being implemented at one of two
dairies that were measured or were being partially being implemented, a 5%

'* 5% control efficiency will be used for this measure since one of the two dairies that were
sampled did not include this measure when the testing was performed. Therefore, the average of
the two dairies was taken (10%/2=5%)
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VOC control efficiency was assumed. Removing the assumed control efficiencies
for the mitigation measures that were being from the District’s dairy emission
factor of 15.8 Ib/head-year results in an uncontrolled dairy emission factor of 20.0
Ib/head-year. This emission factor will be used to calculate emissions from
dairies that are not implementing the mitigation measures outlined in Phase | of
District Rule 4570 (i.e. < 1,000 milk cows). The table below shows the mitigation
measures that were assumed to be implemented during the emission studies and
the respective control efficiencies that were assumed for each measure.

The following sample calculation shows how the uncontrolled emissions were
calculated:

Sample Calculation for Uncontrolled Enteric Emissions:

4.1 Ib/head-year + (1-Control EfficienCyreed to NRC Guideline)
4.1 Ib/head-year + (1-0.05) = 4.32 Ib/head-year
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Parlor Manure | Application
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1. Enteric 4.1 5% ; ; ; S| - ; ; ; 4.32
Emissions
2. Milking o o
Parlor(s) 0.03 5% 10% - - - - - - - - 0.04
3. Freestalls o
(lanes) 0.8 5% - - - - - - - - - 0.84
Freestall beds 1.0 5% - - - - - - 1.05
4. Corrals/Pens 6.6 5% - 10% 5% 10% 5% 5% - - - 10.0
5. Liquid Manure
Handling o ) _ _ _ _ . 0 - _
(Lagoons, Storage 1.3 5% 10% 1.52
Ponds)
6. Liquid Manure o ) ) ) ) ) ) ) ) o
Land Application 1.4 5% 10% 1.64
7. Solid Manure o 0
Land Application 0.33 5% ) ) ) ) ) ) ) 10% ) 0.39
8. Separated o
Solids Piles 0.06 5% - - - - -] - - - 0.06
9. Solid Manure 0.15 5% ) ) ) ) ) ) ) ) ) 0.16
Storage
Total not 15.8 20.0

including Feed
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Appendix 9 — Responses to Comments on Proposed Dairy VOC Emission Factors

Comments from C. Alan Rotz, Sasha Hafner, and Felipe Montes of USDA -
Agricultural Research Service (ARS)

1.

Comment: We have general concern for developing emission factors for these
compounds given the very limited data and the relatively poor understanding of
these processes that currently exists. Given that you are required to develop
these factors, we generally agree that you are working with the best data
available. Some further discussion and qualification of the uncertainty of the
derived emission factors would be good.

Response: The purpose of this report was to use the best available research that
was useful in determining dairy emission factors. As noted in the comment, the
District is required to develop emission factors for this important VOC source and
the resulting emission factors are based on the best science available at the
time. Measurement uncertainties are discussed in some of the specific project
reports. The District’s dairy emissions factors are primarily based on studies that
measured VOC flux rates at California dairies. Using VOC measurements from
actual dairies has clear advantages. However, one factor related to the use of
flux measurements to estimate VOC emissions at dairies is that only small areas
of the source can be measured at specific times and these measurements are
then used to represent emissions from much larger sources that are not
completely uniform and emissions from many of these sources vary with time.
Additionally, there is a large amount variability in the management practices on
different dairies in the San Joaquin Valley and these differing practices can affect
VOC emissions. Because of the very large size of the emission sources at dairy
operations and the variability in dairy management practices, many of the factors
related to uncertainty are basically unavoidable regardless of the emission
measurement techniques used. That being said, although additional data are
generally desirable, the District used the best data that were available to develop
VOC emission factors that are representative of dairy operations in the San
Joaquin Valley. The District supports additional studies that will increase the
knowledge related to VOC emissions from dairies and the understanding of the
underlying processes that affect these VOC emissions.

Comment: The EPA emission isolation flux chamber method does not provide
accurate measurement of VOC emission rates from manure and silage surfaces
on farms and at the end of the report, additional research on differences between
flux chambers and wind tunnels is recommended. Some studies have already
been completed that address this issue. The emission isolation flux chamber
method was designed for use in systems where emission rate is independent of
the air speed across the emitting surface. Parker showed that VOC emission rate
from cattle manure and wastewater is sensitive to air velocity. Measurements
made in our laboratory show that the emission rate of ethanol from compressed
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silage (analogous to the exposed face of a silage pile) and loose silage depend
heavily on air velocity. A similar response would be expected for TMR.

Response: The studies that were chosen for inclusion in the report were studies
that were found to be the most complete and valid for the purpose of generating
VOC emission factors for dairy operations. The San Joaquin Valley is generally
characterized by low average wind speeds, which will reduce the affect that wind
will have on VOC emissions. As previously noted, the information that was used
was the best information available to develop emission factors. It is not possible
to determine the magnitude of the effect that wind speed will have on the VOC
emission rates or adjust measured emission rates without full speciation of the
compounds measured. The majority of the studies that were determined to be
the most useful for generating VOC emission factors used total VOC methods
without speciation because total VOC methods have been found to capture a
higher proportion of the total VOC emissions when compared to other methods.
Additionally, there are currently no validated procedures to adjust the measured
VOC emission rates from dairy emission sources to account for differing wind
velocities.

It is also important to note that although research efforts have investigated the
effects of wind speed on emissions, many important research efforts have
identified turbulence at the emitting surface rather than wind speed itself as an
important variable that affects emissions and have concluded that wind speed is
only important because of the turbulence it creates at the emitting surface. The
majority of studies that have investigated the effects of wind speed on emissions
have used small wind tunnels. Because of the small size of the wind tunnels
used, even at lower velocities there will be increased turbulence inside the
tunnels, which is very likely to artificially increase emissions above levels that
would be seen if the tunnels were not present. Therefore, researchers are not in
agreement regarding the use different measurement techniques and further
research is needed. However, the District is using the most complete scientific
data that were available to update the dairy emission factors.

As noted in the comment, the District encourages further research regarding
quantification of emissions using different measurement techniques. In
conclusion, the District is using the most complete scientific data available to
update the dairy emission factors. As with other emission factors, the dairy VOC
emission factors will be periodically updated if new scientific information indicates
that revisions may be necessary.

. Comment: Two other problems limit the accuracy of measuring VOC emission
from silage. First, since silage is highly porous, sweep gas leakage may occur.
Second, high VOC concentrations in silage can lead to high vapor phase VOC
concentrations and result in suppression of emission (Kienbusch 1986).

Measurements in our laboratory show that both of these problems occur when
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measuring ethanol emission from loose corn silage using the emission isolation
flux chamber method (Hafner et al).

Response: The District encourages further research regarding quantification of
emissions using different measurement techniques. The District is using the most
complete scientific data available to update the dairy emission factors. As with
other emission factors, the dairy VOC emission factors will be periodically
updated if new scientific information indicates that revisions may be necessary.

. Comment: VOC emission rates from silage and TMR are dependent on porosity,
depth, temperature, and exposure time. Mass transport theory also indicates that
emission rates are directly proportional to the initial VOC concentration in silage.
It would be useful to report the values of these variables for which the proposed
emission factors are thought to be accurate.

Response: The proposed emission factors for silage and TMR are based on
emission measurements at dairy farms in the San Joaquin Valley and the
District’s dairy emission factors are expected to be representative of dairy
operations in the San Joaquin valley. The atmospheric temperature would be
representative of the San Joaquin Valley. Additional information characterizing
the silage and TMR used in the study and the timing of the emission
measurements relative to removal of silage from pile and placement of the TMR
can be found in the reports for the studies by Schmidt and Card and Krauter and
Blake, which have been attached as appendices to the final report. It does not
appear that the initial ethanol concentration in the silage was reported but the
report by Krauter and Blake does provide limited information on silage density.
The District encourages further research regarding characterization of silage and
how feed composition affects emissions. As previously mentioned, the District is
using the best scientific data that were available to update the dairy emission
factors and these factors will be periodically updated if new scientific information
indicates that future revisions may be necessary.

. Comment: The unit used for silage and TMR fluxes (ug/mz-min) may not be the
best choice. The mass unit (ug) and time unit (min) seem unreasonably small,
and it may be confusing to give fluxes in an Sl unit while emission factors are
given in US customary units. Alternative units are Ib/ft>-day. Also, presenting five
digits in the fluxes implies a level of accuracy that is not present.

Response: The District agrees with the comment. In the final report the flux rates
for silage and TMR have been given in Ib/ft2-day.

. Comment: Page 7, second paragraph: There is some confusion here in the units.
| assume these values are all in Ib/head-year. Some are listed as per day, which
would be very high.

Response: The reference to Ib/head-day has been corrected to Ib/head-year.
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7. Comment: Page 9, last sentence of third paragraph states that District Rule 4570
has resulted in more than 20 tons per day reduction in VOC emissions. Can you
provide a reference that documents this improvement?

Response: The Health Benefit Analysis for the Proposed Re-Adoption of District
Rule 4570 (Confined Animal Facilities) (June 18, 2009) indicated that in the
District’'s 2007 Ozone Plan, District Rule 4570 was estimated to achieve
approximately 20 tons per day of VOC reductions by 2012. According to the San
Joaquin Valley Air Pollution Control District 2010 Ozone Mid-Course Review
(June 2010), District Rule 4570 accounted for 22.8 tons of VOC reductions per
day in 2010. However, this statement has been updated to say that significant
VOC reductions are expected from implementation of the District Rule 4570
Phase Il mitigation measures.

8. Comment: Page 18, last sentence of second paragraph: Can these two emission
sources be added? Is the stall bedding that which is emitted by the actual stall
while the other value is that occurring simultaneously from the flush lane? If so,
then we agree that they can be added. This is not clear as currently presented.

Response: VOC fluxes were measured from two separate sources in freestall
barns, the bedding in the stalls where the cows rest and the flush lanes where
manure from the cows was deposited; therefore, it is appropriate to add these
sources to represent emissions from the total area contained in the freestall
barns.

9. Comment: Page 29, second paragraph: The exposed area of a silage pile should
be better defined. The surface area of fresh silage exposed each day may be
much less than the actual open surface area. After a surface is exposed for 24
hours, the emission rate from that area will be low because the surface VOCs will
have been volatilized.

Response: The exposed area is generally intended to mean the uncovered “face”
of the silage pile from which silage can be removed for feeding. The silage flux
rate developed from Dr. Schmidt’s research is an average rate based on daily
removal of feed over the entire uncovered face of the silage piles, as was
observed during the studies. The average daily rate reflects the higher emissions
immediately after removal of silage and lower emissions from silage that has not
recently been disturbed. The District will consider further evaluating emissions
from specific dairies that implement unique silage management practices.

10.Comment: Page 31: It would be helpful to know the surface area per animal that
was used to convert this to a per head basis to allow for comparison among
farms even if the emission factor is given on a per unit area basis.
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Response: The approximate Ib/head-year VOC emission value for TMR was
based on the averages from the Phase Ill and Phase |V studies performed by Dr.
C. Schmidt and T. Card. The estimated area for the TMR during the studies is
included in the study reports, which have been attached as appendices to the
final report.

.Comment: Pages 32 and 33: Not all farms will have all of these components. For

example, freestall barns and corrals/pens or liquid and solid manure storage.
Therefore, the “Total not including feed” may be overestimated.

Response: All of these components are typically found at dairies in the San
Joaquin Valley and were present on dairies that were studied. In the San Joaquin
Valley freestall barns are generally open structures in which cows will continue to
have access to exercise pens or corrals. This differs from other parts of the
country in which cows in freestall barns typically do not have access to exercise
pens or corrals. In addition to ponds for waste storage, dairies in the San Joaquin
Valley will typically have stockpiles of solid manure consisting of stored
separated solids and scrapings from exercise pens and corrals that are stored for
use as bedding or for application to cropland. These components are all typically
present for dairies in the San Joaquin Valley and were present at dairies where
emissions were measured.

Comments from the Center on Race, Poverty, & the Environment

1.

Comment: The District Should Consider Wind Speed Effects on VOC Flux.
Research on the effect of wind speed on VOC flux should be included in the new
emission factor. The flaw of the flux chamber sampling methodology is that it
creates an artificial, wind free environment. Wind is present in California dairies,
including artificial “wind” from fans within free stall barns. The District has ignored
the effects of wind speed and only recommended evaluation of flux chambers
and wind tunnels for future research.

Response: Please see response to Comment #2 from C. Allan Rotz, Sasha
Hafner, and Felipe Montes above. Additionally, it must be noted that cooling fans
in freestall barns are designed to direct air at the level of cows rather than ground
level where feed is placed and because air velocity profile, these fans are not
expected create significant air movement on the TMR.

. Comment: The District Should Consider Alcohol Sampling Deficiencies. The

District also reports the sampling variability between the flux chamber and the
INNOVA analyzer when analyzing alcohol compounds. The use of canisters as a
means of storing analyte appears to significantly underestimate alcohol
compounds. Values for alcohols should be adjusted to account for this analytical
error.
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Response: The comment is in reference to the report for the Krauter and Blake
dairy VOC emission study in which higher alcohol measurements were noted
when using an INNOVA analyzer compared to the canister samples analyzed by
GC/MS. The report also noted that Dr. Donald Blake had questioned the ability of
the GC/MS system to extract all of the alcohols from the canisters. However, the
results in the report indicating higher alcohol emissions measured with the
INNOVA analyzer as compared to GC/MS were based on preliminary information
from an earlier progress report submitted to ARB in April 2007. Later
measurements performed by the researchers indicated general agreement
between the GC/MS alcohol measurements and the INNOVA analyzer alcohol
measurements as mentioned in the following journal article: Chung M., Beene
M., Ashkan S., Krauter C., Hasson A. (2009) Evaluation of non-enteric sources of
non-methane volatile organic compound (NMVOC) emissions from dairies.
Atmospheric Environment 44, 786-794. Researchers that were involved in the
project indicated that the apparent difference between the two methods occurred
in the first year (2006) and possibly the early part of the second year (2007) of
the monitoring study while the methodology was still being developed and the
field collection and lab analysis techniques were still being modified. These
researchers stated that the data from the later years, 2007- 2009, including the
measurement values in the main body of the final report to ARB, showed much
better agreement and are more reliable than their preliminary work that indicated
differences between the GC/MS alcohol measurements and the INNOVA
analyzer alcohol measurements. In addition, the project report only provides a
small amount of the preliminary INNOVA analyzer measurement data and the
reported information is not sufficient to estimate emissions using the INNOVA
analyzer measurements. However, after the initial development of the field
collection and lab analysis techniques, no significant differences were found
between the GC/MS alcohol measurements and the INNOVA analyzer
measurements and Dr. Krauter has stated that the primary standard for the
project report is the GC/MS measurements. Therefore, the District used the most
complete scientific data that were available to update the dairy emission factors.

. Comment: The District Should Consider the Volatile Fatty Acid Research

Conducted at Fresno State University. The District does not discuss research on
non-enteric Volatile Fatty Acids conducted at Fresno State University. Alanis
(2008) reported 11 kg/cow/year of non-enteric volatile fatty acid emissions. The
most significant source was TMR, with a reported flux of 160 g/m2-hr. The
District does not consider this research when proposing an emissions estimate
for Total Mixed Rations and fails to explain why such research was excluded.

Response: This comment refers to results of research reported in the following
publication: Alanis, P. Sorenson, M. Beene, M. Krauter, C. Shamp, B. Hasson, A.
S. Measurement of non-enteric emission fluxes of volatile fatty acids from a
California dairy by solid phase micro-extraction with gas chromatography/mass
spectrometry, Atmospheric Environment 42 (2008) 6417—6424. The purpose of
the study was to develop a method using a flux chamber coupled to solid phase
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micro-extraction (SPME) fibers followed by analysis using gas
chromatography/mass spectrometry to quantify volatile fatty acid (VFA)
emissions from sources at a dairy. The research was performed at a small
research dairy at California State University Fresno (CSUF). The paper reports
that the dairy typically used corn silage and that acetic acid contributed 70-90%
of the VFA emissions from the sources measured.

The comment incorrectly states that the measured volatile fatty acid (VFA) flux
rate from the TMR was 160 g/m?-hr. The study reported that the highest VFA flux
rates were for the silage and TMR, 1.84 g/m?-hr and 1.06 g/m?-hr, respectively.
Flux rates from other sources were generally two orders of magnitude lower than
this and had higher levels of uncertainty. The VFA flux measurements are similar
to the total VOC flux rates that the District proposed for silage and TMR, which
were based total non-methane non-ethane VOC measurements by Schmidt and
Card. However, the VOC flux rates proposed by the District are annual average
VOC flux rates that have been adjusted for daily temporal and seasonal variation
while there are factors that indicate the VFA emission measurements reported by
Alanis et el (2008) are higher than what would be considered representative of a
typical commercial dairy in the San Joaquin Valley.

One factor that should be considered is that the article mentions that silage
samples were spread to a depth to perform the VFA emission measurements.
Removing silage from the pile and spreading it will increase porosity. It is known
that greater porosity will generally increase emissions. It is expected that this
effect would be more pronounced when measuring VFAs because of their
tendency to adhere to surfaces that they contact. Therefore, these emission
measurements are likely to be higher than VFA emissions from the compacted
open surface of silage piles.

In addition, subsequent research using the same methodologies has also
indicated that the VFA flux rates reported by Alanis et el (2008) are much higher
than those that are typically observed. Many of the same researchers that were
involved with development of the methodology using SPME fibers to collect VFA
emissions from dairies used SPME fibers to measure VFA emissions from six
dairies in the San Joaquin Valley over a fifteen-month period. The results are
reported in Alanis, P. Ashkan, S. Krauter, C. Campbell, S. Hasson, A. S.
Emissions of volatile fatty acids from feed at dairy facilities, Atmospheric
Environment 44 (2010) 5084-5092. Based on the information gathered during
this study using SPME fibers to collect VFAs, average annual acetic acid
emissions were estimated to be 0.7 g/m?-hr for silage and 0.2 g/m?-hr for TMR.
VFA emissions from the non-feed sources were typically below the detection
limits of the methods used. As noted in the report, these measurements are more
comprehensive than the measurements in the previous study and resulted in
considerably lower emissions. The Alanis (2010) study reports an estimate of 1.7
kg/cow-year for acetic acid emissions from dairy feed sources (compared to an
estimate of 6.4 kg/cow-year from the previous study). Because the total mass of




DAIRY EMISSION FACTORS REPORT
Appendix 9: Responses to Comments

VFAs are dominated by acetic acid, total VFAs measured are also substantially
less than the total VOC flux rates proposed by the District, particularly for TMR.

Acetic acid emissions from thin layers of loose silage samples were also
measured using flux chambers and PTR-MS for an ARB project: California
Environmental Protection Agency. Zhang, Ruihong. (2010) Process-Based Farm
Emission Model for Estimating Volatile Organic Compound Emissions from
California Dairies. May 2010. Final Report for California Air Resource Board
(ARB). The project report states that, over a twelve-hour period, acetic acid
emissions measured from corn silage were 7.0 g/m?-hr gaverage flux of 0.58
g/m?-hr) and were 5.0 g/m?-hr (average flux of 0.42 g/m*-hr) for alfalfa silage.

As demonstrated, the District’s proposed VOC emission flux rates for dairy feed
sources are actually much higher than recent VFA emission measurements from
dairy feed sources, including a more comprehensive dairy emissions study
performed by the same researchers that were involved with development of the
methodology for the use of SPME fibers to collect VFA emissions from sources
at dairies. Because the District’s proposed VOC emission flux rates are much
higher than VFA emission estimates from recent studies and was based on a
total VOC method, it is reasonable to believe that these emissions are already
included in the District’s emission factor and, therefore, the VFA emission
measurements from these studies will not be added to the proposed emission
flux rate.

Comment: The District Should Propose for Public Comment and Adopt a
Methanol Emission Factor. Because methanol is a hazardous air pollutant and a
toxic air contaminant, the District should present the best available methanol
emission factor for comment and adoption.

Response: The purpose of this document is to adopt a total VOC emission factor
to quantify VOC emissions from dairies. The District is committed to using the
best information available to quantify toxic emissions from dairies.

Comments from ARB

1.

Comment: Overall, the SJV Air Pollution Control District did a good job in deriving
and justifying the new emission factors for dairy emissions. The District made it
clear that their emission-factor approach is based on best science available at
the time the revision was written. The document is informative and educational
on issues regarding dairy emission regulations.

Response: Comment noted and the District thanks ARB for continued support in
helping the District develop and fund research to increase the scientific
information available pertaining to air emissions from dairies.
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2. Comment: ARB would like to request that the District include more
comprehensive descriptions of the relevant studies that helped determine the
revised emission factors. Since the original experimental description and data are
not part of the current document, it is difficult to understand how the conversion
from flux data to the emission factor (Ib/head-year) was made.

Response: The current document contains brief descriptions of the studies that
were used. More comprehensive descriptions of the experimental descriptions
are contained in the original study reports, many of which have been added as
appendices to the final report. For enteric emissions of alcohols from cattle, the
District’s emission factor used unpublished data from Dr. Mitloehner; the
environmental experiment was conducted as described in Dr. Zhang’s ARB
project report but used only the measurements from the time before manure
began to accumulate in the environmental chamber.

For emissions factors that required conversion from measured flux rates to
Ib/head-year emission rates, the conversion was performed using the data
gathered during each respective study. The measured or average flux rate was
multiplied by the observed source area and divided by the estimated number of
milk cows that were onsite during the measurements.

3. Comment: What are the uncertainties associated with the estimated emission
factors? Was the diurnal and seasonal variability considered in the calculation
and how?

Response: Regarding the uncertainties associated with the estimated emission
factors, please see the response to Comment #1 from C. Allan Rotz, Sasha
Hafner, and Felipe Montes above.

Based on the measurements by Schmidt and Card (2009), the District’s dairy
VOC emissions factors for corrals/pens incorporated an adjustment for seasonal
variation with no adjustment for diurnal variability since no diurnal pattern was
observed for emissions from this source. Also based on measurements from the
same study, the District's VOC emissions factors for feed sources incorporated
adjustments to account for seasonal variation as well as daily variations in
emissions as a result of feeding practices and the reduction in the VOC emission
rate from silage after it is removed from the silage pile and feed after it is placed
for cattle. Adjustments for diurnal and seasonal variation were not incorporated
into the remaining dairy emissions factors.

4. Comment: The report should include the old emission factors in all the emission
factor tables. In places the document said that "the EF was not as high as
previously thought" but did not give specific numbers to support the assertion.

Response: The places where the document notes that emissions are not as
significant as previously thought are regarding VFA emissions from non-feed
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sources and VOC emissions from storage ponds/lagoons. Of the District’s
previous dairy VOC emission factor of 19.3 Ib/head-year, 15.5 Ib/head-year were
attributed to VFA emissions with 8.3 Ib/head-year attributed to enteric VFA
emissions with nearly all the remaining VFA emissions attributed to wet
processes, such as lagoons. As indicated in the report, subsequent research
measured much lower emissions of VFA emissions from non-feed sources.
Additional references to the District’s previous dairy emissions factors have been
added to the report and a table listing the District’s previous dairy VOC emission
factor has been added for reference purposes.

. Comment: There was no mention of Dr. Ruihong Zhang’s work in the draft report.
ARB believes that due to the significance of her research related to dairy VOC
emissions, Dr. Zhang’s report should be mentioned, followed by an explanation
of why it was not included. The District should also mention that they will review
Dr. Zhang’s findings for inclusion in the next revision to the report, as well as
mention specific information from the report that will be useful for future updates
to the District’s dairy VOC emission factors.

Response: When the District initially completed the draft dairy emission factor
report the final report for the study led by Dr. Zhang’s was not yet available. The
District needed to complete the draft report and proceed with updating the dairy
emission factors so more accurate dairy VOC emission factors could be used
when the District revised District Rule 4570. Since that time, the District has
reviewed the final report and agrees that it provides useful information and has
advanced that the state of research regarding quantification and modeling of
emissions from dairy feed sources. Some information from Dr. Zhang’s report
has been added to the final District report. Dr. Zhang'’s continued work will be
particularly useful for developing and evaluating potential mitigation measures to
reduce VOC emissions from dairy feed sources.

. Comment: ARB suggests that it would be valuable for SUIVAPCD to rank the
various emission factors from strongest to weakest, and to prioritize which factors
the District believes should be updated (as research funds become available, or
to encourage/direct future funding) so as to develop a somewhat specific
roadmap for where SJVAPCD plans to go from here.

Response: The purpose of this document is to adopt a total VOC emission factor
to quantify VOC emissions from dairies. However, the District has begun the
process to develop a document explaining the District’s priorities for future dairy
emissions research. The District will continue to work with ARB, scientists, and
dairy stakeholders to establish priorities for future dairy research efforts. One of
the District’'s main priorities will be the development and evaluation of practical
measures to reduce emissions from significant sources of emissions, such as
silage and TMR.

-10 -
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Comments from Dairy Cares

1. Comments on the Report’s General Conclusions: We agree with the following
overarching conclusions of your report:

a. Accurate dairy emissions factors are required for proper implementation of
applicable air quality regulations and also for the evaluation of appropriate
technologies and practices to reduce emissions;

b. The District has gained a great deal of experience in the evaluation of
emissions from agricultural sources through collaborative efforts with other
institutions, agencies and interested stakeholders;

c. The revised VOC emissions factors for dairies proposed in the report is
based on a detailed review of available scientific research findings; and

d. The District has given appropriate emphasis to studies performed on
California dairies and/or in conditions representative of California dairies.

Response: Comment noted.

2. Comments on the Approach to Categorizing and Quantifying Emissions: The
scientific basis for the dairy emission factors has improved and there is
considerably more detailed information regarding emissions from specific
sources within dairy facilities, such as silage piles (which were not included in the
APCO’s 2005 dairy VOC emissions estimates), corrals and pens, and more.

Dairy Cares supports the transition the District has made from reporting the
emissions as chemical subsets, for example “volatile fatty acids” or “ethyl
amines,” as took place in the 2005 report. The current draft report more
appropriately focuses on identifying and quantifying emissions in process-specific
categories. This not only represents a great improvement in the scientific basis
for estimations from those processes, but sets a better context for proposing and
evaluating potential emissions reduction techniques and strategies.

The District has taken the added step of grouping the process categories under
the following headings: Per Cow Dairy Emissions Factor, Silage Pile VOC
Emissions Flux, and Average Total Mixed Ration (TMR) VOC Emissions Flux. In
doing so, the District has rationally concluded that these newly characterized
emissions sources (silage piles and TMR) are appropriately calculated based on
exposed area rather than on a per head basis. Dairy Cares agrees with the
District on this point and notes that this will provide a more solid, science-based
foundation for discussion of emissions reduction strategies. Conversely, including
these new emissions under a per-cow factor would likely lead to large, built-in
systematic errors in calculating VOC emissions on many individual dairies.

Response: Comment noted and the District thanks Dairy Cares and other dairy

stakeholders that helped facilitate the California dairy studies that were used to
develop the District’s dairy emission factors.

-11 -
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3. Comment: Where possible, we have reviewed the proposed emission factors and
the underlying research studies. We generally concur that the District has
selected the most appropriate studies as a basis for its decisions. We do not
have any major disagreements with the District’'s analysis and conclusions either
on individual process factors, fluxes or on the overall totals. While these appear
generally accurate and representative of the underlying research, we would note
for the record a few important caveats:

a. Most of the research to date has been limited to a few dairies and covers
a relatively limited range of seasonal conditions. While there has been a
vast improvement in the data used for District development of emissions
factors and fluxes, these may not adequately reflect variability on
individual sites. As such, dairies may wish to undertake site-specific
analysis in some cases and future revisions in the emissions factors and
emissions fluxes may also be necessary.

b. In the case of “Per Cow Dairy Emissions Factor” process #1, “Enteric
Emissions,” the District notes in the report that the determination for the
emission factor of 4.1 pounds/head-year is partially derived from an
environmental chamber study that was completed in late 2009by Dr. Frank
Mitloehner. Because that work has not been published or peer reviewed,
and has not been reviewed by Dairy Cares, we can only conditionally
support this factor pending future review of the data. However, we also
note that similar work by Dr. Mitloehner has been important in estimating
California dairy emissions. We remain strongly supportive of the District’s
approach of relying on studies performed on California dairies or
conditions representative of California dairies.

c. We would like to continue our discussion to further refine the simulation of
practices that are associated with silage and TMR flux rates included in
the draft report. Both rates are averages based on observed data; we feel
additional work is needed to ensure that the rates accurately reflect
management practices implied in the simulations.

Response: As previously mentioned, the District report used the best data that
were available to develop VOC emission factors that are representative of typical
dairy operations in the San Joaquin Valley. The District supports continued
efforts to refine dairy feed VOC emission measurements to better account for
management practices that may be implemented at specific dairy operations and
looks forward to working with Dairy Cares and other dairy stakeholders regarding
this matter.

4. Comments on Future Research Recommendations: The draft report included
recommendations for future research to improve the quality of dairy emission
factors. We concur that from an academic standpoint, additional research would
be helpful to further refine the factors. However, we also are of the view that in
some categories of VOC emissions from dairies, a point of diminishing return
may be developing on the value of gathering additional data on VOC-generating
processes versus investment in research on other pollutant categories and/or
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mitigation. According to the District’'s own health benefit analysis in 2009, the
entirety of actions under Phase | of District Rule 4570 resulted in modeled
reductions of only 1.5% annually or less for population exposure to ozone. As
such, any future research recommendations must be reviewed to ensure there is
some possibility they would generate discernible health benefits. With that
cautionary note, we remain nevertheless dedicated to collaborating with your
agency on determining appropriate ways to improve our understanding and
mitigation of emissions.

Response: Because the San Joaquin Valley Air basin is classified as an extreme
nonattainment area for the Federal ozone standard, even relatively modest
reductions in ozone and ozone precursors can make cumulatively significant
contributions towards helping the District reach attainment with health-based
ambient air quality standards and accurate characterizations of emissions
sources are an important part of this process. However, the District agrees that
one of the primary focuses of future research should be development of practical
measures that will reduce VOC emissions, in general, and practices that will
reduce emissions of the most reactive compounds to provide increased health
benefits through greater reductions in ozone formation.
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List of Photos & Figures

Photo 1. Chopped corn being delivered by truck into the ensiling machine.

Photo 2. The open tray area for chopped corn collection, and the silage bags (white) being filled
at the dairy

Photo 3. Flux chamber and wind tunnel sampling silage face within protective safety container.

Photo 4. Safety container positioned next to defaced conventional silage pile via forklift.
Photo 5. Standard front-end loader with quick connect to EZ rake attachment.

Photo 6. EZ rake defaced surface on left and lateral defaced surface on right of a conventional
silage pile

Photo 7. Flux chambers located outside the MAAQ Lab sampling water inclusion rates and
silage.

Figure 1. Means of lateral, perpendicular, and EZ rake defacing on methane (CH4) emissions
(each of these treatments were measured on three different days and the bars indicate the standard
deviation).

Figure 2. Means of lateral, perpendicular, and EZ rake defacing on nitric oxide (NO) emissions
(each of these treatments were measured on three different days and the bars indicate the standard
deviation).

Figure 3. Means of lateral, perpendicular, and EZ rake defacing on nitrogen dioxide (NO2)
emissions (each of these treatments were measured on three different days and the bars indicate
the standard deviation).

Figure 4. Means of lateral, perpendicular, and EZ rake defacing on nitrous oxide (N20)
emissions (each of these treatments were measured on three different days and the bars indicate
the standard deviation).

Figure 5. Means of lateral, perpendicular, and EZ rake defacing on ammonia (NH3) emissions
(each of these treatments were measured on three different days and the bars indicate the standard
deviation).

Figure 6. Means of lateral, perpendicular, and EZ rake defacing on methanol (MeOH) emissions
(each of these treatments were measured on three different days and the bars indicate the standard
deviation).



Figure 7. Means of lateral, perpendicular, and EZ rake defacing on ethanol (EtOH) emissions
(each of these treatments were measured on three different days and the bars indicate the standard
deviation).

Figure 8. Means of methane emissions from the total face area of a silage bag vs. that of a
conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).

Figure 9. Means of nitric oxide emissions from the total face area of a silage bag vs. that of a
conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).

Figure 10. Means of nitrogen dioxide emissions from the total face area of a silage bag vs. that of
a conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).

Figure 11. Means of nitrous oxide emissions from the total face area of a silage bag vs. that of a
conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).

Figure 12. Means of ammonia emissions from the total face area of a silage bag vs. that of a
conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).

Figure 13. Means of methanol emissions from the total face area of a silage bag vs. that of a
conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).

Figure 14. Means of ethanol emissions from the total face area of a silage bag vs. that of a
conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).

Figure 15. Means of methane (CH4) emissions from TMR treated with 0%, 5% and 10% water
vs. raw silage.

Figure 16. Means of nitrous oxide (N20O) emissions from TMR treated with 0%, 5% and 10%
water vs. raw silage.

Figure 17. Means of nitric oxide (NO) emissions from TMR treated with 0%, 5% and 10% water
vs. raw silage.

Figure 18. Means of nitrogen dioxide (NO2) emissions from TMR treated with 0%, 5% and 10%
water vs. raw silage.

Figure 19. Means of ammonia (NH3) emissions from TMR treated with 0%, 5% and 10% water
vs. raw silage.

Figure 20. Means of methanol (MeOH) emissions from TMR treated with 0%, 5% and 10%
water vs. raw silage.
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Figure 21. Means of ethanol (EtOH) emissions from TMR treated with 0%, 5% and 10% water
vs. raw silage.

Figure 22. Comparison of simulated and flux-chamber-based emissions for conventional silage
piles.

Figure 23. Comparison of simulated and wind tunnel-based emissions for conventional silage
piles.

Figure 24. Comparison of simulated and flux chamber measured emissions from silage bags

Figure 25. Comparison of simulated and wind tunnel measured emissions from conventional
silage piles.

Figure 26. Comparison of simulated and flux chamber measured emissions for TMR and loose
corn silage samples.

Figure 27. Comparison of simulated and flux-chamber measured 12-h ethanol emissions for
TMR and loose corn silage samples: a) mass emitted on a per m? basis of exposed silage face; b)
total mass emitted.

Figure Al.1. Means of silage storage types on methane emissions (each of these treatments were
measured on three different days and the bars indicate the standard deviation).

Figure Al.2. Means of silage storage types on nitric oxide emissions (each of these treatments
were measured on three different days and the bars indicate the standard deviation).

Figure AL.3. Means of silage storage types on nitrogen dioxide emissions (each of these
treatments were measured on three different days and the bars indicate the standard deviation).

Figure Al.4. Means of silage storage types on nitrous oxide emissions (each of these treatments
were measured on three different days and the bars indicate the standard deviation).

Figure AL1.5. Means of silage storage types on ammonia emissions (each of these treatments were
measured on three different days and the bars indicate the standard deviation).

Figure AL1.6. Means of silage storage types on methanol emissions (each of these treatments were
measured on three different days and the bars indicate the standard deviation).

Figure ALl.7. Means of silage storage types on ethanol emissions (each of these treatments were
measured on three different days and the bars indicate the standard deviation).
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Figure A2.1. Measured and simulated ethanol emissions for the drive-over piles using the former
VOC emission model. For simulation, figures presented are based on various dry bulk densities
and moisture contents of a) 70% and b) 60%.

Figure A2.2. Measured and simulated methanol emissions for the drive-over piles using the
former VOC emission model. For simulation, figures presented are based on various dry bulk
densities and moisture contents of a) 70% and b) 60%.

Figure A2.3. Comparison of simulated and flux-chamber-based emissions for TMR and loose
corn silage samples normalized with respect to initial ethanol and methanol contents.
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Abstract

Our previous work (Chapter 1), has shown that silages are a major source of volatile
organic compounds (VOC) and oxides of nitrogen (NOx) from dairies contributing to the San
Joaquin Valley’s (SJV) ozone challenges. In general, emission of VOCs from silage can be
mitigated by either 1) reducing VOC production in the liquid/solid phase of the silage pile, or 2)
reducing relative emission from the face of the silage pile or the feedlane. Therefore, the focus of
the present research was on monitoring and modeling of VOC production using silage additives
(Chapter 2), as well as emissions mitigation via various silage storage methods, de-facing
practices, and feed management approaches (Chapters 3 & 4). Microbial and chemical silage
additives were investigated using bucket silos, to reduce the production and emissions of volatile
organic compounds in corn silage. The VOC concentrations were measured using headspace gas
chromatography method. For the field monitoring of emissions from different silage storage and
defacing methods, we used flux chambers and wind tunnels that were attached vertically on the
silage face, immediately after de-facing. These sampling devises were attached to a fully
equipped mobile air quality lab, in which concentrations of all relevant gases were analyzed in
situ. This set-up allowed us to compare different storage methods (i.e. conventional standard pile
vs silage bag), and defacing methods (e.g., perpendicular, lateral, and rake extraction), as well as
various water inclusion rates for the feed all aiming at reducing emissions. The monitoring data
was used to inform and validate a new VOC process-based model that was developed to predict
VOC emissions from silage sources on farms using theoretical relationships of mass transfer and
parameters determined through our earlier (published) laboratory experiments and numerical
modeling. The results for the silage additive studies showed, that most microbial and chemical
additives actually increase VOC production and emissions. Only one chemical additive used at
one particular concentration, reduced VOCs. The results for silage storage indicated that silage
bags vs. conventional silage piles emit considerably fewer emissions. Furthermore, lateral
defacing versus perpendicular- and rake defacing reduced emissions of most gases. Finally,
reducing of emissions in the feedlane seems to be possible via inclusion of water to the TMR.
Simulations of all relevant silage mitigation options that were studied on the commercial dairies,
were conducted using the VOC modeling tool. These simulations clearly showed that most of the
reactive VOC emissions on a California dairy occur from feed lying in feed lanes during feeding
as opposed to the silage storage pile or bag. In conclusion, regulations aimed at reducing VOC
emission could be ineffective or even increase emission if they promote silage additives without
recognition of different types of additives. The monitoring results of the storage and defacing
study results point at certain practices as being advantageous. However, one shall not view those
monitoring results in isolation, because only the integration of other parts of the feed’s life cycle,
using whole farm modeling, explains not just the relative- but also the absolute effectiveness of
mitigation techniques in reducing VOCs and NOXx on the entire dairy. The whole farm modeling
clearly showed that mitigation efforts should be applied to reducing emissions from feeding rather
than focusing solely on those from the exposed face of silage piles.
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Executive Summary

Our previous work at UC Davis and USDA-ARS (see page x of this report) has shown
that silages are a major source of volatile organic compounds (VOC) and oxides of nitrogen
(NOx) on dairies contributing to the San Joaquin Valley’s (SJV) ozone challenges. Most recent
studies on emission of silage VOCs and NOx have sought to identify and quantify the major VOC
and NOx components of silage emissions through field or laboratory measurements (Alanis et al.,
2008; Chung et al., 2009; Howard et al., 2010; Montes et al., 2010; Hafner et al., 2010; Malkina
etal., 2011; Hafner et al., 2012), while two studies have looked at ozone formation through
computer simulations (Howard et al., 2010; Hu et al., 2012). Literature on mitigation strategies
for environmental pollutants from silages is extremely sparse and mainly related to minimizing
dry matter losses and deterioration of feed quality. Most is known on the use of silage covers and
additives to maintain high quality of silage and to reduce DM losses. In general, emission of
VOCs from silage can be mitigated by either 1) reducing VOC production in the liquid/solid
phase of the silage pile, or 2) reducing relative emission from the face of the silage pile or the
feedlane. Therefore, the focus of the present research was on monitoring and modeling of VOC
production using silage additives (Chapter 2), as well as emissions mitigation via various silage
storage methods, de-facing practices, and feed management approaches (Chapters 3 & 4). The
present research primarily addressed mitigation techniques and technologies outlined in
SIJVAPCD Rule 4570 addressing VOC and NOx production and emissions.

Chapter 1 of the present report is a comprehensive review of the literature around various
topics as they relate to the air impacts of silage and, to the extend available, possible mitigation.
The chapter clearly shows the considerable complexity and heterogeneity of processes leading to
emissions and the need to assessing the topic of silage air emissions using a holistic life cycle
approach. The four main phases of silage production, storage, and use are distinctively different
from each other and addressing only one phase via mitigation, might likely lead to emissions
downstream. Furthermore, it is apparent that while the body of literature on the ensiling process is
rich, hardly any work has been reported on emission mitigation from a dairy farm.

Chapter 2 shows the effectiveness of various microbial and chemical silage additives in
reducing gaseous emissions from silage. The research found that the addition of the chemical
silage additive potassium sorbate may substantially reduce production of ethanol and other
important volatile organic compounds. Two of the most widely used microbial additives as well
as a commercial buffered propionic acid-based product, strongly stimulated VOC production and
emissions from silages. Regulations aimed at reducing VOC emission from silages via use of
additives could be counterproductive if they promote silage additives without recognition of
different types of additives and their course of action.

Chapter 3 provides monitoring data for a variety of silage mitigation techniques. One
major aspect of this monitoring research is to provide gaseous emissions data to inform and
validate the concurrent silage air emission modeling study (i.e. Chapter 4). The present
monitoring study conducted alongside with the concurrent modeling study, shows that emission
reduction potentials of one phase of silage management might be offset throughout later phases
throughout the life cycle of the feed. For example, one might reduce emissions at the silage face
through lateral- versus perpendicular defacing, but the compounds one might prevent from
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volatilizing at the face, might become airborne later during feeding in the feedlane. Similarly,
silage bags have a much smaller face compared to the conventional silage pile; thus, emissions of
the former are considerably lower. However, to benefit from these emission reductions, one must
also devise a proper strategy to reduce emissions after feed-out from the bag or else, mitigation
effects will be diminished in the feed-out phase. Overall, it is apparent that the most effective
VOC mitigation efforts are those that minimize the air exposure time of freshly extracted- as well
as freshly mixed feed to the atmosphere (e.g., silage face and feed-lanes).

In Chapter 4, the modelling aspects of the present work are presented. A new process-
based model was developed to predict VOC emissions from silage sources on farms using
theoretical relationships of mass transfer and surface emission, with simulation parameters refined
through laboratory experiments and numerical modeling. For model evaluation, ethanol and
methanol emission measurements were made from conventional silage piles, silage bags and feed
lanes on a dairy farm in California (i.e. data presented in Chapter 3). The model worked well in
predicting ethanol emissions but underpredicted methanol emissions. The new silage VOC
emission model was incorporated as a component of the Integrated Farm System Model (IFSM),
where it was used to evaluate management and climate effects on VOC emissions along with
other aspects of farm performance, environmental impact and economics. Simulations of a
representative dairy farm in California indicate that most of the reactive VOC emissions occur
from feed lying in feed lanes during feeding rather than from the storage pile. This implies that
mitigation efforts should focus on reducing emissions during feeding rather than those from the
exposed face of silage piles.
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Chapter 1 - Background Literature on the Dairy Industry, Silage Practices, and
Related Mitigation of Air Pollutants

United States Dairy Industry

The United States is home to 9,257,000 dairy cows and each cow produces on average
10,096 kg of milk per year. California accounts for twenty percent of the US milk production
contributing 21 million tons of milk per year (Hoskin, 2014). The San Joaquin Valley (SJV) in
California alone houses three quarters of California’s dairy cow population. The combination of
numerous emissions sources, including dairies, in the SJV and its topography present
environmental and in particular air quality concerns because air pollutants remain within the
airshed for prolonged periods of time. Along with numerous other sources of air pollution, the
dairy industry contributes to the SJV as having one of the worst air quality conditions throughout
the US (Garcia et al., 2013).

The dairy industry in the SJV is a contributor of ozone precursors, such as (VOCs) and
(NOx). According to earlier estimates, the California Air Resources Board (CARB) listed dairy
farms and associated waste as the second largest contributors to these ozone precursors (Chung
et al., 2010). However, research discovered that the CARB estimations were approximately 9
times greater than the true ozone production from dairy animal waste (Shaw et al., 2007, Hu et
al., 2012), which led to corrections of the inventory. The majority of the earlier emissions
research on dairy farms encompassed manure, lagoons, animals, and heavy machinery (Schmidt,
2009). Animal feed was discovered to produce both VOCs and NOx (Maw et al., 2002). Animal
feed includes, but is not limited to, a variety of products such as dried distiller grains (DDGSs),
almond hulls, cereals, hays, and fermented feed (silage).

A dairy farm typically has three types of production stages: calves, heifers, and dry and
lactating cows. Diets fed reflect the production stage and associated nutrient requirements for the
animal. Lactating dairy cows have one of the most demanding diets. Their energy demand
supports pregnancy, lactation, and body maintenance. A total mixed ration or TMR is often used
to fulfill their requirements and to maximize milk production efficiency (Driehuis and Elferink,
2000). A TMR is composed of cereal grains, fats, minerals, vitamins, forage, and a wide array of
byproduct feedstuffs. The bulk of the costs associated with dairy farms is related to feed.
Fermented feed such as silage, has a long shelf life, and can sustain the herd throughout the year.
As such, most TMRs include silage, as a form of forage, as part of a balanced diet. Silage can
compose of up to 60% of the total TMR and therefore is a major component of dairy cow diets.
In addition to its many benefits as feed, it also has some consequences associated with it, namely
the fact that it produces ozone precursors, which make it an environmental concern (Maw et al.,
2002). With a majority of California dairies storing and feeding silage, research has been
conducted to quantify their contribution to ozone forming potential (OFP). The VOC emissions
were measured from animal feeds and the results showed that feeds had significantly higher
emissions than other sources on a dairy, for example animal waste (Alanis et al., 2010, Malkina
etal., 2011). Volatile fatty acids (VFAs), alcohols, and aldehydes make up the majority of VOCs
found on dairy farms. However, silage has been shown to emit not just VOCs but also multiple
species of NOx (Howard et al., 2010). The resulting emissions cause dry matter (DM) loss,
environmental, and human health consequences. Mitigation and management of fermented feed
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can result in a win-win situation for both the environment and the dairyman’s financial viability
(Hafner et al., 2014).

Factors such as wind speed, temperature, moisture, and extraction methods can strongly
alter emissions. Prior to ensiling, other production factors such as crop maturity, crop species,
moisture content, and storage method affected the profile of compounds emitted (Rossi and
Dellaglio, 2007). Each dairy varies in storage, extraction, and general silage management.
Accurate emission projections can best be achieved through modeling of the important factors
and management strategies present at a specific farm (Hafner et al., 2012); however,
measurements under field conditions are needed to validate model predictions (Hafner et al,
2012).

Air Quality Regulations for the California Dairy Industry

As discussed above, the SJV is home to both the largest dairy herds and some of the
worst air quality in the United States. The SJV experiences high levels of ozone and particulate
matter pollution. According to National Ambient Air Quality Standards, mitigation techniques
and technologies from all sources of pollution need to be managed and evaluated (Shaw et al.,
2007). Ozone can affect day-to-day quality of life because of its potential to cause respiratory
and cardiac diseases. California’s air regulatory agencies consider dairies as a contributor to
ozone pollution. Fermented feedstuff such as silage, rather than animal manure, were found to be
the greatest source of ozone precursor gases from dairy farms (Alanis et al., 2010, Malkina et al.,
2011, Hafner et al., 2013).

The San Joaquin Valley Air Pollution Control District (SJVAPCD) implemented rule
4570 in 2006 to limit emissions of VOCs from confined animal facilities (i.e. dairies, feedlots,
layer houses etc.). For example, dairy mitigation strategies first revolved around fresh and stored
manure management but in 2011, an amendment was added to include feed and silage emission
management. The amendment mandates that farmers choose several mitigation measures to
reduce gaseous losses from silages. A more detailed explanation of the rule can be found in the
appendix of the present report along with specific examples of mitigation techniques. Rule 4570
not only provides regulatory restrictions but an opportunity to simultaneously minimize dry
matter (DM) losses from feedstuff. A serious limitation of Rule 4570 is that many of the
mitigation options contained therein have never been assessed for their efficacy in reducing
gaseous emissions.

Over the past century, dairy farms in California have decreased and the number of
milking cows per farm has increased (USDA, 2015). Silage is one of the main feed sources used
in the dairy sector (Cherney and Cherney, 2003). In California, corn is typically chopped and
ensiled in late summer to early fall for ensiling (Schukking, 1976). As previously mentioned, the
summer schedule of corn ensiling coincides with the ideal conditions for ozone formation. The
environmental impact of silage is 2-fold. The early ensiling process contributes NOx and the
continued feed-out phase VOCs into the atmosphere (Maw et al., 2002, Chung et al., 2010).
Dairy farms in the summer are potentially emitting both VOCs and NOx simultaneously and in
close spatial proximity.



Silage
Silage Preservation

Entire crops such as corn, sorghum, and other forages can be chopped, compacted, and
preserved as silage, a fermented feed, to be fed to animals throughout the year. Silage is less
weather dependent than hay making and is mechanized more easily. Silage is better suited than
hay to large-scale livestock production systems and is adapted to a wider range of crops (Bolsen
and Heidker, 1985). Criteria for a crop to ensile properly include knowledge of DM content,
moisture, buffering capacity (resistance to acidification), plant maturity, plant species, and sugar
content (Zaunmiiller et al., 2006). Corn is an ideal silage crop because of its sugar content,
buffering ability, and DM content; whereas alfalfa is more difficult to preserve as silage
(Blezinger, 2000). Grasses generally contain more water soluble carbohydrates (WSC) and have
less resistance to acidification than legumes (Bolsen et al., 1996).

Prior to harvest, chemical properties such as plant maturity and moisture content are
important to measure. If maturity and moisture conditions are met, the plant is chopped and
ensiled. Various forages such as alfalfa may be left in the field to wilt to 50-60% moisture before
ensiling (Pitt, 1990). The amount of time needed for the crop to wilt is dependent on the plant
species, environment, and desired moisture content (Nash, 1959). Not all plants require time to
field wilt before ensiling, as can be seen in the case of corn, which has a whole crop moisture
range of 55-75% (Johnson et al., 1999). Generally, the higher the moisture content the faster the
forage ensiles. The abundant supply of water soluble carbohydrates (WSC) is utilized by micro-
organisms and the metabolism of WSC causes a rapid pH drop (Perry et al., 1967, Coblentz et
al., 1998). In silage making, plants are first chopped to desired particle size. Particle size is
important in obtaining optimal compaction rates and nutritional digestibility (Yang et al., 2001).
Chopped feed is then placed into its respective storage containers and compacted in layers. In
California, compaction is mainly achieved by two methods. The first method involves a tractor
rolling over the transverse plane of the pile in layers, a process that generates the “conventional
standard pile”. The second method uses a conveyer belt to feed the chopped forage in a
horizontal fashion into a ‘silage bag” (aka “Ag bag”) followed by pressure compaction (Johnson
etal., 1982). Compaction is essential in removing as much oxygen as possible from the silage,
thus reducing porosity. Compaction is inversely linked to porosity, which decreases as
compaction increases (Hafner et al., 2010). Pores are areas where oxygen can pool, slowing
down the ensiling process and decreasing the silage quality (Stadhouders and Spoelstra, 1990). A
swift transition from an aerobic to anaerobic environment minimizes nutritional loss and
maximizes preservation (Jaster, 1995). If the transition of an aerobic to anaerobic environment is
slow, it can harbor the growth of unfavorable micro-organisms, clostridials, which are capable of
causing secondary fermentation (Spoelstra, 1983, Leibensperger and Pitt, 1987). Quickly
creating and maintaining an anaerobic environment are critical factors in producing high quality
silage and avoiding the negative impacts of plant respiration, plant proteolysis, and aerobic
microbial activity (Muck, 1988). Any delays in covering the ensiled material or inadequate
sealing, negatively impacts silage quality (Denoncourt et al., 2007). A delay in covering causes
the retardation of temperature and pH changes necessary for fermentation. Quality silage
preservation is most susceptible during the first and final phase of silage making (phases outlined
below). Knowledge of how to minimize the effects of the driving forces of emissions such as air
speed, temperature, porosity, and surface roughness will improve management decisions to
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improve silage quality, the ensiling process, and as a result, lower the emission profile. An
increase in any of these physical properties will result in excessive gas loss and DM loss (Hafner
etal., 2012).

Silage Production Phases and Gas Production

The ensiling process undergoes four distinct phases. Each phase has unique
characteristics and differs by pH, temperature, microbial populations, and gas production.

Phase 1 - Aerobic Phase

Phase 1 represents the chopped plants being compacted and covered with gas tight plastic
tarp. This aerobic phase lasts for approximately two days. Major gaseous losses of NOx and CO»
occur during Phase 1 (Burger and Jackson, 2003) in which cellular respiration breaks down plant
sugars causing the production of CO2, NOx, heat, and water (Hopkins and Hiiner, 1995). Plant
respiration eliminates oxygen from the pile contributing to the anaerobic environment inside the
silage pile. Plant proteases simultaneously break down proteins into amino acids, ammonia,
peptides, and amides (Johnson et al., 2002). The conversion of sugar to acid is vital for the
preservation and fermentation of silage. Sugars are the main substrate for lactic acid bacteria to
produce the acids needed to preserve the crop as silage (Bolsen et al., 1996). Plant enzymes and
microorganisms, such as aerobic fungi and spoilage bacteria, remain active because the pH is
still within their favorable conditions (i.e. 6.0-6.5) (McGarvey et al., 2013). Toward the end of
this phase, temperature increases and pH begins to decline. The low pH limits a majority of
enzymatic activity (MVuuren et al., 1989).

Phase 2 - Fermentation Phase

During phase 2, lactic acid, acetic acid, and ethanol are produced. The production of
acids and alcohols causes the pH of the silage to drop and the temperature of the silage to
increase. Yeast fermentation of the ensiled plant material produces the alcohols needed for
preservation (Ranjit et al., 2002). The ensiled forage heats up to 32 °C and pH levels drop to 5.0
(temperature and pH ranges are unique and specific to plant type and effective storage system).
The fermentation phase lasts approximately 21 days, facilitating the growth of anaerobic micro-
organisms (Seglar, 2013). The organisms compete with lactic acid bacilli (LAB) for the
remaining fermentable carbohydrates. All soluble carbohydrates are believed to be metabolized
to lactic acid, mannitol, ethanol, and acetic acid after 44 days (Neureiter et al., 2005). The end
products of LAB are desired for their preservation characteristics, while the former organisms
yield no preservation properties. Enterobacteria can no longer replicate when the pH drops below
5 and as a result, most enterobacteria are depleted with in the first three days of ensiling (Lin et
al., 1992). If a rapid transition to an anaerobic environment fails to occur, clostridial growth
occur. Clostridials cause the forage to undergo additional fermentation yielding the production of
butyric acid, which leads to DM and digestible energy (DE) loss, which reduces silage quality
that contributes to lowered DM intake by cows. Silage core sampling may be used to monitor the
favorable microorganism population.

Most dairy producers observe their silage piles for the production of what is commonly
known as “silage gas” (i.e. NOx), which causes the gas tight barrier to expand and if not
released, tear the plastic cover, making the silage susceptible to aerobic deterioration (Seglar,
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2013). Once the majority of NOx has left the pile, the storage pile is resealed from the
environment for storage. Ideal conditions after the fermentation phase will render the corn silage
pile at a pH of about 4 (Pahlow et al., 2003).

Phase 3 - Storage Phase

During the storage phase, the microbial community is dominated by lactic acid bacteria
(LAB) effectively lowering the pH and stabilizing the silage (Driehuis et al., 2001). During this
phase, silage has become preserved and will remain in storage until feed-out to animals. The pH
range remains around 4 and silage temperature (species dependent) averages at 30°C. The low
pH prevents the growth of most fungi and spoilage bacteria. Some undesirable micro-organisms,
such as clostridia and bacilli, can remain present in the storage phase but continue to lay dormant
until phase 4, aka the feed-out phase. The storage phase is of lesser importance with respect to
air emissions due to minimal occurrence of physical and chemical changes. Routine inspection of
the pile for oxygen exposure is important to the continued preservation of quality silage. Re-
exposure to oxygen, leaks, and tears, will promote yeast and mold populations and some
pathogens such as Listeria monocytogenes (Perry and Donnelly, 1990, Duh and Schaffner, 1993).
Micro-organisms such as clostridial spores, yeasts, molds, and enterobacteriaceae negatively
impact the quality of silage (Duniere et al., 2013).

Phase 4 - Feed-out Phase

The feed-out phase leads to aerobic deterioration (aka spoiling of the feed), due to the re-
exposure to oxygen, and is the major phase of VOC gas losses (Courtin and Spoelstra, 1990).
Oxides of nitrogen emissions are also lost from the feed-out phase and any further agitation of
silage prior to reaching the feed lane (Maw et al., 2002). Oxygen activates the production of
aerobic bacteria, mold, and yeast activity at the exposed silage face. The silage face increases in
temperature (>43°C) and pH (pH of 7) (Borreani and Tabacco, 2010). The change in temperature
and pH makes the environment favorable to the undesired micro-organisms. These micro-
organisms consume the nutrient rich lactic acid, acetic acid, and other soluble products. The
consumption of these soluble products leads to the production of CO2 and water, which causes
the temperature increase at the face of the pile (Pitt et al., 1991). Caution should be given to
yeasts and bacteria if they reach a population of 10°-10% colony forming units per gram (cfu/g) of
silage, or molds reach 10°-107 cfu/g. High bacterial and yeast populations cause the digestible
components that can be utilized by cows including sugars and fermentation products to be
rapidly lost (Dolci et al., 2011). Time required for heating to occur depends on four factors:
number of aerobic microorganisms in the silage, time exposed to oxygen prior to feeding, silage
fermentation characteristics, and ambient temperature (Bolsen et al., 1996). These four factors
vary even between silage piles with the same forage and management. Woolford (1990)
quantified under laboratory conditions that a rise in 8-12°C above the ambient temperature
causes DM losses at approximately 1.5-3.0% DM.



Silage Air Emissions
Volatile Organic Compounds (VOCs)

Dairies emit VOCs from many sources including animal waste, bedding, flush lanes, and
free stalls. Little is known about VOCs from animal feeds and how they compare with other
VOC emitters such as light duty vehicles. In 2010, research was conducted on six dairies in the
California’s SJV with six locations within each dairy being tested (Chung et al., 2010). The
locations measured were the silage storage pile, TMR within the free stall barns, the bedding, the
flushing lanes, the open lots, and the lagoon to create an emissions profile. A total of 48 VOCs
were identified with substantial variation across and between dairies and sources within a dairy.
Silage and TMR (containing silage) were the greatest contributors to VOCs amongst the six
locations (Chung et al., 2010). Compounds found in silage included but were not limited to
alkanes, alkenes, aromatics, carbonyls, alcohols, and halogenated organics. Ethanol made up the
majority of the VOC profile from silage followed by ethyl acetate, acetone, and 2-propanol.
Compounds such as alkanes and aromatics also contributed to the emissions profile of silage, but
were still several orders of magnitude smaller than ethanol.

The reactivity of these VOCs can also be expressed as ozone formation potential (OFP).
The OFP from animal feed can be quantified and compared with other pollution sources on
similar scale. Howard et al (2010) conducted a study evaluating seven common animal feeds:
cereal silage, alfalfa silage, corn silage, high moisture ground corn, almond shells, almond hulls,
and TMR (55% corn silage, 16% corn grain, 8% almond hulls, 7% hay, 7% bran and seeds, and
5% protein, vitamins, and minerals). The objective of that work was to measure the OFP of these
animal feeds and provide estimations for the source of VOCs and their ozone formation
compared with light duty vehicles. Alcohols accounted for about half of the ozone formation for
the measured feed types. Alkenes were significant in corn silage, alfalfa silage, and TMR.
Acetaldehyde contributed about 25-30% of ozone formation in cereal silage. The OFP of these
feeds range from 0.4 g-O3 per g-VOC to 0.2 g-Oz per g-VOC. Light duty vehicles in
comparisons have an OFP of 0.7 g-O3 per g-VOC. The OPF of animal feed on confined animal
facility (CAF) is 25+ 10 t O3 day* was estimated compared with 13 + 1.3 t O3 day* of light duty
vehicles. The consumption of these feeds was also evaluated and although almond hulls may
have a larger OFP they make up a smaller contribution in a TMR as compared with silages.
Based of the Department of Agriculture’s census for animal numbers and the ozone production
of corn silage, total emissions were calculated to be approximately 20 + 9.5 t day™ (Census of
Agriculture, 2007, Howard et al., 2010) .

Ethanol is a major contributor at >70% of VOCs from animal feed; therefore the flux of
ethanol’s emission rate becomes a crucial part of the problem (Howard et al., 2010, Malkina et
al., 2011). Based on plant maturity at harvest, ethanol ranged from 0.45 to 2.7 % of DM in the
subsequent corn silage (Sheperd and Kung Jr, 1996). As much as 40% of the ethanol emissions
were lost from recently extracted silage piles within the first 5 hours (Shaw et al., 2007). The
percent lost between silage piles varied and could be attributed to packing density of the silage
pile. Poor packing density caused the silage pile to sustain a semi-aerobic environment.
Sufficient acid production was still observed under semi-aerobic environments, but there were
fewer formed metabolites (Neureiter et al., 2005, Hafner et al., 2010).



Studies have then translated packing density to measured emissions from silage faces, i.e.
extracted and exposed silage. The high variation of measured emissions from feed sources
presents challenges when using traditional models. Process-based models incorporate parameters
that influence VOC emissions and have more accurately quantified emissions from silage (Zhang
et al., 2009, Hafner et al., 2012). Additional variations were present in the mode of transport of
VOCs from the silage into the atmosphere (Hafner et al., 2012). The mass transfer model of
ethanol emissions developed from a convective transport model, and it addresses the pathway of
ethanol emissions from the liquid to gaseous phase in thin layers of corn silage. The final
mathematical model for ethanol emissions can predict ethanol emissions in the silage as a
function of initial ethanol concentration and exposure time (Hafner et al., 2012). The mass
transfer coefficient of ethanol was also calculated against temperature and air velocity. The
results illustrate, two orders of magnitude greater mass transfer coefficient of ethanol from 15 °C
at 0.2 ms™to 35 °C at 2.5 m s*L. Ethanol contributes as much as 10 g m h 1, the majority of the
compound released within 10h, and follows an exponential emission decay curve over time
(hours) (Hafner et al., 2012, Hafner et al., 2013).

Oxides of Nitrogen (NOXx)

The oxides of nitrogen emissions present an environmental concern, a potential parameter
for quality silage (i.e. progression of fermentation and overall quality), and a worker health
hazard.

Oxides of nitrogen are a precursor in ozone formation. Documented animal feed related
emission sources of NOx are not as well defined as those for VOCs. The NO: is the only
compound of the NOx family that the EPA regulates because of its prevalence and it is both an
air pollutant and a precursor to ozone and acid rain. The EPA has created NAAQS for the
tropospheric ozone. The primary and secondary standard for NO2 is 0.053 ppm (Lyndon Cox,
1999).

Nitrogen dioxide in the atmosphere reacts with air and UV radiation to create nitric oxide
(NO) and ozone (O3z). The UV radiation releases free radicals from VOCs that can react with
NO. Free radicals can then recycle the newly formed NO back to NO2. The recycling of NO to
NO: continues until the carbon chains in the VOCs are no longer photo sensitive. Typically, five
rotations of the recycling process can occur, providing many opportunities for ozone formation
(Grano, 1997). The NO; can also be readily absorbed in atmospheric moisture to produce acid
rain and undesirable environmental effects.

There are seven NOX species: nitrous oxide (N20), nitric oxide (NO), dinitrogen dioxide
(N20>), dinitrogen trioxide (N20O3), nitrogen dioxide (NO-), dinitrogen tetroxide (N204), and
dinitrogen pentoxide (N2Os). With regards to silages, the main species of interest are NO
(colorless gas/slightly water soluble), NO2 (red-brown gas/water soluble and decomposes in
water), and N2O (colorless gas/water soluble) (Ataku, 1982). According to the EPA, mobile
sources account for 50%, electric power plants 20%, and “everything else” 30% of the NOx
emitted in the US. Identifying the sources emitted from the “everything else” category could help
the nation reduce overall NOx emissions and achieve proposed NAAQS standards (EPA, 2015).

The process of ensiling is one of the unaccounted sources of NOx emissions. Nitrate is
found in plants naturally and also in other anthropogenic sources i.e. fertilizers (Lindsay et al.,
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1981). The majority of nitrate is broken down in the feedstuff during the ensiling process. The
degradation of nitrate is related to high pH levels and high ratios of NH3-N to total N. A high pH
and high ratio of NH3-N to total N constitute unfavorable conditions in the ensiling process and
retard the rapid transition to an acidic anaerobic environment (Spoelstra, 1985). The ensiling
process causes the reduction of nitrate and starts producing nitrite, nitrogen oxides, and ammonia
within the first week (Ohshima et al., 1978, Spoelstra, 1985, McDonald et al., 1987, Henderson,
1993, Petersen et al., 2006). The first phase of ensiling contains microbes such as enterobacter
sp., lactobacillus plantarum, and clostridium tyrobutyricum. These microbes can all reduce
nitrate (Ohshima et al., 1978, Spoelstra, 1983, Bolsen et al., 1996) and lead to the reduction of
nitrate to nitrite, nitrite to ammonia, and the release of nitrogen oxides (Hasan and Hall, 1975).
The nitrogen oxides can be formed from the interaction of nitrate and organic acids with by-
products of water (Grayson, 1956). Research has been conducted to correlate the reduction
products of nitrate to overall improved silage quality (Ohshima et al., 1978, Ataku, 1982,
Spoelstra, 1983, Spoelstra, 1985).

Oshima et al., (1978) characterized high quality silage by having low pH, high lactic acid
content, low VFA concentration, and low volatile basic nitrogen (VBN). Their research
compared two experiments of ensiled ladino clover. Each experiment had silage enriched with a
glucose additive and silage without additive. Silage with glucose added had a pH range of 3.96-
4.02 compared with the silage without added glucose, which showed pH values of 4.55-4.62.
Silage with glucose added had almost twice as much lactic acid present and half the percentage
of VFAs and VBNs. High-sugar crops have reported low pH levels that plateau for quality
preservation and low ammonia production. Low-sugar crops are not able to reach similar acidic
conditions, increase pH over days ensiled, and yield high ammonia production (Wilkins, 2013).
Oshima et al., (1978) also found that density had no effect on nitrite content but nitrogen oxide
gas production increased with density (with and without glucose added). A greater density may
be correlated to a better compaction rate and oxygen expulsion and the compaction minimized
the activity of aerobic bacteria (Ohshima et al., 1978). Ataku et al. (1982) found that the majority
of nitrate was reduced in the first phase of ensiling and no additional reduction of nitrate was
found in the remaining stages of ensiling. Further research showed that nitrate reduction could be
completed by both aerobic and anaerobic microorganisms throughout the phases despite low pH
levels and an anaerobic environment (Henderson, 1993).

Recent research has been conducted measuring the oxides of nitrogen throughout the
ensiling phase, storage phase, feed-out phase, and associated agitations prior to reaching the feed
lane (i.e. mixer wagon, extraction from pile, etc.) (Maw et al., 2002). These workers also
reported that the majority of NOx measured at the face of the silage was approximately 95% NO
and 5% NO.. Peak concentrations of NOx in corn silage ranged from 460-2137 ppbv (Maw et
al., 2002). The variation was likely due to the seasonality effects of ambient temperatures (e.g.
warmer temperatures increase NOX). In addition, NOx emissions increased as the exposed silage
face area increased and time exposed to air increased (Maw et al., 2002, Montes et al., 2010).
Maw et al., (2002) reported that after seven months of ensiling, corn silage placed in the mixer
wagon and agitated produced significant amounts of NOx, approximately 1700 ppbv compared
with background levels of 21 ppbv. Maw et al., (2002) reported that the NOx emissions that
were lost, posed minimal effects on nutritional content, but instead presented a health risk to
people as well as animals, and were an environmental pollution concern (i.e. 0zone production).



Silo-filler’s disease, a health condition caused by a reddish brown (i.e. NO3) gas, is
responsible for pulmonary injury (Fleetham et al., 1978). Silo-filler’s disease is a result of the
fermentation process of silage. As previously mentioned, crops contain nitrate, and nitrate is
converted to nitrites with organic acids to make nitrous acid. The transition from phase 1 to
phase 2 of ensiling incorporates rising temperatures. The temperature increase caused nitrous
acid to decompose into water and NOx (Ramirez and Dowell, 1971). Nitrogen dioxide (NO>) is
the reddish brown gas with its pungent odor. The NO2 concentrations in phase 1 of ensiling
increase with fertilization, lack of water, and immature plant harvest (Fleetham et al., 1978).
Inhalation of NO: is toxic and can be fatal depending on the dose and duration of exposure. The
NO: readily reacts with water in the respiratory epithelium to form nitric- and nitrous acids. The
resulting acid formation can cause severe burns, pulmonary edema, bronchoconstriction, and
inflammation (Jiang et al., 1991, Zwemer Jr et al., 1992). The toxic gas appears within the first
couple days and can last up to a week (Reid et al., 1984). Nitrogen dioxide was reported to be a
dense cloud of orange gas covering the silage or pooling in silo buildings (Wang and Burris,
1960, Zwemer Jr et al., 1992). Ramirez and Dowel (1971) illustrated the partitioning of NOx
within a silo. Nitrous acid occurs toward the base of the silage, whereas NO, the colorless gas,
travels toward the silage surface. Once in contact with air, the NO becomes NO2, the reddish
brown gas, settling on the surface. The N2O4 is present within the proximal head space of the
silo, characterized by a yellow gas. Symptoms from Silo Filler’s Disease can be the result of
acute exposure and/or chronic low-level exposures (Goldstein et al., 1977). Symptoms of the
disease could be overlooked and unaccounted for because of the rare prevalence of the disease.
Silo-Filler’s disease is also common to industrial exposure of nitrous fumes. Silage consequently
presents a risk to workers and animals acutely when ensiling occurs and with chronic low level
exposure in poorly ventilated buildings (Ramirez and Dowell, 1971).

Mitigation Strategies for Gas Emissions and Nutritional Losses in Silage

In general, mitigation strategies for environmental losses from silages is sparse and
mainly related to minimize DM losses and deterioration of feed quality. Most is known on the
use of silage covers and additives to maintain high quality of silage and to reduce DM losses.

Silage Covers

Silage making reduced farmers’ dependency on the weather and minimized potential
losses when harvesting grasses. However, the storage of silage presents a large initial investment.
Silos and silage bunkers are well established storage venues for ensiled material across the
United States but may present feasibility challenges for a farm to be profitable (Savoie, 1988).
The agricultural industry has also adopted the use of low density polyethylene (LDPE), high
density polyethylene (HDPE), and linear low density polyethylene (LLDPE) in their operations
(Briassoulis, 2007). Polyethylene (i.e. plastic film) provides farmers an alternative storage
system to silage management. The plastic film can vary in composition and layers, but typically
provides UV resistant, specific thickness, and gas-tight properties for proper ensiling.

Savoie (1988) researched the costs associated with plastic covers, optimal thickness, and
DM losses. He devised several modeling equations to quantify the optimal characteristics to
ensile high quality feed. The equations involved the cost of the plastic, which increased with size
and thickness, the permeability and volumetric infiltration rate of oxygen, oxygen consumption
of carbohydrates, and DM losses. Oxygen consumption rate was determined as a gram of oxygen
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needed by microbes to consume 0.9375 g of soluble sugars and was reported as DM loss (Wood
and Parker, 1971). Thickness varied from 25 pm to 400 um with a corresponding permeability of
1.95-0.12 cm atm™® h't, The DM losses were reported as a percent (%) per 30-day period. Dry
matter losses during the 30-day period were between 0.16 and 2.44% with the 400 um
polyethylene cover. Monthly intervals accounted for temperature differences and their influence
on DM loss. Polyethylene cover thickness recommendations for a 120-day storage period were
0.0120 cm and for 360-day storage a thickness of 0.0200 cm. Additional cover thickness should
be factored for pest control and environmental damage (Savoie, 1988).

Gaseous emissions and nutrient losses were affected by plant species, chemical
composition of the forage, oxygen, physical preparation, preservatives, temperature, storage, and
moisture content (Gordon, 1967). The most common way to determine total DM losses is the
comparison between amount of feed ensiled and removed silage for feed-out. The three main
routes for total DM constituents losses were: effluent or liquid loss, spoilage or unsafe to feed,
and gaseous loss (Gordon, 1967). Controlling moisture levels and crop maturity prior to ensiling
minimized DM loss. Recommended moisture levels for a specific crop facilitated favorable
conditions for lactic acid bacteria, but the duration of wilting required could influence the cost
benefit (i.e. DM loss) (Wilkinson, 1981).

Emissions from silage were largely driven by air velocity, temperature, porosity, and
surface area (Alanis et al., 2010, Chung et al., 2010, Montes et al., 2010). Hafner et al. (2010)
provided estimates of the rate of ethanol emissions from loose corn silage, quantifying the effects
of temperature, air velocity, and exposed surface area on ethanol emission rates, and assessed the
accuracy of the US EPA emission isolation flux chamber method for measuring VOC emissions
from loose silage. Hafner et al. (2010) concluded that the VOC emission rate from loose corn
silage was high initially and declined rapidly to plateau over time. Temperature, air velocity, and
different silage types had significant effects on the overall emissions of ethanol (Muck, 1988,
Elferink et al., 2000, Alanis et al., 2008, Hafner et al., 2010). Temperature and air velocity had
the largest effects on VOC emissions (Montes et al., 2010). Emissions increased by a factor of 4
in response to a 30 °C increase in temperature and by a factor of 10 in response to a 90-fold
increase in air velocity (Hafner et al., 2010, Hafner et al., 2013). Low density or high porosity
silage, increased surface area between silage particles for oxygen and aerobic bacteria to
negatively impact silage quality and promote VOC emissions (Hafner et al., 2013). The resulting
VOC emission losses continued with loosely packed silage piles post-extraction, excess mixing
time in the TMR wagon, and prolonged exposure time in the feed lanes (Hobbs et al., 2004,
Hafner et al., 2010).

Silage Additives

The fermentation process can vary based on silage moisture, maturity, nitrate levels, and
storage type. Research on silage additives has been conducted in order to minimize variability of
the above mentioned parameters and enhance the ensiling process for the production of quality
silage (Buxton and O' Kiely, 2003). In the 1970s, the addition of glucose was reported to
improve silage quality and depress the nitrate reduction process. The glucose treated silages
yielded lower pH values (Ohshima et al., 1978). The use of additives were further studied to
minimize DM loss, rapidly lower pH, support desired microorganisms, limit secondary
fermentations, and maximize quality and preservation (Merensalmi and Virkki, 1991). Enzyme
inoculant mixtures of cellulose, xylanase, cellobiase, and glucose oxidase were reviewed to

-10-



ascertain their effects on ensiling corn. The inoculant mixture had no effect on silage pH but did
increase titratable acidity, reduced fiber components, and promoted partial degradation of
structural carbohydrates. The reduction of fiber components improved nutritional value of the
silage and subsequent animal performance (Stokes and Chen, 1994).

The factors influencing the preservation of crops as silage include enzymes and micro-
organisms. The enzymes involved are respiratory, proteolytic, and polysaccharide-degrading
enzymes. Major micro-organisms that can alter crop preservation, emissions, and nutrient quality
are lactic acid bacteria, enterobacteria, clostridia, fungi (yeasts and molds), bacilli, listeria, acetic
acid bacteria, and propionic acid bacteria (Henderson, 1993). Most forage crops other than corn
should be harvested at the driest time of day and field wilted for approximately 24 hours.
Research is still required to reduce DM loss, improve animal performance, and reduce losses
throughout the ensiling phases (Henderson, 1993).

While numerous microbial additives have been reported to improve silage quality,
research on decreasing gaseous emissions is at a nascent stage. Many of the microbial additives
that have been studied (including lactobacillus buchneri, lactobacillus plantarum, and propionic
acid mixtures) were originally believed to reduce the production of VOCs emissions but the
following chapter is the first work that shows actual efficacy of that claim.
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Chapter 2 - Effects of Silage Additives on Gaseous Emissions!

Task 1: To investigate the effects of selected microbial and chemical silage additives on air
emissions

Abstract

The objective of this chapter was to evaluate the effects of microbial and chemical silage
additives on the production of volatile organic compounds (VOC) (methanol, ethanol, 1-
propanol, methyl acetate, and ethyl acetate) within corn silage. Recent work has shown that
silage VOC can contribute to poor air quality and reduce feed intake. Silage additives may
reduce VOC production in silage by inhibiting the activity of bacteria or yeasts that produce
them. We produced corn silage in 18.9 L bucket silos using the following treatments: 1) control
(distilled water); 2) Lactobacillus buchneri 40788, 400,000 colony-forming units (cfu) per g wet
forage; 3) Lactobacillus plantarum MTD1, 100,000 cfu/g; 4) a commercial buffered propionic
acid-based preservative (68% propionic acid, containing ammonium and sodium propionate and
acetic, benzoic, and sorbic acids), 1 g per kg wet forage (0.1%); 5) a low dose of potassium
sorbate, 91 mg per kg wet forage (0.0091%), 6) a high dose of potassium sorbate, 1 g per kg wet
forage (0.1%); and finally, 7) a mixture of L. plantarum MTD1 (100,000 cfu/g) and a low dose
of potassium sorbate (91 mg/kg). VOC concentrations within silage were measured after ensiling
and sample storage using a headspace gas chromatography method. The high dose of potassium
sorbate was the only treatment that inhibited the production of multiple VOC. Compared to the
control response, it reduced ethanol by 58%, ethyl acetate by 46%, and methyl acetate by 24%,
but did not clearly affect production of methanol or 1-propanol. The effect of this additive on
ethanol production was consistent with results from a small number of earlier studies. A low
dose of this additive does not appear to be effective. While it did reduce methanol production by
24%, it increased ethanol production by more than two-fold, and did not reduce ethyl acetate. All
other treatments increased ethanol production at least two-fold relative to the control, and L.
buchneri addition also increased 1-propanol to approximately 1% of DM. No effects of any
treatments on fiber fractions or protein were observed. However, L. buchneri addition resulted in
slightly more ammonia compared with the control. If these results hold under different
conditions, a high dose of potassium sorbate will be an effective treatment for reducing VOC
production in and emission from silage. Regulations aimed at reducing VOC emission could be
ineffective or even increase emission if they promote silage additives without recognition of
different types of additives.

Introduction

Silage contains numerous volatile organic compounds (VOC), including organic acids,
alcohols, esters, aldehydes, and ketones (Hafner et al., 2013). Volatile organic compounds
present in silage can contribute to poor air quality (Howard et al., 2010), and reduce feed intake
by livestock (Weil3 and Auerbach, 2012; Gerlach et al., 2013). Both problems could be addressed
through the use of silage additives if VOC production can be reduced by inhibiting the activity of
the bacteria or yeasts that produce them. Both biological additives (usually consisting of lactic

! The present chapter has been published in the peer reviewed literature: Hafner, S.D., R. B. Franco, L. Kung Jr,
C.A. Rotz, and F.M. Mitloehner. 2014. Potassium sorbate reduces production of ethanol and 2 esters in corn silage.
Journal of Dairy Science. 97:7870-8.
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acid bacteria) and chemical additives are commonly used to reduce fermentation losses, improve
silage quality, and improve aerobic stability (Duniere et al., 2013). In general, effects of these
additives on VOC have not received much attention, but several studies have reported effects of
additives on ethanol production during ensiling. Ethanol may be produced by at least four groups
of microorganisms present within silage: lactic acid bacteria, enterobacteria, clostridia, and
yeasts (Hafner et al., 2013). Excluding acetic acid, it is generally the most concentrated VOC
present in corn silage (Hafner et al., 2013) and contributes to the production of additional
VOCs—ethyl esters (Weil} and Auerbach, 2009, 2012, 2013), and possibly acetaldehyde (Hafner
et al., 2013). Biological additives have been reported to increase or decrease ethanol production
in silage, or even have no effect (see review in Hafner et al., 2013). However, a small number of
studies have reported large reductions in ethanol production with the addition of potassium
sorbate. Teller et al. (2012) found that 0.1% addition of potassium sorbate (fresh mass basis)
reduced ethanol production in corn silage by at least 70%. Kleinschmit et al. (2005) reported that
0.1% of a 1:1 mixture of potassium sorbate and ethylenediaminetetraacetic acid (EDTA) (fresh
mass basis) reduced ethanol production in corn silage by 80%. Weil3 and Auerbach (2012)
reported a 70% reduction in ethanol by addition of a commercial mixture of sodium benzoate
and potassium sorbate (21.9% sodium benzoate, 13.2% potassium sorbate, applied at 0.2%
(Kirsten Weil3, Humboldt Universitat Berlin, Germany, personal communication)) to corn silage.
Furthermore, production of two esters (ethyl lactate and ethyl acetate) was reduced by at least
45%. In another study, Queiroz et al. (2013) found that 0.1% addition of sodium benzoate (fresh
mass basis) reduced ethanol production in corn silage by 68%. Auerbach and Nadeau (2013)
found reductions of 73% to 85% in ethanol production in corn silage treated with two
commercial products containing potassium sorbate, sodium benzoate, and, in one product,
sodium nitrite (potassium sorbate application ranged from 130 to 300 mg/kg, while sodium
benzoate application ranged from 250 to 515 mg/kg). Most recently, Bernardes et al. (2014)
evaluated two doses of potassium sorbate or sodium benzoate (0.1% and 0.2%). All treatments
reduced ethanol by at least 54%, and the high dose of potassium sorbate was most effective,
reducing ethanol by 85%.

The protonated form of the sorbate ion, sorbic acid, is toxic to many microorganisms
(Lambert and Stratford, 1999). This uncharged molecule diffuses through cell membranes, and
may acidify the cytosol, which would interfere with the proton gradient used for ATP production
and with other cellular processes (Beek et al., 2008). Natural acidification of silage increases the
ratio of sorbic acid to sorbate, and therefore, would be expected to increase this inhibitory effect.
Yeasts, molds, and most Gram-negative bacteria are generally sensitive to sorbic acid, but lactic
acid bacteria are not (Emard and Vaughn, 1952; Woolford, 1975). Because yeasts and
enterobacteria may be responsible for production of many silage VOC, their inhibition would be
expected to reduce VOC production (Hafner et al., 2013).

Confirmation of the effects of potassium sorbate on ethanol and ester production is
needed. Furthermore, it is important to determine the effect of potassium sorbate on other
important VOC. In the present study, our objective was to evaluate the effect of potassium
sorbate and other additives on the production of three alcohols and two esters: methanol, ethanol,
1-propanol, methyl acetate, and ethyl acetate. These compounds were selected because they are
among the most significant silage VOC from an air quality perspective (Hafner et al., 2013), and
are relatively easy to measure. Ethanol is generally the single most important compound emitted
from corn silage, based on its relative effect on air quality (Hafner et al., 2013). However, other
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compounds that may have a significant effect on air quality under some conditions, such as some
aldehydes, were not included.

Materials and methods

Silage production

Corn silage was made from a single batch of forage collected from a commercial dairy
farm. Each silage additive was applied to a single subsample of forage that was divided among
six replicate buckets after mixing. The process of applying additives and mixing was done by the
same people using the same method all on a single day to minimize confounding handling
effects, so differences were expected to have a negligible effect on measured variables. Corn
forage, at approximately 25% DM, was harvested from a commercial dairy farm in Elk Grove,
CA on September 22, 2012 and chopped in the field to a nominal length of 10-15 mm.
Treatments were applied in 1.0 L of distilled water applied to 75 kg of wet forage using spray
bottles, and the forage was thoroughly mixed using shovels and rakes on the top of plastic tarps.
To avoid cross-contamination, tarps were either new or disinfected with a 10% bleach solution,
thoroughly washed, and then dried for each treatment.

Treatments were: 1) control (distilled water only); 2) LB: Lactobacillus buchneri 40788
(Lallemand Animal Nutrition, Milwaukee, W1I) 400,000 colony-forming units (cfu) per g wet
forage; 3) LP: Lactobacillus plantarum MTD1 (Ecosyl Products Ltd., Stokesley, UK), 100,000
cfu/g; 4) PA: a commercial buffered propionic acid-based preservative (68% propionic acid,
containing ammonium and sodium propionate and acetic, benzoic, and sorbic acids; total
concentrations of acids 82% by mass; Kemin Americas, Des Moines, 1A), 1 g per kg wet forage
(0.1%); 5) PSL.: a low dose of potassium sorbate, 91 mg per kg wet forage (0.0091%); 6) PSH: a
high dose of potassium sorbate, 1 g per kg wet forage (0.1%); and finally, 7) M: a mixture of L.
plantarum MTD1 (Ecosyl Products Ltd., Stokesley, UK) (100,000 cfu/g) and the low dose of
potassium sorbate (91 mg/kg), added separately. Potassium sorbate was 99.0% pure (Sigma-
Aldrich, Germany). Twelve kg of each treated forage was then manually compressed in 18.9 L
buckets. Buckets were covered with tight-fitting lids, which were installed with silicone caulk to
ensure a gas-tight seal. Excess silage gas accumulated in 5 L tedlar gas bags (SKC-West Inc.,
Fullerton, CA) attached to the bucket silo lids using a plastic through-wall connector sealed with
a rubber o-ring. Each treatment was replicated six times and all bucket silos were stored inside
an unheated building with air conditioning in summer months. The temperature inside the
building was not monitored during the entire trial but based on limited measurements ranged
from approximately 15°C to 27°C. Outside temperature during this period ranged from 3°C to
43°C.

Bucket silos were opened after 303 days, and the top 10 cm of silage was removed and
discarded as a precaution in case any air infiltration had occurred. Samples (approximately 100
g) were collected from a depth of 10-20 cm and immediately (within 5 min.) vacuum packed in
polyethylene/nylon bags (FoodSaver, Sunbeam Products, Jarden Consumer Solutions, Boca
Raton, FL) where they remained until analyzed. Vacuum-packed samples were stored under
refrigeration (about 4°C), apart from one week at about 20°C due to an equipment failure. Five
of the six replicates were analyzed for VOC over a period of 66 d after opening the silos, and the
last set of replicates were analyzed 170 d after opening the silos. A second set of vacuum-packed
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samples were shipped on ice to a commercial laboratory and analyzed for all other analysis
within four weeks of opening the silos.

Silage analysis

Concentrations of methanol, ethanol, 1-propanol, methyl acetate, and ethyl acetate were
measured using a headspace gas chromatography procedure. About two hours prior to analysis,
vacuum-packed bags were removed from refrigeration, N2 gas was added using a needle, bags
were resealed with tape, and the samples were allowed to warm to room temperature. Then, a 1.0
mL gas sample was removed using a gas-tight syringe and manually injected in a VVarian CP
3800 GC with an 0.53 mm (inner diameter) capillary column with an 0.5 um SPB-1000 coating
(Supelco Analytical, Bellefonte, PA, US). Split injection was used, with a split ratio of 5:1 and
an injector temperature of 75°C. Carrier gas was N2 at 10 mL/min. The oven temperature was
35°C, and the flame ionization detector temperature was 250°C. Standards were produced by
mixing a stock mixture of pure compounds in water, and were equilibrated with an air phase in
125 mL jars with a septum in the cover (I-Chem Septa Jars, Fisher Scientific, Hampton, NH)
alongside bagged silage samples. Standard solutions were made using pure compounds
(methanol, ethanol, 1-propanol, and methyl acetate were >99.9% pure; ethyl acetate was 99.8%
pure; all Sigma Aldrich, St. Louis, MO, USA) in 18 MQ-cm deionized distilled water. Chilled
pure chemicals were originally combined in a stock mixture with no water, which was stored
below -18°C, and added to water to make standards each time the GC was used. Headspace
samples from the standards were removed and injected as with silage samples. Compounds were
identified based on retention time relative to ethanol. Retention times within 2.5% of expected
values were accepted (based on results from the standards), although 6% was allowed for two
injections where carrier gas flow appeared to differ slightly from the standards), and were
quantified using peak height to minimize the influence of overlapping peaks. Typical relative
standard deviation for the method was 2-10%, depending on the compound and the sample. The
underlying mechanism of this headspace method is a fixed aqueous-gas partitioning coefficient
(i.e., concentration ratio) for each individual compound at a given temperature. If the partitioning
coefficient is identical in solution standards and silage solutions, a calibration curve determined
from headspace samples taken from aqueous standards can be used with the FID response from
silage samples to directly calculate aqueous-phase concentrations without determining gas-phase
concentrations. These aqueous phase concentrations can be converted to a dry mass basis using
the corrected DM. Evaluation of this headspace method is described in the online data
supplement.

Silage dry matter content, fiber fractions, crude protein, organic acids, 1,2-propanediol,
pH, and yeast counts were determined by a commercial laboratory (Cumberland Valley
Analytical Services, Cumberland, MD, USA). Dry matter was determined by oven drying at
60°C for 4.5 h in a forced-air oven, followed by grinding and then additional drying for 2 h at
105°C. Dry matter values were corrected for loss of volatile compounds by assuming that 8% of
lactic acid and 95% of the acetic acid (based on Weibach and Strubelt, (2008)), 100% of NH3
(based on Porter and Murray (2001)), and all VOC mass (based on the 100% estimate made by
Weillbach and Strubelt, (2008) for alcohols) was volatilized during drying). For determination of
pH, ammonia-N, organic acids, and 1,2-propanediol a 25 g sample of silage was mixed with 200
mL of deionized water. The sample mixture sat overnight, was blended for 2 min and then
filtered through coarse filter paper (20-25 um particle retention). Sample pH was measured using
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a 30 mL subsample. Ammonia-N was measured by distillation and titration. L-Lactic acid was
measured with a YSI 2700 Select Biochemistry Analyzer (YSI Inc., Yellow Springs, Ohio), and
multiplied by two for an estimate of total lactic acid. For determination of 1,2-propanediol and
acetic, propionic, and butyric acids, 3 mL of extract was filtered through a 0.2 um filter
membrane and a 1.0 pL sub-sample was injected into a Perkin ElImer AutoSystem gas
chromatograph (Perkin Elmer, Shelton, Connecticut) using a Restek column packed with
Stabilwax-DA (Restek Corporation, Bellefonte, Pennsylvania) and a flame ionization detector.
Helium was used as the carrier gas, and injector, oven, and detector temperatures were 225°C,
150°C, 150°C, respectively. Nitrogen content was determined by total combustion of the sample
using a LECO CNS 2000 Analyzer (LECO Corp., St. Joseph, MI) and was multiplied by 6.25 to
obtain crude protein. Soluble protein content was determined using the borate-phosphate buffer
procedure by Krishnamoorthy et al. (1982). Samples were analyzed for neutral detergent fiber
(NDF) using sulfite and amylase (Van Soest et al., 1991) and acid detergent fiber (ADF) was
determined using the AOAC Official Method 973.18 (AOAC, 2000a). Starch was measured
using the procedure described by Hall (2009). Yeast and mold counts were measured using the
AOAC Official Method 995.21 (AOAC, 2000b). The detection limit for yeast and mold was
1000 cfu/g (wet mass basis).

Data analysis

Linear regression with dummy variables to represent the treatments was used in R (v.
3.02, R Core Team, 2013) for data analysis. “Treatment” coding was used with the control group
as the baseline. Each treatment was compared to the control response using separate t tests with a
single pooled estimate of the standard error of the difference (calculated using the “summary”
method for “Im” objects). The type I error rate o was set at 0.05, and the Bonferroni adjustment
was applied for the comparison, resulting in an a of 0.00833. All VOC concentrations were log-
10-transformed to account for error distributions closer to log-normal than normal and to
eliminate heteroscedasticity. Means of VOC concentrations presented below are back-
transformed values, and standard errors were also back-transformed and expressed as a relative
value, using the formula 10° —1.0 where SE; is the standard error of logio-transformed data.
Standard errors were not expressed as a percentage to avoid confusion with units of % of DM.
Because of values below the detection limit for yeast count, these results were analyzed using a
nonparametric approach, the Wilcoxon Rank Sum Test, with the Bonferroni correction. Analysis
of covariance was used to assess the effect of storage duration at 4°C on VOC concentrations.
The Im function was used as above for this analysis, but storage duration was included as a
covariate. For each compound, both the overall effect of duration and separate effects for each
treatment were evaluated using t-tests, with a = 0.05 and no adjustment for multiple
comparisons. Lastly, multiple linear regression (also with the Im function) was also used to
assess correlation between esters, alcohols and acetic acid.

Results

Fresh forage composition and typical silage properties are summarized in Table 1. Dry
matter content was lower than recommended values for corn silage (typically 30-40%). Silage
pH, lactic acid, and acetic acid were within the range of typical corn silage with DM of 30%-
40% (Kung and Shaver, 2001), with some exceptions: lactic acid was above 7% in the control
(7.87%) and PSL (7.18%), and acetic acid was well above 3% in LB (5.73%). Additionally,
propionic acid was above 0.1% in PA (0.18%), presumably due to addition of the compound, and
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also very high in LB (1.3%). The LB treatment markedly increased acetic acid production,
markedly reduced lactic acid, and increased pH (P < 0.001 for each). All other treatments
moderately reduced lactic acid production, and apparently did not change acetic acid production,
resulting in a decline in lactic acid:acetic acid ratio for all treatments relative to the control. The
LB treatment slightly increased production of ammonia (by 0.026% of DM, P < 0.001).
Additives did not affect the concentrations of total or soluble crude protein, fiber fractions, or
starch.

Table 1. Characteristics of corn silage treated with biological and chemical additives?

Treatments Pooled
Item C LB LP PA PSL PSH M SE
DM 27.5 26.7 26.8 27.4 26.6 27.5 27.0 0.255
pH 3.68 4.08%** 3.70 3.69 3.68 3.77* 3.75 0.022
cp 7.66 7.67 7.67 7.83 7.67 7.45 7.67 0.127
NH3 0.134 0.16*** 0.129 0.145 0.128 0.127 0.126 0.00342
ADF 30.7 31.2 30.5 30.9 317 30.6 324 0.545
NDF 45.6 47 46.8 46.6 47.6 46.9 48.2% 0.708
Starch 22.3 21 22.2 22.1 20 21 19.8 0.846
Yeasts? <3.70 <3.00 6.88* 6.46* 6.67* <3.00 6.73* 0.278
Lactic acid 7.87 1.8%** 6.87** 5.97*** 7.18* 6.57*** 6.41*** 0.173
Acetic acid 1.14 5.73%** 1.22 1.26 1.26 1.31 1.25 0.105
Lactic:acetic  6.95 0.324***  5.64*** 4.76%** 5.74%** 5.05%** 5.18*** (.255
Propionic n.d. 1.28 n.d. 0.179 n.d. n.d. n.d. n.d.

acid

LAbbreviations used for means are: C, control; LB, Lactobacillus buchneri 40788, 400,000 cfu/g; LP, Lactobacillus
plantarum MTD1, 100,000 cfu/g; PA, buffered propionic acid-based preservative; PSL, potassium sorbate, 0.0091%
of wet forage mass; PSH, potassium sorbate, 0.1%; M, Lactobacillus plantarum MTD1, 100,000 cfu/g, plus potassium
sorbate, 0.0091%. Number of replicates was 6 for all groups. The symbol n.d. indicates no detection. 1,2-Propanediol
was detected only in silage treated with L. buchneri, where it was 1.01% of dry matter. All results are given as percent
of DM except pH and yeasts. Ammonia is expressed as % of DM as N. Statistical significance is based on comparisons
of each group to the control with the Bonferroni adjustment: P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001.

2Units are logio(colony-forming units/g) on a wet mass basis, and the detection limit was 3.0. All replicates for PSH
and all but one replicate for C and LB were below the detection limit. Asterisks show results of comparisons to C,
with the single high value excluded, or LB or PSH (identical results for each).

Mold counts were below the detection limit (10° cfu/g) for every sample. Additives
appeared to have effects on yeasts, but it was difficult to conclusively detect differences using
the control group in comparisons, since one of the six replicates had a high yeast count and the
remaining five replicates were at or below the detection limit. Counts in both LB and PSH were
below the detection limit (10° cfu/g) for almost all samples, and it was not possible to determine
if these results were any different from the control treatment. But all other treatments appeared to
increase yeast counts by at least 2800-fold whether compared to the control samples with the
high value omitted or to LB and PSH samples

The most concentrated VOC present in the silages (Table 2) was ethanol, which ranged
from 1,440 to 10,100 mg/kg (0.15 to 1.0% of DM) based on mean values. The LB samples,
where 1-propanol reached 10,200 mg/kg (1.1% of DM), were an exception. Silage additives had
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clear effects on production of some VOC, but in many cases additives actually stimulated their
production (Table 2). Lactobacillus buchneri stimulated production of all three alcohols and both
esters relative to the control treatment. The largest relative increase due to an additive was seen
in this treatment, where 1-propanol was approximately 400-fold the control mean (P < 0.001).
Additionally, 1,2-propanediol was about 1% of DM in these samples, but was not detected in any
others. All additives except PSH substantially increased production of ethanol. The increase
ranged from 2.0-fold (P < 0.001) by LB to 3.0-fold (P <0.001) by PA. Conversely, all
treatments except LB and PSH reduced methanol production, albeit slightly—the largest
reduction was 24% by PSL (P < 0.001).

Table 2. Mean concentrations of volatile organic compounds (mg/kg, DM basis) in corn silage
treated with biological and chemical additives, measured using a headspace gas chromatography
method?

Treatments Pooled
Item C LB LP PA PSL PSH M SE?
Methanol 538 696*** 415%** 450** 409*** 470" 402%** 0.0368
Ethanol 3450 6810**  8400*** 10100*** 7780*** 1440*** 9420*** 0.138
1-propanol 25.6 10200*** 43.3 47.7 42.3 14.1 38.6 0.309
Methyl acetate 9.91 28.9*** 8.52 8.63 7.83 7.48* 8.85 0.0713
Ethyl acetate 20.5 168*** 38.5** 61.8*** 29.1 11.1%* 47, 7%** 0.132
TOFP? (O3
mg/kg DM
basis 5421.0 16529.5 12588.7 15111.3 11672.9 24285 14072.4 0.5

LAbbreviations used for means are: C, control; LB, Lactobacillus buchneri 40788, 400,000 cfu/g; LP, Lactobacillus
plantarum MTD1, 100,000 cfu/g; PA, buffered propionic acid-based additive; PSL, potassium sorbate, 0.0091% of
wet forage mass; PSH, potassium sorbate, 0.1%; M, Lactobacillus plantarum MTD1, 100,000 cfu/g, plus potassium
sorbate, 0.0091%. Number of replicates was 6. Statistical significance is based on comparisons of each group to the
control with a t test using the pooled standard error (SE) and the Bonferroni adjustment: TP < 0.10, *P < 0.05, **P <
0.01, ***P < 0.001.

2Pooled SE was calculated from logio-transformed values, and the values here are relative values calculated by

10%% —1.0, where SE; is the standard error of the logso-transformed values.
3Total Ozone Forming Potential (TOFP) was the sum of the 4 VOC concentrations multiplied by their Maximum
Incremental Reactivity (MIR) values.

-18-



The high dose of potassium sorbate (PSH) was the only treatment that reduced
concentrations of multiple VOC: it reduced ethanol by 58% (P < 0.001), ethyl acetate by 46% (P
=0.0014), and methyl acetate by 24% (P = 0.0068). Conversely, the low potassium sorbate
treatment (PSL) increased ethanol production and did not reduce ethyl acetate concentration
(42% increase, P = 0.052). Ethanol concentrations were more variable in the control samples
than in most other groups, which affected the precision and power of all estimates of relative
effects on production of this compound. The control sample with the highest ethanol
concentration (9120 mg/kg, about 2.7-fold the mean value) was also the one with the most yeasts
(log1o cfu/g = 7.20), but other variables were similar to mean values. To determine if the
apparent reduction in ethanol by PSH was caused by a small number of particularly high samples
in the control treatment, a comparison was made without this highest and without the control
sample with the second-highest ethanol concentration (7460 mg/kg, about 2.2-fold the mean
value). In this case the mean concentration in the control group was 2230 mg/kg, for an apparent
reduction by PSH of 36% instead of 58% (95% confidence interval: 15% to 53% from a two-
sample t-test).

It is possible that potassium sorbate can reduce production of other alcohols as well. The
mean methanol concentration for PSH was slightly lower than the control, but the P value
(0.014) was above the critical value. However, PSL did reduce methanol (described above). For
1-propanol, the PSH mean was about 50% smaller than the control mean, but there was some
overlap between the two groups, and the comparison P value (0.13) was much higher than the
adjusted critical value. Additional experiments will be needed to assess effects on these
compounds. Importantly, there is no evidence that PSH increased production of any VOC.

Ester concentrations were strongly correlated with their respective alcohols and acids.
Based on least-squares regression using results from individual samples, the concentration of
ethyl acetate could be related to ethanol (e ) and acetic acid (a ) concentrations (all in mg/kg)
by: —31.6+0.00465e +0.00291a (adjusted R? = 0.958, P < 0.001 for each term). Similarly,
methyl acetate could be related to methanol (m ) and acetic acid by:
~4.11+0.0194m +0.000338a (adjusted R? = 0.957, P < 0.001 for each term).

Only one bucket showed signs of air infiltration: mold was present at the surface of a low
potassium sorbate replicate, but measured variables for this silage were similar to the other
replicates and it was not excluded. In general, there was little evidence that storage duration of
vacuum-packed samples at 4°C affected VOC concentrations. Only ethyl acetate in the control
(P =0.007) and PSL (P = 0.024) treatments, and ethanol in the control treatment showed
significant responses to storage duration (all positive, 0.96% d™ or less). An overall effect of
storage duration was detected for ethyl acetate only (P = 0.0046), but this appeared to be due to
the apparent responses in the control and PSL samples. There were no clear trends with storage
duration for other treatments.

Discussion

With the exception of PSH, the additives evaluated here were not effective at reducing
VOC production under these ensiling conditions. It is useful to understand why these additives
increased VOC production. Ethanol is the single most important VOC, but understanding effects
of additives on production of this alcohol can be challenging, since it is produced by at least four
groups of microorganisms present in silage: lactic acid bacteria, enterobacteria, clostridia, and
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yeasts (Hafner et al., 2013). Increases in ethanol production by LP, PA, PSL, and M are difficult
to explain. Yeast activity may have played a role because, except for LB, all treatments resulted
in higher yeast counts than PSH. But why yeasts may be stimulated, or less inhibited, when these
additives are used is not clear. Alternatively, the ethanol increase due to LP and M treatments
could be due to direct production through the facultative heterolactic fermentation by
Lactobacillus plantarum. An increase in ethanol production due to addition of bacterial additives
is not uncommon (Steidlova and Kalac, 2003; Kleinschmit et al., 2005; Tabacco et al., 2009;
Queiroz et al., 2013). Increased ethanol production has also been reported in response to addition
of a formic and propionic acid mixture (Weil} and Auerbach, 2012), but the mechanism is not
Clear.

The strong correlations between the acetate esters and alcohols and acetic acid suggest
that reducing alcohol production will reduce ester production also, and so effects of additives on
esters can largely be explained by effects on alcohols and acids. Correlation between ethyl esters
and ethanol has been observed before and has been cited as evidence of abiotic esterification
reactions in silage (WeiRR and Auerbach, 2009; 2012; 2013). However, PSH reduced methyl
acetate production without a clear change in methanol, which is not consistent with this
explanation. Limited statistical power for detecting an effect on methanol may underlie this
apparent inconsistency. Implications of alcohol conversion to esters for air quality are probably
insignificant. The tendency of esters to form ozone is less than for alcohols, and so production of
esters at the expense of alcohols would actually reduce effects on air quality. However, the low
concentrations of esters compared to alcohols, shown here for just two esters but for other esters
for corn silage in general (Hafner et al., 2013; Weil3 and Auerbach, 2009; 2012; 2013; Gerlach et
al., 2013) limit the impact of this conversion.

Concentrations of alcohols measured in these silage samples are within the wide range of
values reported in earlier studies, as summarized by Hafner et al. (2013). But ester
concentrations measured in this study are lower than those reported in other studies summarized
in this work (Hafner et al., 2013) and reported since then (Gerlach et al., 2013). Gerlach et al.
(2013) found mean ethyl acetate concentrations of 138 to 400 mg/kg in corn silage made with
different chopping lengths and densities. In our measurements, the mean methyl acetate
concentrations ranged from 7.5 to 29 mg/kg, and mean ethyl acetate ranged from 11 to 170
mg/kg. Variability in VOC concentrations among silages can be very high; based on empirical
tolerance intervals for a set of silage samples from within the US, Hafner et al. (2013) estimated
that 25% of silage samples will have ethanol and ethyl lactate concentrations more than a factor
of 2.4 of the median value. The differences between the concentrations we measured and those
reported in previous studies may be the result of this variability, but may also be due to biases of
the measurement techniques.

The primary sources of methanol in silage have not been identified, but this compound
may be produced from pectin demethylation catalyzed by plant enzymes (see review in Hafner et
al., 2013). It is not clear why additives would affect this process, which can occur after harvest
before additives are added.

In contrast with the other additives, the effects of LB on silage composition are consistent
with the current understanding of this bacterium. Lactobacillus buchneri is added to silage to
improve aerobic stability, which is thought to be a result of the higher acetic acid concentrations
resulting from conversion of lactic acid to acetic acid (Oude Elferink et al., 2001) but could be
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due to other substances as well. However, L. buchneri is not recommended for wet silages,
where it grows particularly well and can consume so much lactic acid that pH is substantially
elevated (Nishini and Touno, 2005; Schmidt et al., 2005). This additive was probably not
appropriate for the wet silage used in this work. Lactobacillus buchneri can produce ethanol
directly through heterolactic fermentation of carbohydrates (Oude Elferink et al., 2001).
Additionally, it produces 1,2-propanediol (Oude Elferink et al., 2001), which can result in
propionic acid and 1-propanol production by the Lactobacillus diolivorans (Krooneman et al.,
2002). Therefore, the increases in ethanol, 1,2-propanediol, propionic acid, 1-propanol compared
to the control group, along with the effects on lactic and acetic acid described above, are
consistent with high activity of L. buchneri. However, some of these effects are not typically
observed for this inoculant. Conversion of lactic acid to acetic acid is generally more limited,
propionic acid increases are typically not observed, and ethanol is not typically elevated when L.
buchneri is used for corn silage (Kleinschmidt and Kung, 2006). Effects on ethanol and the
organic acids are probably due to the stimulation of L. buchneri by high moisture. Whether the
high moisture also affected the activity of L. diolivorans and therefore production of propionic
acid and 1-propanol, or the population of this or related bacteria was particularly high for this
forage is unknown. Effects of L. buchneri addition on 1-propanol have generally not been
reported, but in at least two studies, addition of > 100,000 cfu/g of L. buchneri led to large
increases in production of the compound, up to 7160 mg/kg (Kristensen et al., 2010), and 14200
mg/kg (Driehuis et al., 2001), which encompass the mean observed in the LB samples. The
reactivity of 1-propanol is higher than for ethanol (Carter, 2009), so effects of Lactobacillus
buchneri on air quality will depend on 1-propanol production. For the LB samples, the potential
effect of 1-propanol on air quality is about twice the effect from ethanol (based on the product of
concentration and EBIR from Carter (2009)). At least for the wet silage used here, L. buchneri
appears to be a very poor additive for the purpose of reducing VOC production. Additionally, the
effects of this additive provide an example of potential complexities of additive effects on air
quality. If 1-propanol were not measured, the potential effect of this treatment on air quality
would be substantially underestimated, and in cases where ethanol production was suppressed,
the direction of the estimated effect could be wrong.

The only treatment we evaluated that could reduce VOC emission under conditions of
this study was PSH. The 58% reduction in ethanol based on all data is comparable to other
studies summarized in the introduction (Kleinschmit et al 2005; Teller et al., 2012; Weil} and
Auerbach, 2012; Queiroz et al., 2013; Auerbach and Nadeau, 2013; Bernardes et al., 2014),
although smaller. The response of ethyl acetate to PSH was nearly identical to the result from
Weil} and Auerbach (2012) in response to a sodium benzoate and potassium sorbate mixture. Our
results provide further evidence that a sufficient dose of potassium sorbate can reduce ethanol
production and the production of two esters, even under wet conditions. The mechanism behind
the reduction in ethanol and ethyl acetate is probably inhibition of yeasts, although inhibition of
enterobacteria could also play a role. It is surprising that the effect of a lower dose of this
additive (PSL), which approximates the concentration most commonly used in practice, appeared
to stimulate ethanol production.

It will be important for future research to evaluate the effect of PSH on production of
these, and, ideally, other VOC. There were features of this study that may affect VOC
production, and so other studies may find different VOC concentrations and possibly different
effects of silage additives. The DM content, chemical composition, and composition of the native
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microbial population all could influence VOC production. And in this particular experiment, the
ensiling period (303 days) was relatively long, which could influence both total production of
different VOC and also relative effects of additives, since at least ethanol can be produced by
multiple groups of microorganisms. The type of water used to dilute the microbial additives
could affect their activity—here, we used distilled water, while tap water is typically used in the
field. Additionally, microbial activity could have continued in vacuum-packed samples after the
bucket silos were opened. The small amount of oxygen present in the samples immediately after
vacuum packing could have stimulated growth of yeast or other microorganisms, which might
have increased or decreased VOC concentrations through partial or complete oxidation, and also
increased yeast counts. Gerlach et al. (2013) reported that ethanol and ester concentrations
increased during storage of corn silage at room temperature in vacuum-packed samples, but
increases were only observed for samples initially exposed to air for more than four days (Katrin
Gerlach, University of Bonn, Bonn, Germany, personal communication). The samples in this
work were exposed for less than five minutes. Some oxygen exposure usually occurs during full-
scale silage production, so these conditions were not unlike typical silage production, but a more
typical ensiling period and more controlled storage conditions would be better.

Conclusions

Silage additives can reduce production of volatile organic compounds in corn silage, but
not all additives are equivalent. Addition of potassium sorbate at 0.1% (fresh forage mass basis)
can substantially reduce production of ethanol, methyl acetate, and ethyl acetate, but a lower
dose (91 mg/kg fresh weight) can increase VOC production. A commercial propionic acid-based
product and the biological additives evaluated here can stimulate production of ethanol and ethyl
acetate (and possibly 1-propanol) in corn silage. Regulations aimed at reducing VOC emission
could be ineffective or even increase emission if they promote silage additives without
recognition of different types of additives. Future work should be carried out to evaluate the
effectiveness of potassium sorbate under different conditions, and at different doses.
Additionally, it will be important to evaluate the effect on production of aldehydes.
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Chapter 3 - Measurements of the Emission Reduction Benefits of
Mitigation Strategies for Silage

Task 2: Emissions of VOCs and NOx from various defacing methods
Task 3: Emissions of VOCs and NOx from storage types
Task 4: Emissions of VOCs and NOx from TMR treated with water vs raw silage

Abstract

Silage management continues to be critical component of the dairy industry both
economically and environmentally. The purpose of the present study was to identify air emission
mitigation options for the silage storage and feed-out phases. The three main tasks were 1) to
evaluate the emissions of VOCs and NOx from different silage storage types (conventional
silage piles vs. silage bags), 2) to study the emissions of VOCs and NOx from different silage
defacing methods, 3), and to reduce emissions of VOCs and NOx from a total mixed-ration
(TMR) in the feedlane through the addition of water?. Experiments were conducted comparing
emissions between conventional silage piles and silage bag using flux chambers that were
attached vertically on the silage face immediately after de-facing (aka extraction) of silage
material. Furthermore, different de-facing methods such as perpendicular, lateral, and EZ rake
extraction, were compared to quantify the effects of extraction method on air emissions. Finally,
the inclusion of water into the TMR at 0%, 5%, and 10%, aiming at emission reduction, were
tested using flux chambers and monitored for 23 h. Overall, the scope of the present monitoring
study was to measure emission losses from storage, and feed-out processes and to generate data
to inform and validate a prediction model for silage air emissions (see chapter 4). The results
indicated that silage bags vs. conventional silage piles emit fewer emissions when comparing the
total exposed silage faces. When comparing different types of defacing methods, the lateral
defacing technique appeared to emit fewer emissions compared to the EZ rake and perpendicular
defacing. Finally, reducing emissions in the feedlane is possible by use of water to the TMR.
Overall, the results of the present Chapter 3 shall not be viewed in isolation, because only the
integration with the modeling results from Chapter 4 explain not just the relative- but also the
absolute effectiveness of mitigation techniques in reducing VOCs and NOx on California dairies.

Introduction

Central California’s San Joaquin Valley (SJV) has the highest concentration of dairy
cows (Agricultural Statistics Board, 2008) in the United States. The SJV has long suffered from
some of the country’s worst air pollution (US EPA, 2008), and in particular high tropospheric
ozone levels. The US Environmental Protection Agency (EPA) has designated the SJV as an
"extreme non-attainment" area based on the federal 8-hour ozone standard. In order to attain the
standard, the reduction of the ozone precursors including VOCs and NOx from all major sources
IS imperative.

2 Many oxygenated VOCs have a high affinity to stay in the liquid vs. the gas phase. The application of water to the
feed is intended to make the VOCs stay in the liquid phase and to prevent them from volatilization into the
atmosphere.
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Silage is among the leading operational costs and a critical feed commodity on dairies
and its continued use is essential to a highly productive and economically viable dairy industry.
It is natural to assume that environmental gains can and must be made from mitigation research
relating to VOC and NOx emissions from silage on dairies. There are also highly compelling
economic reasons to pursue mitigation research, as the reduction of VOC emissions from silage
can reduce the loss of nutrients and increase cow productivity and thus, the industry’s economic
potential. Emission losses are economic losses.

Our previous work conducted at UC Davis, showed that among various emission sources
on dairies, silages were the largest source of both VOCs and NOX, posing a significant source of
ozone precursors in the San Joaquin Valley (Howard et al. (2010). Alcohols, VFA, aldehydes,
and multiple species of NOx were shown to be emitted from silage sources. Ethanol and
methanol accounted for the majority of total VOCs emitted from silage sources but isopropanol,
acetic acid, and acetyl-aldehyde were other major compounds emitted (Malkina et al., 2010,
Zhang et al., 2010).

The VOCs and NOx gases are emitted during the distinct phases of the silage/feeding
process, which include:
- The aerobic phase: when chopped material is piled, compacted, and covered,
- The fermentation phase: when silage material is sealed and fermented,
- The storage phase: when silage material is sealed and few emissions released,
- The feed-out phase: during which silage material is removed from the face daily,
- The daily mixing phase: when silage is mixed with other feedstuffs in a mixer wagon, and
- The daily feed-lane phase: during which feed is placed in the feed lanes.

For the purpose of the present study, the silage life cycle is defined by four production
phases (aerobic, fermentation, storage, and feed-out phase, the latter including defacing, TMR
mixing, and feed-lane feeding. Our recent research (see page x of the present report for a listing
of peer reviewed papers related to silage topics) revealed the initial ensiling phase as the time of
significant NOXx release, yet its measurement is highly complex and even dangerous due to the
toxic properties of these NOx gases and related safety concerns to the investigative team. The
closed storage phase at which the pile is covered, produces minimal gaseous losses because the
pH is too low for microbial activity. The open-face storage phase in which silage is extracted to
feed cows, is clearly the major VOC loss phase of the pile: compounds are exposed to the
atmosphere for many hours and dependent on the wind, temperature, and volatility of the
compound, losses can occur rapidly. Finally, the mixing and feeding phases significantly
contribute to losses of VOCs from dairies. Indeed, the actual feeding of cows at which feed is
spread out over a relatively large area (i.e. feedlane in front of the cows) is the greatest
contributor to gaseous losses on dairies (as shown in Chapter 4 of this report).

Earlier published work from our lab on monitoring and modeling of different silage types
during numerous phases, showed high concentrations of emitted alcohols and other oxygenated
species and lower concentrations of highly reactive alkenes and aldehydes (Malkina et al., 2011).
Emission profiles also differ distinctively across silage/feeding phases. To complement our
understanding of the complex issues around silage emissions on dairies, additional monitoring
and modeling of these emissions throughout the entire life cycle of the feed were essential to be
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conducted on commercial dairies for the assessment of, and response to, the specific needs of the
regional air quality in the SJV.

The present research for monitoring in described in Chapter 3 (and for modeling in
Chapter 4) primarily addresses mitigation techniques/technologies outlined in SJVAPCD Rule
4570, addressing VOC and NOx emissions. The research was largely conducted on commercial
dairy farms and assessed the effectiveness of Rule 4570 mitigation practices: namely different
pile storage methods, de-facing practices, and feed moisture management.

Materials and Methods

General

Corn silage was made from the fields neighboring a dairy farms in the SJV of California.
The chopped corn was placed in two types of storage systems: a conventional silage pile and a
silage bag. Whole-plant corn was harvested at approximately 30% dry matter using a commercial
flail chopper, providing a chop forage material with a cut length between 1 and 2 cm. The
commercial flail chopper excavated an area of approximately 7.0 km for a week. Trucks drove
adjacent to the chopper to facilitate continuous operation and transport the chopped forage to the
silage storage site. Transport trucks reversed into the LX1214 Professional Silage bagger (Ag-
Bag, WI). The silage bagger simultaneously pushed the truck forward and packed the silage into
the silage bag in a straight line (see Photo 1 and 2). Trucks not used for the silage bagger were
sent to a nearby location on the farm to form a conventional silage pile. An area of 1,020 m? was
designated for the conventional silage pile. Wheel tractors were used to compact the freshly
unloaded chopped corn, in a drive-over fashion. The compaction continued until the apex of the
pile reached a height of 6.1 m. The pile was covered with two layers of gas tight plastic cover
material and the plastic held against the silage surface using recycled tires to prevent oxygen
exposure. Silage bags were sealed for approximately one week. The silage bag was monitored
for excessive gas build up, if notable, gaseous pressure was released via small cut in the fabric.
Once the silage bag stopped releasing gas, the so-called “blow hole” was sealed and patched.

The present gas monitoring research involved three separate main aspects: collection of
silage core samples for GC analysis (for use in a concurrent modeling study; Chapter 4), the
inclusions of water at 0%, 5%, and 10% of the TMR, and direct air emission monitoring from the
silage face.
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Photo 1. Chopped corn being delivered by truck into the ensiling machine.
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Photo 2. The open tray area for chopped corn collection, and the silage bags (white) being filled
at the dairy.
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Sampling Equipment

The Mobile Agricultural Air Quality Laboratory (MAAQ Lab) measured ethanol,
methanol, ammonia, NO, N20O, NO2, and methane.

The following equipment was available in the MAAQ Lab for real time sample collection
and analysis.

1. An automatic control and data acquisition system,

2. An automatic gas sampling system,

3. An infrared photo-acoustic multi-gas INNOVA 1412 analyzer,

4. A TEI 55C methane and non-methane hydrocarbon analyzer,

5. A TEI 17i NH3 analyzer,

6. A TEI 46i N2O analyzer.

7. Four flux chambers,

8. Two wind tunnels,

9. An Environics 4040 Gas dilution system.

In addition to the equipment listed above, both gas and solid samples were collected
using bags and sorbent tubes, respectively, for laboratory analyses to be later conducted in UC
Davis laboratories using GC, GCMS, and HPLC.

Following is a detailed description of the analytical equipment that was used.

Automatic control and data acquisition system

The automatic control and data acquisition system consisted of an industrial grade
desktop computer, interface hardware, and interface software based on the Labview (National
Instruments, TX) program. The system controls sample collection sequence and timing, acquires
data from all analyzers and sensors, and sends the images of computer screen to registered users
over internet for remote review of the current operational status.

Automatic gas sampling system.

The automatic gas sampling system involved an 8-port rotary valve, a manifold, a Teflon
coated sampling pump, a bypass pump, a sampling flow meter, a temperature sensor, a relative
humidity (RH) sensor, a pressure sensor, Teflon tubing, and particle filters. The sampling system
collected gas samples from 8 different locations in sequence controlled by the automatic control
and data acquisition system. Gas samples were pulled into the system by the
Teflon coated pump through the rotary valve and fed to analyzers through the manifold. Sample
lines that were not currently selected by the rotary valve for analysis were connected to the
bypass pump for purging to keep the air in these sample lines fresh. All sensors of temperature,
RH, pressure, and flow meter were used to monitor the performance of the gas sampling system.

INNOVA 1412 analyzer

The INNOVA 1412 (LumaSense Technologies Inc., Ballerup, Denmark) analyzer is an
infrared (IR) photoacoustic multi-gas analyzer, which measures up to six gases including water
vapor.methanol and ethanol in sequence . In addition to its ability for multi-gas measurement, the
INNOVA 1412 is a sensitive gas analyzer and has a wide dynamic measurement range.
Measurement ranges for methanol and ethanol were 0-14000 ppm and 0-8000 ppm with
detection limits of 0.14 and 0.08 ppm, respectively.
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TEI 55C methane and non-methane hydrocarbon analyzer

The TEI 55C (Thermo, MA) is a stable gas analyzer that can accurately measure
methane in a wide range from 0 to 1000 ppm with 20 ppb detection limit using a Flame
lonization Detector (FID). Although the TEI 55C can also accurately measure non-methane
hydrocarbons in a wide range, the non-methane hydrocarbon data were not used because these
hydrocarbons cannot be separated.

TEI 17i NH3 analyzer

The TEI 17i (Thermo MA, USA) is a chemiluminescence NH3 analyzer. It directly
measures NO, NOx (NO+NOz), NOt (NO+NO2+NH?3) separately by converting both NO> and
NH3 to NO. The difference between NOx and NO is NO2 (NO2=NOx-NO) and the difference
between NOt and NOx is NH3z (NH3=NOt-NOx). The measurement ranges for NO, NO> and
NH3 were 0-20 ppm and the detection limit was 1 ppb

TEI 46i N20 analyzer
The TEI 46i (Thermo, MA) is an infrared gas analyzer that can accurately measure N.O
in the range of 0-50 ppm at 0.02 ppm detection limit using a gas filter correlation technology.

Table 3 summarizes the detection limits and measurement ranges of each gases measured

by above mentioned gas analyzers.

Table 3. Measurement ranges and detection limits of gas analyzers used in this study.
Detection Measurement range

Gases Molecules Gas Analyzers limit (ppb) (ppm)
Methane CH, Thermo 55C 20 0-1000
Nitric Oxide NO Thermo 17i 1 0-20
Nitrogen

Dioxide NO; Thermo 17i 1 0-20
Ammonia NH3 Thermo 17i 1 0-20
Nitrous Oxide N.O Thermo 46i 20 0-20
Methanol MeOH Innova 1412 140 0 - 14000
Ethanol EtOH Innova 1412 80 0-8000

Flux chambers

Flux chambers can be used to determine air emission rate by measuring the gas
concentrations, air ventilation rate, temperature, RH, and pressure in the monitoring
environment. Flux chambers are suitable for emissions from small surface areas at any location,
including commercial dairies. Because the ventilation rate is low in flux chamber sampling, gas
concentrations inside the flux chamber can be measured using our gas analyzers. Although the
flux chamber cannot be used to simulate the wind speed over a small surface area, this method
has been widely used to determine the air emission rate.
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The flux chambers (Odotech Inc., Montreal, Canada; see Photo 3) are made of acrylic
resin with a volume of 64.5 L and consists of a cylindrical enclosure with a spherical top. Teflon
tubing (50 cm, 6.35 mm OD) is installed around the inside circumference of the chamber to
allow air to circulate throughout the chamber when connected to a compressed air distribution
system. An opening on top of the chamber (fitted with a stainless steel Swagelok connector) is
used to sample air. Of the remaining two openings on the flux chamber top, one is used for the
thermo couple, and the other allows extra air to escape and equalized inside pressure while
sweeping air and sampling (Sun et al., 2008).

Gas dilution system

The Environics 4040 (Environics Inc. CT) gas dilution system is used to mix the standard
calibration gas with ultra-zero air to produce variable concentration gas mixture for multi-points
calibration of gas analyzers. The current dilution rate of this dilution system was 100:1.

Safety Container

To ensure that researchers could safely work without the associated risks of silage
avalanche, a 3m by 2m by 2m industrial safety container was used (see Photo 4). The safety
container was fitted with a 2.4m wide roll-up door on the side, a 1m man door on the end, and a
36¢cm turbine vent on the roof. The safety container was moved to the desired location alongside
the face of the silage pile with the use of a fork lift that had fork extensions. All silage face
monitoring using the flux chambers, were conducted from within the safe environment of this
safety container.
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Photo 3. Flux chamber and wind tunnel sampling silage face within protective shipping
container.
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Photo 4. Safety container positioned next to defaced conventional silage pile via forklift.

-32-



Silage Sample Preparation

Silage core samples were obtained using a drill driven spiral-assisted uni-forage sampler
(Star Quality Samplers Inc. AB, Canada) at a depth of 30cm. Samples were extracted from the
silage core sampler and placed immediately into an airtight plastic bag. These bags were
depressed and manually evacuated prior to being placed on dry ice.

Samples on dry ice were transported back to UC Davis for silage analysis. Sample
preparation included placing 10 g of silage (x0.1) into a 120 ml plastic bottle. Then, 90 g of DI
water (+£0.1) were added to the 120 ml plastic bottle. Bottles were tightly closed and inspected
for any leaks. The plastic bottles were placed on the wrist action shaker for 30 min. Post wrist
action shaker, the samples were analyzed for pH. Samples were then centrifuged for 10 min at
5000 rpm. Supernatant was filtered using a 0.45 um. Samples were acidified using ortho-
phosphoric acid (10%) to a pH <2 before the injection into the GC. The GC conditions included
DB wax 530pum x 30 m. Helium was used as a carrier gas at a flow rate of 5 mL min 1. Oven
temperature increased from 40°C by 5°C min-1 to 60°C, held for 1 min, and then increased by
25°C min-1 to a final temperature of 160°C. Inlet and detector temperatures were set at 170°C
and 270°C, respectively. The VFA standards used for GC analysis included acetic acid,
propionic acid, butyric acid, iso-butyric acid, valeric acid, and isovaleric acid.

Silage Emission Monitoring

Dairy staff defaced the silage piles twice a day for feedings at 0300h and 1200h. The
safety container was placed against the silage face immediately following extraction. The flux
chambers were set up vertically against the face of the silage face (see Photo 2) and inside the
shipping container, then the flux chambers were connected using Teflon tubing to the MAAQ
Lab. Gas sampling began within 30 min of defacing. The safety container and related equipment
were removed prior to the 0300h feeding to minimize interference with dairy farm management.
Datalogger probes (HOBOSs) (Onset Computer Corporation, MA) were placed inside the flux
chamber and safety container to continuously monitor for temperature, relative humidity, and
moisture. The analyzers in the MAAQ Lab recorded the concentration of CH4 (ppm), N2O
(ppm), NO (ppb), NO2 (ppb), NH3 (ppb), MeOH (ppm), and EtOH (ppm) every minute
electronically. The emission rate of CHa (g/hr/m? N20 (g/hr/m?, NO (mg/hr/m?, NO:
(mg/hr/m?, NH3 (mg/hr/m?), MeOH (g/hr/m?, and EtOH (g/hr/m? were determined in 1h
averages for 14h.

Emission Calculations

Concentration samples analyzed in the flux chambers over the 15 minute period were
truncated to remove the first five minutes and last two minutes of sample to prevent carry over
effects. Total flux (mg/hr) was then calculated using the following equation:

MIX X FL x 60
Total flux = v X MW x Conv

where MIX is the concentration in either ppm or ppb, FL is the ambient air flow rate at 20 L/min,
60 is the conversion from minute to hour, MW is the molecular weight in grams per mole, Conv
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is a conversion factor of 107 for concentration in ppm and 10 for concentration in ppb, V is the
volume of one molar gas at temperature T in liter/mole and is calculated as:

Ve XT
Ts

where Vs is the standard volume 22.4 liters at 0°C, Ts is the standard temperature 0°C that equals
to 273.15 K, T is the air temperature in K equaling to T in °C +273.15.

The emission rate by surface for the flux chambers (mg/hr/m?) was calculated by:

Total Flux
Surface area

Emission rate =

Water Inclusion on TMR and Silage

The effect of water inclusion rate into the TMR was measured at 0%, 5%, and 10%,
respectively (see Photo 1). Total mixed ration samples were removed from the mixer wagon after
mixing was complete and measured into 2 kg samples. All samples were collected at 1215 h and
placed under the flux chambers by 1230 h. Samples were treated with the above water inclusion
rates and placed under flux chambers for gas monitoring. The 2 kg sample was placed
immediately under the flux chamber. Water was added to the TMR or raw silage samples,
respectively. The samples were hand mixed for a homogenous sample and placed under the flux
chambers. Gas measurements were collected for 23 hours. Three replications were performed
and each included: a control (0% water), 5% water, 10% water, and raw corn silage for
comparison.

Task 2: Emissions of VOCs and NOx from various defacing methods

Emissions of VOCs and NOx from the silage defacing process were compared using
three types of extraction methods. The first extraction method was using a standard front-end
loader parallel to the face. The second extraction method was a standard front-end loader
defacing in a perpendicular fashion to the face. The third extraction method was using a de-facer
attachment that had a rake-like appendage (aka EZ rake, Hanson, MN; see Photo 5). Using the
first extraction method, the standard front-end loader defaced the pile in a lateral fashion or
parallel to the face (aka smoothing action; see Photo 6). For the second extraction method, the
front-end loader de-faced the pile in a frontal, perpendicular fashion (aka jagged action). Finally,
for the third extraction method, the front-end loader received a rake attachment and during de-
facing, the vehicle approached the pile in a perpendicular fashion (similar to the first), but
extracted the face by combing the surface from top to bottom effectively shaving the surface
layers (again, see Photo 6). During the present study, each method was conducted and measured
for three days. Immediately after silage extraction, flux chambers were placed on the freshly
excavated silage surface and connected via Teflon tubing directly to the MAAQ Lab and
associated analyzers for measurements.
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Photo 5. Standard front-end loader with quick connect to EZ rake attachment.
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Photo 6. EZ rake defaced surface on left and lateral defaced surface on right of a conventional
silage pile
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Task 3: Emissions of VOCs and NOx from storage types

Emissions of VOCs and NOx from conventional silage piles were compared to those of
silage bags during the open-face phase. The flux chamber was placed on each open face after
perpendicular extraction with the standard front-end loader. The flux chamber was also
connected via Teflon tubing directly to the MAAQ Lab and associated analyzers for
measurements.

Task 4: Emissions of VOCs and NOx from TMR treated with water vs raw silage

Emissions of VOCs and NOx were analyzed from the TMR with water added at 0%, 5%,
and 10% inclusion rate. Raw corn silage was also evaluated for VOCs and NOx emissions but
without the addition of water (see Photo 7). The TMR was removed directly from the feed
wagon and measured into 2 kg samples. The 2 kg samples were adjusted to appropriately
incorporate the water percentage mentioned above.

Photo 7. Flux chambers located outside the MAAQ Lab sampling water inclusion rates
and silage.

-37-



Results and Discussion

The present study shows effects of numerous silage storage and management schemes on
gas emissions. The results from the current study (Chapter 3) were used to refine and validate
our silage emission model (see Chapter 4).

Continuous monitoring of seven key gases including methane, ammonia, nitric oxide,
nitrous dioxide, nitrous oxide, ethanol, and methanol was conducted for all experiments.

Defacing Method and Emissions on Conventional Silage Pile

The effects of defacing methods on the emissions of seven key gases (Figures 1-7) were
reported as g/d/m? or mg/d/m? depending on the gas per surface area covered by the flux
chamber. While measurement variability (expressed as standard deviation) were sometimes
considerable, Figures 1-7 seem to show that lateral vs. perpendicular de-facing lead to fewer
emissions. The EZ rake treatment did not seem to offer advantages in lowering emissions when
compared to perpendicular extraction. The EZ rake treatment showed particularly high
variability across different sampling dates. For most gases the EZ rake showed equal or greater
emissions compared to perpendicular defacing. The defacing method greatly affects the
roughness of the face and lateral defacing leads to the lowest roughness when compared to
perpendicular and EZ rake de-facing. The lateral defacing treatment seems to be advantageous in
reducing gaseous emissions during the defacing phase.
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Figure 1. Means of lateral, perpendicular, and EZ rake defacing on methane (CH4) emissions
(each of these treatments were measured on three different days and the bars indicate the
standard deviation).
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Figure 2. Means of lateral, perpendicular, and EZ rake defacing on nitric oxide (NO) emissions
(each of these treatments were measured on three different days and the bars indicate the
standard deviation).
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Figure 3. Means of lateral, perpendicular, and EZ rake defacing on nitrogen dioxide (NO2)
emissions (each of these treatments were measured on three different days and the bars indicate
the standard deviation).
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Figure 4. Means of lateral, perpendicular, and EZ rake defacing on nitrous oxide (N20)
emissions (each of these treatments were measured on three different days and the bars indicate
the standard deviation).
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Figure 5. Means of lateral, perpendicular, and EZ rake defacing on ammonia (NH3) emissions
(each of these treatments were measured on three different days and the bars indicate the
standard deviation).
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Figure 6. Means of lateral, perpendicular, and EZ rake defacing on methanol (MeOH) emissions
(each of these treatments were measured on three different days and the bars indicate the
standard deviation).
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Figure 7. Means of lateral, perpendicular, and EZ rake defacing on ethanol (EtOH) emissions
(each of these treatments were measured on three different days and the bars indicate the
standard deviation).
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Table 4 summarizes the results of Figures 1-7 comparing the emissions across different

defacing methods.

Table 4. Comparisons of gas emissions from different defacing methods

Defacing treatment

Gas Emissions EZ rake lateral perpendicular
Methane (g/day/m?) 0.12+0.11 0.01+0.00 0.02 £0.02
Nitric Oxide (mg/day/m?) 1.72+0.18 1.04+0.58 2.97 £0.60
Nitrogen Dioxide (mg/day/m?) 0.29+0.11 0.53+0.17 0.80£0.61
Nitrous Oxide (mg/day/m?) 207+1.87 0.04+0.07 1.17+0.85
Ammonia (mg/day/m?) 0.17+0.26 0.82+0.83 1.14 +0.82
Methanol (g/day/m?) 6.74+0.11 6.83+1.33 6.71 £2.65
Ethanol (g/day/m?) 1452 +3.11 7.36%1.17 14.46 £ 7.21
TOFP! (O3 g/day/m?) 25.43 15.11 25.33

TOFP: Total Ozone Forming Potential of Methane, Methanol, and Ethanol
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Emissions between Face Emissions of the Conventional Silage Pile vs. Silage Bag

Figures 8-14 show measured and calculated emissions from the entire silage face of the
two silage storage methods. The difference in surface area between the silage bag exposed face
and conventional silage pile exposed face is approximately a factor of 10 (the exposed surface of
the conventional silage face was 460m? compared to the exposed silage bag face was 43m?).

Once the factor of 10 is applied (460m? vs. 43m?) to correct for face area differences and
the two storage methods are compared by exposed face, one can clearly see the conventional
silage pile emitting far more of the seven gases compared to the silage bag (expect for N2O). The
difference in measured emissions is a function of the surface area difference between the silage
storage systems.
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Figure 8. Means of methane emissions from the total face area of a silage bag vs. a conventional
silage pile, respectively (each storage form was measured on three different days and the bars
indicate the standard deviation).
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Figure 9. Means of nitric oxide emissions from the total face area of a silage bag vs. that of a
conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).
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Figure 10. Means of nitrogen dioxide emissions from the total face area of a silage bag vs. that
of a conventional silage pile, respectively (each storage form was measured on three different
days and the bars indicate the standard deviation).
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Figure 11. Means of nitrous oxide emissions from the total face area of a silage bag vs. that of a
conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).
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Figure 12. Means of ammonia emissions from the total face area of a silage bag vs. that of a
conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).
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Figure 13. Means of methanol emissions from the total face area of a silage bag vs. that of a
conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).
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Figure 14. Means of ethanol emissions from the total face area of a silage bag vs. that of a
conventional silage pile, respectively (each storage form was measured on three different days
and the bars indicate the standard deviation).
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Table 5 summarizes the results of Figures 8-14 comparing the between Face Emissions of

the Conventional Silage Pile vs. Silage Bag.

Table 5. Comparisons of gas emissions between the faces of different silage storage

methods.

Silage storage methods

Gas emissions Silage bag ~ Conventional silage pile

Methane (g/day/face) 0.08 £0.02 0.02 £0.02

Nitric Oxide (mg/day/face) 3.94£0.53 2.97 £ 0.60
Nitrogen Dioxide (mg/day/face)  0.30 £ 0.28 0.80 £ 0.61
Nitrous Oxide (mg/day/face) 0.20£0.12 0.001 +£0.001
Ammonia (mg/day/face) 4,84 £2.74 1.14 +0.82
Methanol (g/day/face) 3.67+1.71 6.71 £ 2.65
Ethanol (g/day/face) 19.76 £ 2.20 1446 £7.21
TOFP! (O3 g/day/m?) 31.04 253.32

TOFP: Total Ozone Forming Potential of Methane, Methanol, and Ethanol
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Emissions of TMR with Water Inclusion Rates

Task 4, the evaluation of the effects of water inclusion rate on TMR on the seven gases,
provided interesting data. Figures 15-21 depict the four treatments evaluated: TMR 0%, TMR
5%, TMR 10%, and raw silage. The raw silage was added to the comparison to show how loose
silage differs from loose TMR. Each treatment comparison was repeated with fresh samples on
three separate days.

Nitrogen dioxide, ammonia, methanol and ethanol follow the curve of a high initial gas
fluxes within the first five hours followed by a gradual emission decline to zero. The curve
observed is similar to the flux of ethanol measured by Montes et al. (2010), who evaluated
ethanol from intact silage samples at different temperatures and wind velocities using wind
tunnels. However, with the increasing percentage of water included, a reduction of the initial flux
of emissions was observed. As a result, when reviewing NO2, NH3, MeOH, and EtOH,
treatments with 10% water had the greatest decrease (compared to 5% and 0%) in total
emissions, particularly during the initial period. Methane, nitrous oxide, and nitric oxide did not
follow a similar curve of initial emission flux and emission plateau; instead gaseous emissions
appear to be very low until 10 h, then increase until 20 h, after which their emission subsided.

Of the seven gases measured, EtOH has been the most widely documented in the literature The
initial EtOH emissions in the present study were similar to measurements by Chung et al. (2010)
and Malkina et al. (2011).
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Figure 15. Means of methane (CH4) emissions from TMR treated with 0%, 5% and 10% water
vs. raw silage.
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Figure 16. The effect of water inclusion into the TMR on nitrous oxide emissions. Means of
nitrous oxide (N20) emissions from TMR treated with 0%, 5% and 10% water vs. raw silage.
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Figure 17. Means of nitric oxide (NO) emissions from TMR treated with 0%, 5% and 10% water
vs. raw silage.
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Figure 18. Means of nitrogen dioxide (NO2) emissions from TMR treated with 0%, 5% and 10%
water vs. raw silage.
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Figure 19. Means of ammonia (NH3) emissions from TMR treated with 0%, 5% and 10% water
vs. raw silage.
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Figure 20. Means of methanol (MeOH) emissions from TMR treated with 0%, 5% and 10%
water vs. raw silage.
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Figure 21. Means of ethanol (EtOH) emissions from TMR treated with 0%, 5% and 10% water
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Table 6 summarizes the results of Figures 15-21 comparing the emissions of TMR with
water inclusion rates. Because of the changes of emissions rate over time, data were averaged in
5-hr intervals and compared in Table 6.

Table 6. Comparison of gas emissions of TMR between different water inclusion rates.

Average over 5-hr interval elapsed from starting

0-5 5-10 10-15

Emission gases Water inclusion rate Water inclusion rate Water inclusion rate

Raw 0% 5% 10% Raw 0% 5% 10% Raw 0% 5% 10%

CH4 (g/hr/m?) 0.00 0.00 0.00 0.00 0.00 0.00 0.01 000 0.02 0.01 0.00 0.02
N.O (g/hr/m?) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NO (mg/hr/m?)  0.13 019 011 008 020 011 0.07 0.15 029 024 019 0.13
NO; (mg/hr/m?) 0.07 0.08 0.04 003 002 001 0.02 0.01 0.01 0.00 0.00 0.00

NH; (mg/hr/m?) 0.87 519 6.04 599 045 342 411 370 031 115 1.73 161
MeOH
(g/hr/m?) 0.58 0.16 0.09 0.08 035 0.08 006 0.05 021 0.05 0.04 0.04

EtOH (g/hr/m?) 114 147 089 081 037 061 042 041 015 029 021 021
TOFP!
(O3 g/lhr/m?) 203 224 135 123 077 093 065 063 035 045 033 0.33

Table 6. Continue

Average over 5-hr interval elapsed from starting

15-20 20-25 Over 25 hr

Emission gases Water inclusion rate Water inclusion rate Water inclusion rate

Raw 0% 5% 10% Raw 0% 5% 10% Raw 0% 5% 10%

CH4 (g/hr/m?) 0.01 001 0.02 0.03 000 0.00 0.00 000 0.1 0.01 001 o0.01
N.O (g/hr/m?) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NO (mg/hr/m?)  0.07 0.06 013 010 004 006 0.04 0.02 0.18 0.16 0.14 0.12
NO; (mg/hr/m?) 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.03 0.02 0.02 0.01

NHs (mg/hr/m?) 014 061 0.69 064 060 3.16 3.22 345 059 338 395 385
MeOH
(g/hr/im?) 0.16 004 003 003 027 004 003 003 039 009 006 0.06
EtOH (g/hr/m?) 005 045 011 012 001 016 012 010 043 067 044 041
TOFP!
(O3 g/hr/m?) 017 025 018 019 018 025 019 016 088 1.03 068 0.64

TOFP: Total Ozone Forming Potential ofCH4, MeOH, and EtOH
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Conclusions

The present Chapter 3 provides monitoring data for a variety of silage mitigation
techniques to provide input and validation data for the concurrent modeling study (i.e. Chapter
4). The past and present research on the individual phases or processes of the silage life cycle,
provide emission data on the major emissions present in each step. However, the present
monitoring study conducted alongside the concurrent modeling study, show that emission
reduction potentials of one phase of silage management might be negated throughout later phases
of the life cycle of the feed. For example, one might reduce emissions at the silage face through
lateral defacing but the compounds one might prevent from volatilizing there, might later get lost
in the feedlane.

Our concurrent modeling study (Chapter 4), which received the feedlane monitoring data
from the present (Chapter 3) study, showed that the TMR placed in the feedlane, has the greatest
exposure to the atmosphere, resulting in the greatest emissions throughout the silage life cycle.
As a result, the present Chapter 3 may guide the reader to favor specific mitigation treatments
(e.g., lateral defacing and 10% water inclusion) but these mitigation steps could result in
relatively insignificant overall farm effects when evaluating the entire life cycle of silage,
including the feedlane phase. It is apparent that the most effective VOC mitigation effort would
minimize the air exposure time of freshly extracted- as well as freshly mixed feed to the
atmosphere (e.g., silage face and feed-lanes).
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Chapter 4 - Modeling of the Emission Reduction Benefits of Mitigation
Strategies for Silage

Task 5: To use emission data measured on the commercial farms to refine and evaluate the
existing silage VOC emission model

Abstract

A process-based model was further developed, which predicts VOC emissions from
silage sources on farms using theoretical relationships of mass transfer and surface emission.
Model parameters were refined through laboratory experiments and numerical modeling. For
model evaluation, ethanol and methanol emission measurements made from conventional silage
piles, silage bags and feed lanes on California dairy farms were compared to emissions predicted
by the model. The model worked relatively well in predicting ethanol emissions but
underpredicted methanol emissions. The new silage VOC emission model was incorporated as a
component of a whole farm simulation model where it was used to evaluate management and
climate effects on VOC emissions along with other aspects of farm performance, environmental
impact and economics. Simulations of a representative dairy farm in California indicate that most
of the reactive VOC emissions occur from feed lying in feed lanes during feeding. This implies
that mitigation efforts should be applied to reducing emissions during feeding rather than those
from the exposed face of silage piles.

Introduction

Pprior to the present study, an initial VOC emission model for silage was developed as a
component of the Integrated Farm System Model (IFSM) and the Dairy Gas Emissions Model
(DairyGEM), two farm simulation models created by the USDA-ARS (Rotz et al., 2015a and b).
This component model was developed and refined using our early experimental mass balance
data that were presented in Hafner et al. (2012). However, using measurements obtained from
commercial California dairy farms through the present project (see Chapter 3), it was found that
the original model performed inadequately in simulating emissions of ethanol and methanol from
silage storages and feed lanes. Compared to measurements, the model generally predicted very
high ethanol emissions and relatively low methanol emissions from both silage piles and bags. In
addition, the original model did not respond appropriately to changes in simulation settings for
silage bulk density and moisture content (Appendix Figures A2.1 and A2.2), two important
parameters that differ among silage storage types. Inability to simulate effects of these two
parameters limited the capability of the farm simulation models in evaluating changes in VOC
emissions with respect to different mitigation strategies.

Through the present grant, the process-based VOC emission model for silage was further
developed to address the previous limitations in simulating ethanol and methanol emissions and
to account for effects of bulk density (e.g., compacted vs. loose silage) and moisture content.
Ethanol and methanol emissions measured from silage storages and feed lanes on California
dairy farms were used to evaluate the performance of the new model in predicting VOC
emissions under field conditions. The new model incorporated in IFSM provides a tool for
studying silage VOC emissions and evaluating VOC emission mitigation strategies from a whole
farm perspective. This report provides a brief description of the silage VOC emission model, the
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evaluation with measured farm data, and an example application of the model in evaluating
mitigation strategies for a representative California dairy farm.

Model Description

Rather than simulating emission and transport processes involved, the previous VOC
emission model estimated the fraction of VOC loss from silage sources with respect to time
(equation 1). Silage sources, which included silage storages and feed lanes, were treated as a
three-pool model: surface pool, representing the first 2 cm from the surface; middle pool,
representing the next 5 cm (i.e., depths of 2 to 7 cm); and a deep pool, representing the rest of the
silage profile (i.e., total depth minus 7 cm) (Rotz et al., 2015b). Each pool was treated
independently, composed of a gas film and a silage layer (Rotz et al., 2015b). For each pool, the
fraction of a VOC lost through emission was represented using equation 1 (Rotz et al., 2015b):

femis =1 — e_Kt/L (1)

where femis is the fraction of a given VOC lost at time t, K is the overall mass transfer coefficient
(m/s), L is the layer thickness of the pool (m), and t is the cumulative exposure time (s). The L
value was set to 0.02 and 0.05 m for surface and middle pools, respectively, while the remaining
thickness was the deep pool. The total thickness was based on the calculated amount of silage
needed for feeding the cows each day. Defined as the reciprocal of the sum of the two resistances
to mass transfer (i.e., inverse of mass transfer coefficient), K was given by (Hafner et al., 2012;
Rotz et al., 2015b):

K=1/Ya+p,) vy

where « is the effective surface mass transfer coefficient (m/s), Dy is the effective bulk diffusion
coefficient (m?/s), and | is the distance from the center of the emitting layer (pool) to the exposed
surface (m). The «is computed using equation 12 of Hafner et al. (2012). The surface mass
transfer coefficient (hm) used in calculating « is based on Mackay and Yeun (1983). The value of
Dy is a function of diffusion-dispersion coefficients for both gaseous (ksq) and aqueous (Dss)
phases (Hafner et al., 2012). Because ksg is several orders of magnitude higher than Dss (Hafner
etal., 2012), Dy is calculated as a function of ksg only. From Hafner et al. (2012), ksg was held
constant at 2.33 x 10° m/s. However, using measurements obtained from California dairy farms,
this original model was found to perform poorly in predicting ethanol and methanol from silage
piles and bags.

Through the present project, we revised the process-based model for silage VOC
emissions. The governing emission and transport equations describing the new model were based
on the convection-diffusion-dispersion model presented by Hafner et al. (2012). But instead of
using the analytical solution to these equations (i.e., which led to overestimation of VOC
emissions, Hafner et al., 2012), the new model was based on numerical modeling, in which the
equations for surface emission from and transport within the silage were solved numerically
through discretization. Numerical models (i.e., numerical solution), however, often require very
fine spatial and temporal resolution, and, consequently, a very long simulation time. As an
example, model refinement performed for this study was conducted with a grid size of 1 mm,
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resulting in 1,000 simulation layers for a 1-m depth of silage source, and a time step of 1 second
— with this very fine resolution, modeling of just 120 hourly data points (i.e., equivalent to 5
days) required more than 8 hours of simulation time. In IFSM, simulation of all farm
components, which include crop production, harvesting, feed storage, animal performance,
manure production and handling, etc., using daily weather conditions over a 25-year period
requires a very short simulation time for any one component farm. Therefore, to be incorporated
in a whole farm model, a much faster simulation was required. To achieve this, simulation layer
depths for the numerical model were defined as functions of certain parameters, as discussed
below, to significantly reduce spatial (e.g., 2/3 simulation layers for 1-m depth) and temporal
(e.g., 1-hr time step) resolution, and simulation time. Expressions defining simulation layer
depths were developed through refinement using emission profiles obtained from numerical
modeling using the high spatial and temporal resolution. A detailed description of the model will
be presented in a future publication; a brief overview follows.

In the new process-based model, calculation of VOC emission from silage is performed
on an hourly basis. The simulation domain for silage storages, such as bunkers, piles, and silage
bags, has a total depth of 1 m from the exposed surface, which is divided into three layers. For
feed lanes, the simulation domain has a shorter depth (0.15 m), which is modeled as two layers.
As presented in Table 7, the surface layer, from which VOCs are emitted, is calculated as a
function of the friction velocity (u=) of air movement and feed dry bulk density (pdry) for both
silage storages and feed lanes. For silage storages, the second layer, which is adjacent to the
surface layer, is a function of pqry. In the new model, equations for these simulation depths were
developed based on experimental data by Montes et al. (2010) and Hafner et al. (2010) and
through numerical modeling. For the surface layer, simulation depth is directly proportional to u«
(i.e., more VOC:s are readily available for volatilization at higher wind speeds) but inversely
proportional to pary (i.€., more VOCs are readily available for volatilization at lower bulk
densities). These depths were set using ethanol measurements. In the absence of experimental or
measured data (e.g., different friction velocities), the same depths were applied for other VOCs
(i.e., other alcohols, acids, aldehydes, esters, etc.).

Table 7. Depths (m) of simulation layers for silage in storages and feed lanes.

Layers Silage storage Feed lane
1% (surface layer) f1s(pary) + [f2s(pary) x u*] fulpary) + [f21(pary) x u*]
ond F35(pary) Remaining
3rd Remaining -
Total 1m 0.15m

In the new model, processes simulated for the 1% (surface layer) are VOC emission and
volatilization. Unlike the previous model, mass transfer of VOCs between layers is simulated.
For VOC emission, the following assumptions were applied: the amount of VOC emitted was
limited by the amount of VOC present in the 1% layer; and the mass transfer resistance due to
depth of the 1% layer was neglected.

Following Hafner et al. (2012), simulated hourly VOC emission from the surface layer is
given by:
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Jsur = 3600“(Csur - Cair) (3)

where jsur is the hourly VOC emission (g/m?-hr), « is the effective surface mass transfer
coefficient (m/s), Csur is the VOC concentration in bulk silage (g/m?), and Cair is the VOC
concentration in ambient air (g/m®). The Cair value is assumed negligible (Hafner et al., 2012).
Similar to the previous model, « is computed using eq. 12 of Hafner et al. (2012). The value of
hm used in calculating « for ethanol is based on experimental data by Montes et al. (2010), where
the derived equation is a function of u=. In the absence of data, hm for other VOCs is based on
Mackay and Yeun (1983) as implemented in the previous model.

The amount of VOC transferred from one layer to the layer above is given by Hafner et
al. (2012):

. 3600Db(clyr_clyr—1)
Jiyr = ] (4)

where jiyr is the hourly mass transfer of VOC from the lower layer (g/m?/hr), Dy is the effective
diffusion mass transfer coefficient (m?/s), lyr and lyr-1 are the lower and upper layers,
respectively, | is the distance from the center to the upper edge of the lower layer (m), and Ciyr
and Cyyr-1 are VOC concentrations for lyr and lyr-1, respectively (g/m?). Similar to the previous
model, Dy, is calculated as a function of ksg only. The value of Dy is computed using eq. 11 of
Hafner et al. (2012) with the Dss term neglected. As done for hm, an equation was derived for
calculating ksq as a function of u= using ethanol data from Montes et al. (2010). This same
equation was used in calculating ksg for other VOCSs but with the minimum value based on
relationships from Tucker and Nelken (1982). With this approach, ksq for all VOCs is the same at
u= > 0.05 m/s (i.e., 10-m height wind speed of 2.0 m/s). As ksg applies to diffusion in free air, it
is adjusted to represent diffusion in a porous media such as silage using the Millington-Quirk
model (Hafner et al., 2012).

Both, « and Dy, are functions of the Henry’s law constant, bulk density, and moisture
content (Hafner et al., 2012; Rotz et al., 2015a and b). To estimate Ky, equation 1 of Hafner et
al. (2012) can be written as:

Ky =5 = Ku = m = Ky = 5= (5)

where mj is the molal concentration of VOC i (mol/kg solution), x; is the mole fraction of VOC i
in aqueous phase, yi is the mole fraction of VOC i in the gas phase, P;i is the partial vapor
pressure of VOC i in equilibrium with m; (atm), Psat is the partial vapor pressure of VOC i (atm),
and P is the total vapor pressure of the solution (atm). The value of Psa is calculated using the
Antoine equation:

B

1047 C+1

760

(6)

Psar =

where A, B, C are compound-specific constants, and T is the silage temperature (°C). In this
study, values for A, B, and C used for ethanol and methanol are based on DDBST (2015).
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One shortcoming of using eq. 5 is the need to specify x;. Based on a summary made by
Hafner et al. (2013), 4