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• Natural (biogenic) sources of VOCs are significant 
• Other main sources are combustion related
• Main biochemical processes that produce VOCs on 

dairies are fermentation and decomposition of 
organic material (feed and manure)

• VOC producing sources on dairies are the cow’s 
rumen, silage bags, lagoons, corral manure packs

What do we know about VOCs?
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Biogenic Volatile Organic Compounds
in Earth’s Atmosphere

(BVOCs, 1000’s of compounds)

• Isoprene (C5H8)

• Monoterpenes (C10H16)

• Oxygenated VOC

• Sesquiterpenes (C15H24)

OH O
CHOOH

Amount Known





Cattle feed is the leading
VOC source on dairies

(Chung et al. 2009)
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Which VOCs are present in 
silage?
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Presenter
Presentation Notes
PTRMS allows us to roughly calibrate even unknown masses (to within ± 30%). Here are inlet and outlet concentrations for masses 45, 63, 69, 83, 87, and 101 (compounds of 44, 62w, 68, 82, 86, and 100 amu). This is a subset of the ~ 200 individual masses that we can detect. While we are still working on identifying these compounds, we can still use pattern matching to see that all of these have emissions from the cows during the same time periods as the acetone, methanol, CO2, and H2O we’ve been talking about.
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Alcohols

• Ethanol 

• Methanol

• Propanol 

• Butanol 

• Butanol Isopentyl alcohol 

• Hexanol 



Esters
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Esters

• Methyl acetate 
• Ethyl acetate 
• Propyl acetate 
• Butyl acetate 
• Isoamyl acetate 
• Hexyl acetate 
• Ethyl propionate 
• Propyl propionate 

• Ethyl butyrate 

• Propyl butyrate  

• Butyl butyrate 

• Ethyl hexanoate

• Propyl hexanoate



Alkenes
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Alkenes

• 1-Propene 

• 2-methyl 2-Butene 

• Isomer of Methylpropene

• Pentadiene Diene > C5 

• Alkene >C6 

• 1,4-Hexadiene 



Aldehydes
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Aldehydes

• Acetaldehyde 
• C4 Aldehyde
• Hexenal
• Hexanal Furaldehyde
• Heptanal
• Phenyl aceto aldehyde Benzaldehyde
• Octanal C8-C9 
• Aldehydes isomers 
• Decanal 



Ketones
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Ketones

• Acetone 

• 2-Pentanone 

• 3-Pentanone 

• Methylisobutyl ketone

• Cyclohexanone

• Octanone

• Methyl phenyl ketone



Carbonyl compound emissions 
(concentration, ppbV)

Compound

Corn          
Silage

Alfalfa                
Silage

Cereal                    
Silage TMR

High 
Moisture 
Ground 

Corn

Almond    
Shells

Almond     
Hulls

Formaldehyde 6.24 10.02 5.51 5.50 5.61 4.81 6.99
Acetaldehyde 178.84 172.59 249.72 385.79 55.62 3.33 4.42
Acrolein 0.83 3.84 0.50 1.40
Acetone 20.28 24.79 10.07 20.21 34.92 4.20 4.82
Propionaldehyde 36.60 46.48 3.95 34.32 2.23 0.35 0.78
Crotonaldehyde (2-
Butenal) 0.28

Butylaldehyde 57.85 40.72 4.91 17.67 22.22
Isovaleraldehyde 15.07 16.65 6.27 5.69 26.39 0.09
Valeraldehyde 0.68 0.39
Hexaldehyde 0.96 1.22 0.49 2.29 0.90 0.53 0.89
Benzaldehyde 17.96 1.42 1.87 1.69 0.72 0.24



What are important drivers for 
silage VOCs? 
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Ethanol emission rate is affected by 
several variables

Intact, packed corn silage
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Presenter
Presentation Notes
Left plot shows flux, right plot shows cumulative emission. Measurements carried out using a wind tunnel. Symbols: v+ = 5 m/s, 20°C; 0 = 0.5 m/s, 20°C; T+ = 0.5 m/s, 35°C; T- = 0.5 m/s, 5°C; v- = 0.05 m/s, 20°C. Note log scale on y axis for left plot. Exposure time, air velocity, and temperature (silage and air temperatures were equal) have major effects on ethanol emission rate.



Ethanol emission rate is affected by 
several variables

Loose corn silage
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Presenter
Presentation Notes
Left plot shows flux, right plot shows cumulative emission. Measurements carried out using a wind tunnel. Symbols: v+ = 5 m/s, 20°C; 0 = 0.5 m/s, 20°C; T+ = 0.5 m/s, 35°C; T- = 0.5 m/s, 5°C; v- = 0.05 m/s, 20°C. Note log scale on y axis for left plot. Exposure time, air velocity, and temperature (silage and air temperatures were equal) have major effects on ethanol emission rate.



Emission rate is affected by 
permeability and exposed area

1. 15 cm intact B
2. 15 cm loose A
3. 15 cm loose C
4. 15 cm loose B

2. 15 cm loose A
4. 15 cm loose B
5. 3 cm loose A
6. Exposed particles A & B
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Presenter
Presentation Notes
Summarizes effects of density/porosity, particle size, exposed surface area, and depth on relative emission from corn silage, as measured in our wind tunnel. Each line shows mean cumulative emission, expressed as a fraction of the initial ethanol present, over time. Filled areas around lines show +/- one standard deviation (based on two or three trials). All measurements were made at 0.5 m/s and 20°C. Silage A has a smaller particle size than silages B and C, which results in lower permeability and therefore lower ethanol emission. This effect is shown in the left plot. The right plot shows the effect of thickness and exposed surface area. Line 6 is for exposed particles—emission was measured using the mini wind tunnel. Red lines represent the magnitude of effects of various changes.



What is the ozone formation potential 
of dairy emission sources?









Ethanol as a representative VOC

(Howard et al. 2010)

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.
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Ozone Production from 
Livestock Feed

Howard et al., (2010)

Presenter
Presentation Notes
In a recent scientific publication, corn silage was estimated to be the major feed source of VOC in dairies. Total ozone production in metric tons per day for the various animals basic feed types vs light duty vehicles in the SJC. Note that the Y axis is log scale. 

http://pubs.acs.org/action/showImage?doi=10.1021/es902864u&iName=master.img-004.jpg&type=master�


Summary
• Alcohols dominate the VOC spectrum by mass

• Acetone, VFAs, MeOH, EtOH are low in ozone formation 
potential

• Emissions of alkenes, alkynes, diene compounds, and 
aldehydes are abundant and reactive

• Volatilization of VOCs from silage reduces feed quality 
and has air quality impacts  



The Biology of Silage Preservation

Presenter
Presentation Notes
This figure represents the  biology of silage preservation.  There are 5 phases and in the x axe we have time. 



Challenges at Covering

Covering Corn Silage 

Presenter
Presentation Notes
The wheat forage from a field was put in this pile and cover temporarily until the other field was ready to harvest one week after.



Storing Corn Silage

Storing Silage

Presenter
Presentation Notes
In california most silage is stored in piles and some in bunkers.  Bags were not nearly as popular, and they are used in combination with one of the other storage types





Corn Silage Feedout

Prevent crack formation 
that favors air penetration

Smooth Face Tight Face

Keep air out of the 
edges and seams

Presenter
Presentation Notes
The feedout face should be a smooth surface that is perpendicular to the floor and sides in bunker or pile.  It is important to prevent crack formation that favors air penetration. Keep the air out of the edges and seams. One solution is to put weight on the plastic at the leading face.



Presenter
Presentation Notes
The middle section of the corn silage was shaved and the infrared picture shows that that are is cooler because aerobic bacteria are just starting to multiply.



Presenter
Presentation Notes
This picture represents the growth of aerobic microorganisms on the top and sides of the silage due to oxygen exposure.



Possible new directions

1. VOC production and consumption in silage—where do 
they come from, when and how quickly are they formed 
and destroyed?

2. Improvements in wind tunnel, portable design for field 
measurements

3. Equilibrium method for measurement of other VOCs in 
silage

4. Explore relationship between our approach and 
atmospheric measurements

5. Determination of the effects of management practices 
on total VOC emissions through farm level modeling 
and monitoring.
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