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Abstract 
The Central California Ozone Study (CCOS) group has sponsored a field study managed 
by the California Air Resources Board (CARB) to evaluate the air emissions of total 
organic gases (TOG), reactive organic gases (ROGs) also referred to as volatile organic 
compounds (VOCs), and ammonia/amine compounds from flushed lane dairies in 
Northern California.  The goal of the research is to provide process-specific dairy 
emissions data for use in improving emission estimates required for State Implementation 
Plans (SIPs) and Senate Bill 700 (Florez). 
  
The technical approach was developed for a two-phase program to assess air emissions 
from ten common ‘unit process’ found at a flushed lane dairy, including: flushed lanes 
(pre and post water flush), solids storage piles, flush and rinse water storage lagoons, 
solids in solids separator, free stall areas, turnout areas (corral), heifer pens, open feed 
storage, and milk parlor area.  The emphasis of Phase 1 of the research was to identify all 
major sources of air emissions, rank the emission sources, and identify all significant 
compound emissions from the dairy (e.g., type of compounds emitted).  The area source 
emissions were measured using the USEPA surface emissions isolation flux chamber 
(flux chamber) and gas samples were collected from the flux chamber for quantitative 
analysis of ROG or VOCs and amine compounds.  USEPA Method TO-15 was 
performed at all test locations for speciated ROG (VOC) emissions (gas 
chromatography/mass spectrometry) using an extended compound list, as well as amine 
compounds analyzed by NIOSH Method 2010 (ion chromatography).  Some locations 
were selected for analysis of aldehydes and ketones (USEPA Method TO-11), volatile 
organic acid compounds (ultraviolet-visible spectrometry), and fixed gases by ASTM 
Method 3416.  The testing was performed during the summer season, and those test 
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locations subject to solar heating were tested as a function of time of day.  All unit 
process were tested at multiple locations over a two-day time period, and screening 
analysis was performed assessing spatial variability where needed in order to aid in the 
selection of sample location.  
 
Flux data were collected with the intent of averaging data per unit process and generating 
an average or representative compound flux per process.  A simple average of process 
data was appropriate based on the sample collection design.  Flux data are reported as 
unit emission factors for each unit process or unique area source as well as area emission 
estimates per process, which were summed per test area to generate site dairy emissions 
per process.  All process emissions data were then summed for total dairy emissions, and 
from this total, per cow emission rate data were obtained by dividing dairy emissions by 
the number of cows on the dairy. Note that these per cow emission rate estimates for 
study compounds do not include any air emissions directly from the cow, only from solid 
and liquid surfaces on the dairy.  The flux data and ‘per cow’ emission factor data were 
compared to earlier studies conducted by EPA Region 9 in Northern California and the 
South Coast Air Quality Management District in Southern California.  The results of the 
Phase 1 effort are discussed and the objects of the follow-on Phase 2 research effort are 
also presented.   
 

Introduction 
 
Technical Approach 
Testing for surface flux was conducted using the USEPA recommended Surface Isolation 
Flux Chamber (USEPA.  Radian Corporation, February 1986). Flux chamber sampling 
locations were selected using direction from other research scientists and literature, and 
site screening information.   
 
The technical approach has been designed around the efficiency of conducting emission 
flux chamber testing, the need to conduct multiple tests per unit process due to spatial 
variability, and the need to collect an adequate amount of full compound speciation data.  
The proposed program included a planning stage intended to identify the significant 
sources, evaluating key variables, and decision-making regarding data collection that will 
affect the usability of the emission factor data set.  The technical approach included: 
multiple location tests for the primary area sources or unit process; and at least one full 
compound speciation data set for each primary emissions area.   
 
The baseline data collection for each test location, other than locations screened with real 
time data for the purpose of selecting a baseline test location, included Method TO-15 for 
speciated VOCs and was summed for ROGs or VOCs (which is also referred to as ARB 
ROG), and ammonia/amines determination by NIOSH Method 2010.  So long as 
representative full speciation data are collected for each major area source, then the 
baseline data set can be used to assess the spatial variability with a source and define the 
primary compound emissions (ROG or VOC and NH3).  A limited amount (about 1-in-3) 
of full speciation data was collected to assess significant contributions from the non-



 3

primary sources.  Given that project resources could not address spatial variability, the 
large number of major sources at a dairy and full speciation of emitted species all at the 
same time, the compromise of including all major sources with limited compound 
speciation proved to be a sound strategy.   
 
The dairy unit processes that were studied area summarized in the table below.  Note that 
processes that were subject to solar heating (sun exposure) were sampled at different 
times of the day on two different days in order to assess time of day effects. 
 
 
 

Dairy Unit Process or 
Unique Area Source 
Tested at the Northern 
California Dairy 

No. 
Baseline 
Tests- 
ROG 
and NH3 

No. Full 
Compound 
Tests 
(Other 
ROG 
Species) 

 
Comments 

Flushed Lane- Prior to 
Flushing (shaded) 

2- Day 1 
2- Day 2   

1- Day 1 
1- Day 2 

Stockpile of manure prior to lane 
flushing, half-day accumulation 

Flushed Lane- Post 
Flushing (shaded) 

2- Day 1 
2- Day 2   

None Mostly clean lanes, some manure 
slurry 

Solid Storage Piles (sun 
exposed) 

2- Day 1 
AM 
2- Day 2 
PM  

1- Day 1 AM 
 
 

Typical age and depth of manure 
from long term storage  

Lagoon (sun exposed) 2- Day 1 
AM 
2- Day 2 
PM  

1- Day 1 AM 
 
1- Day 2 PM 

Spatial distribution of testing at 
inlet and outlet on primary 
lagoon 

Solids in Solids Separator 
(sun exposed) 

2- Day 1 
AM 
2- Day 2 
PM  

1- Day 1 AM 
 
1- Day 2 PM 

Solids material tested as daily 
pile material collected and moved 
to solids storage pile (fresh solids 
as opposed to aged) 

Bedding in Pile for 
Freestall Area (sun 
exposed) 

2- Day 1 
PM 
 

1- Day 1 PM 
 
 

One day testing of bedding 
material in pile, one day testing 
of bedding in freestall 

Freestall Area (shaded) 2- Day 2 
AM 

1- Day 2 AM 
 
 

Bedding material in freestall beds 

Barn Turnout and 
Corral Area (sun 
exposed) 

1- Day 1 
AM 
2- Day 2 
PM  

 
 
1- Day 2 PM 

Target areas included fresh 
manure, thin manure layer, and 
thick manure layer (no piles- 
recent corral cleaning) 
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Manure Piles in Turnout 
Areas (sun exposed) 

None None Recent corral cleaning, no 
storage piles.  Samples collected 
elsewhere. 

Heifer Pens (dry cow 
pens- sun exposed) 

1- Day 1 
PM 
2- Day 2 
AM 

 Minimum testing to show 
similarity of source 

Open Feed Storage (in 
freestall feed lanes- 
shaded) 

1- Day 1 
1- Day 2 

1- Day 1 
 

Typical silage only; category is 
variable dependent on feed type.  
Tested in feed lanes not store pile 

Milk Parlor (wastewater 
effluent- sun exposed) 

1- Day 1 
1- Day 2 

 Not a significant source, similar 
to flushed lane. 

Field Blank 2 2 Minimum QC; approx. 5% 
 
Field Replicate 

2  Minimum QC; approx. 5% 
 

TOTAL 38 13  
 
Facility Description 
California San Joaquin Valley dairies can generally be described a "flushed lane" dairies, 
meaning that the areas where milk cows are primarily kept are open barns with cement 
pad areas (lanes) and bedding areas were the lanes are flushed with water one or more 
times per day.  This type of dairy is common in areas where water is available and dairies 
have land available for growing crops for feed.  Both liquid and solid wastes are used in 
growing crops for silage.  These dairies have open corrals or ‘turnouts’ where cows have 
free access. 
  
Cows at San Joaquin Valley dairies spend most of the time in flushed lane pens and most 
of the manure accumulates in these areas.  The combined waste stream from the lanes, 
parlor rinse, and shower wash water flows into a separator pond where solid material is 
captured and the liquid waste stream is conveyed to a large liquid storage pond.  Solid 
waste is stored temporarily until the separator solids are removed to solids storage piles.  
The solid waste is then used for fertilizer on the property (typically corn crop) or stored 
and then used eventually for bedding materials in the barns on site.  The waste water is 
used on the crops for irrigation.  Other areas where manure accumulates is in dry feed 
lots and manure storage areas such as storage piles.  
 
Physical dimensions of the unit process at the tested dairy are provided below.  The ‘per 
cow’ emission estimate is calculated by knowing the representative flux per unit process, 
the area of the process, and the number of cows.  Approximately 3443 cows were 
reported to be at the tested dairy. 
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Methodology 
Testing was conducted using the EPA recommended Surface Isolation Flux Chamber 
(flux chamber) as the emission assessment tool to collect emissions data.  The primary 
reference for this section is the document entitled "Measurement of Gaseous Emission 
Rates From Land Surfaces Using an Emission Isolation Flux Chamber, Users Guide" (1).  
The flux chamber is cylindrical (16” diameter), has a volume of 30 liters, and has a clear 
acrylic top with stainless steel side-walls.  The chamber is portable and is designed for 
convenient use and decontamination.  Sweep air is added to the chamber at 5 liters per 
minute and gas samples are collected after chamber equilibrium or five residence times. 
The operation of the surface flux chamber is given below: 
 

1. The flux chamber equipment was decontaminated by washing with Alconox soap 
and water and rinsing with water prior to the equipment use.  New sample lines 
were prepared and used for the application. 

2. Flux chamber, sweep air, sample collection equipment, and field documents were 
located on-site.  Site test locations were identified and recorded on a site plot map. 

3. The site information, location information, equipment information, date, and 
proposed time of testing were documented on the Emissions Measurement Field 
Data Sheet. 

4. The exact test location was selected and placed about 1/4" into the land surface, 

UNIT PROCESS COMPONENT AREA (m2) 
Turnouts (corrals) 1 19,600 
 2 9,100 
 3 8,510 
 4 10,300 
 5 11,600 
 6 12,100 
 7 21,500 
 Total Turnouts 92,700 
Dry Cow Turnout  12,200 
Lagoon  22,500 
Manure Storage- Fresh  66 
Manure Storage- Solids Pile 1,250 
Manure Storage- Bedding In Barns 1,210 
 Total Manure Storage 2,530 
Active Milker Barns   
 North Barn Lanes 14,000 
 Central Barn Lanes 2,960 
 South Barn Lanes 15,100 
 Total Barn Lanes 32,100 
Dry  Barn  2,548 
Milking Parlor  1,254 
Total Area of Dairy  167,000 



 6

slurry surface, or liquid surface sealing the chamber for flux testing.  
Thermocouples were placed in order to monitor surface/air temperatures outside 
of the chamber. 

5. The sweep air flow rate was initiated and the rotometer, which stabilizes the flow 
rate, was set at 5.0 liters per minute. A constant sweep air flow rate was 
maintained throughout the measurement for each sampling location. 

6. Flux chamber data were recorded every residence interval (6 minutes) for five 
intervals, or 30 minutes. 

7. At steady-state (assumed to be greater than 5 residence intervals),  the sample 
collection was performed by interfacing the sample media as specified in the 
QAPP to the purged, sample line and collecting the sample media as appropriate.   

8. After sample collection, all field data were documented on the data sheet. 
9. After sampling, the flux measurement was discontinued by shutting off the sweep 

air, removing the chamber, and securing the equipment.  The chamber was 
cleaned by dry wipe with a clean paper towel and the sample lines were purged 
with UHP air. 

10. Sampling locations were recorded on the field data sheet.  The equipment was 
then relocated to the next test location and steps 1) through 9) were repeated. 

 
A total of five sample collection and analytical methods were used for the effort as 
specified in the project Quality Assurance Project Plan (QAPP) as identified below (2).  
Method detection limits achieved for the testing effort are included in this information.  
Note that the detection limits achieved reference the media blank samples as individual 
sample detection limits vary depending on the amount of sample analyzed, which is a 
function of the level of compounds found in the sample.  As the sample concentration 
increases, so does the detection limit of compounds not detected in the sample. 
 
 

Assessment 
Level 

Analytical 
Method 

Species Method Detection 
Limit Achieved for 
Testing Event (field 
media blank 
samples) 

Screening-Level 
Assessment 

Real Time 
Hydrocarbons 
and gas tube 

Total FID and PID 
Hydrocarbons and 
Ammonia 

FID- 0.01 ppmv 
PID- 0.01 ppmv 
NH3- 0.1 ppmv 

Baseline-Level 
Assessment 

USEPA 
Method TO-15 
(GC/MS) 

Speciated 
Hydrocarbons, ROG 
(VOC) or ARB 
ROG 

0.4-to-27 ug/m3 (0.04- 
to-4 ppbv)  

 NIOSH 2010 
(GC/IC) 

Ammonia and other 
Amines 

0.2 –to-0.5 ug/ml; about 
0.4 mg/m3 (0.5 ppmv) 

Full Compound 
Assessment 

ASTM 3416 
(GC/FID) 

Fixed Gas- (CH4) 50 ppbv (30 ug/m3 ) 
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 USEPA 
Method TO-11 
(GC/HPLC-
UV/VIS) 

Aldehydes/Ketones 0.04-to-0.16 ug/sample; 
about 0.9-to-9 ug/m3 
(0.7-to-4 ppbv) 

 EAS Method  
(GC/HPLC-
UV/VIS) 

Volatile Organic 
Acids 

10 ug/sample; 290 
ug/m3 (63-to-230 ppbv) 

 
* Nominal detection limit.  Each sample detection limit is based on possible dilution factors. 
** Detection limit depends upon the volume of air collected through the sampling media. 
 
GC = Gas chromatography 
FID = Flame ionization detection 
PID = Photoionization detection 
HPLC = High performance liquid chromatography 
UV-VIS = Ultraviolet-Visible Absorption Spectrophotometer 
MS = Mass spectrometry 
ASTM = American Society of Testing and Materials 
EAS- Environmental Analytical Services 
 
The project analytical menu included non-methane, VOC speciation analysis (USEPA 
Method TO-15) and summation of non-listed VOCs for an estimate of total reactive gases 
(ROG) and total organic gases (TOG).  Rather than a ‘total organic gases’ method, the 
ROG (VOC) estimate was made by summing the known , quantitative, ‘non-listed VOC 
compounds’.  Hydrocarbon compound concentrations (ug/m3) were summed for total 
ROGs or VOCs.  In addition to the Method TO-15 compound estimation of ROG per 
sample, ethyl amine and TO-11 compounds, including aldehydes and ketones (except 
acetone) were added to the summation of ROG as indicated by the regulatory definition 
of ROG.  The TOG was obtained by adding methane values to the estimated ROG values 
as per regulatory definition.  
 
All laboratory data are reported as delivered from the laboratory without background or 
blank subtraction.  Compound concentration data found below detection limit are 
reported by the laboratory as less than method detection by reporting the detection limit 
with a qualifying flag ‘U’.  This indicates that the compound was not detected, or is 
below the minimum reported detection limit (same as ‘ND’ or not detected).  Compound 
concentration data found above the detection limit but below the reporting limit are 
qualified with a ‘J’ flag.  The reporting limit is established by the laboratory and is based 
on the detection limit and the variability in analysis near the detection limit.  The 
reporting limit is a multiple of the detection limit (i.e., like 5 times detection limit) and 
data reported above this level are greater than the ‘region of less certainty’, or outside of 
the range near the detection limit where is greater imprecision, a higher occurrence of 
false positive detections, and a higher occurrence of false negative detection.  Another 
way to say this is that data reported above the reporting limit are reported with greater 
confidence or the highest level of confidence as compared to the ‘J’ flagged data.  It is 
important to note that all data have value above the method detection limit, and this 
system of data qualification is used to assist in understanding data quality and assessing 
data for various data uses and applications.   
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In addition to the laboratory data qualification, project QC criteria have been established 
for all quantitative methods, and these data can also be used to qualify the field data.  QC 
criteria have been established that represent the sensitivity of the method, specifically in 
reference to the laboratory and field blank data.  The project included laboratory method 
blank QC samples and field media blank QC samples.  Compounds appearing in either 
method or field media blank were summarized and the highest occurrence of a compound 
in either the method blank or the field blank data sets were used as the QC criteria. 
 
Results 
 
The results of the analysis of the flux samples collected from the various dairy unit 
processes are reported as average flux per compound per process and are provided in 
Table 1.  Data are reported as average flux per compound (micrograms per square meter 
per minute or ug/m2,min-1) for most of the detected compounds (very low level flux not 
included in Table 1).  These data are above method and system blank levels.   
 
The estimate of compound emissions from the dairy unit processes was made by 
multiplying the average compound flux per unit process by the surface area of the process 
and are reported in Table 2 as unit process emissions (mass per time) in Table 2.  The 
emission rate data for unit process for ammonia and ROG (VOC) are displayed 
graphically in bar charts and are provided in Figures 1 and 2, respectively.  This data 
presentation is useful in comparing the significance of the various unit processes in 
relation to the measured dairy emissions.  Percentage of ammonia and ROG (VOC) 
emissions, broken down by type of unit process is also summarize below: 
 
Type of Unit 
Process 

Unit Process % NH3 %ROG 
(VOC) 

Milk Cow Process Bedding in Barn 0.1 0.8 
 Total Flushed Lane 4.8 11 
 Feed in Barn 0.02 44 
 Turnout or Corral 84 17 
Dry Cow Process Bedding in Barn 0.1 0.0 
 Total Flushed Lane 0.1 0.8 
 Feed in Barn 0.0 3.2 
 Turnout or Corral 1.6 5.7 
Solids Piles Fresh Separator 0.008 0.0 
 Aged Separator 0.2 0.0 
 Bedding Pile 6.6 2.5 
Lagoon Lagoon 1.4 9.0 
Milk Parlor Effluent Stream 0.1 1.6 

 
 
The annual estimate assumes that flux is a function of surface area, not volume of waste.  
An area source with several inches of livestock waste is assumed to have identical or 
similar air emissions with several feet of livestock waste (3).  This estimate includes 
variability in source as related to spatial differences within a process (multiple spatially 
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oriented test locations) and diurnal variations (differences in flux during daylight hours), 
but it does not include seasonal variability.  No seasonal data were collected. 
 
Total dairy site emissions per compound can be obtained by summing all compound 
emissions from the unit process.  The total compound or criteria, site-specific emissions 
are o provided in Table 2.  These summed emissions were divided by the number of cows 
present at the dairy on the day of testing (3442 cows) in order to obtain annual ‘per cow’ 
or ‘per head’ emission factors.  These per cow emissions factors are provided in Table 3 
in units of compound lb/cow-year units.  For instance, the ROG (VOC) emission factor 
calculated using these site data is 1.3 lb/cow-year, and the ammonia emission factor is 
135 lb/cow-year.  This is compared to an similar estimate obtained from flux chamber 
testing for ozone precursor VOCs in Northern California (about 700 cow, flushed lane 
diary) of non-methane VOC emissions (including exempt compounds) of 5.2 lb/cow-year 
(3), and a similar estimate from flux chamber testing for ammonia in a Southern 
California (over 3,000 cow, dry lot dairy) of 18 lb/cow-year (4).  The high ammonia 
emission factor from this study is believed to be related to manure removal in the corrals 
prior to testing.   
 
Using flux chamber data to represent dairy emissions or emission factors on a per cow 
basis that can be used to estimate air emissions from other dairies, rests on several key 
assumptions, including: 
 

1. An adequate number of test locations are included in the characterization of each 
unit process and averaged for a representative flux per compound per process. 

2. The surface area of the unit process is known with relative certainty. 
3. The number of cows at the dairy is known with relative certainty. 
4. The ratio of cows to surface area at a dairy covered with livestock waste is 

relatively constant from dairy-to-dairy. 
5. Dairy operations such as frequency of lane flushing and turnout scrapping, and 

other factors such as feed type and type of cow are not significant factors 
affecting air emissions from surfaces at dairies. 

6. The lagoon process is proportional to the ‘as built’ cow capacity at dairies. 
7. The air emissions from different thickness of manure layers is relatively constant, 

or the air emissions is dominated by surface area and not manure layer thickness, 
especially in turnouts or corrals. 

8. The analytical methods used for assessing VOCs adequately represents the 
majority of compound emissions resulting in a reasonable representation of ROG 
(VOC). 

 
Characteristic compound flux was observed for each unit process.  Summary information 
is provided below.  Note that non-exempt VOC’s, ROG,  or ARB ROG (table 
nomenclature used to avoid confusion with TNMOC) all represent the same estimate of 
reactive hydrocarbon compounds expressed as a summation of individual compounds 
(ug/m3 concentration) and used in the emission estimate 
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Separator Solids  
Solids from the slurry effluent stream separator unit are stored for up to a day at the unit 
and moved to solids separator pile where they are stored unit application to fields off site 
or moved to the bedding storage pile.  The age of the material tested was less than a day 
(fresh solid waste).  The solid waste is sun exposed and was tested on two consecutive 
days at different time of the day.  The average emissions from multiple test locations on 
the material included comparatively high methane flux (15,000 ug/m2,min-1) and ARB 
ROG flux (48 ug/m2,min-1), high ammonia flux (650 ug/m2,min-1) and high ethylamine 
flux (29 ug/m2,min-1), a wide range of low-level volatile organic compound species flux 
by TO-15 with high ethanol flux (13 ug/m2,min-1), acetone flux (2.5 ug/m2,min-1), 
carbon disulfide flux (2.9 ug/m2,min-1), toluene flux (1.3 ug/m2,min-1), and octane flux 
(1.2 ug/m2,min-1).  Significant aldehyde flux was observed by the TO-11 including 
formaldehyde flux (0.076 ug/m2,min-1), acetaldehyde flux (0.2 ug/m2,min-1), acetone 
flux (1.1 ug/m2,min-1), and butyraldehyde flux (0.12 ug/m2,min-1).  Volatile organic 
acids were not detected. 
 
Solids in Storage Pile 
Solids from the solids separator unit are stored for weeks or longer until the material is 
used for on site applications such as bedding material or application to crop fields off site.  
The age of the material tested was more than a week (aged solid waste).  The solid waste 
is sun exposed and was tested on two consecutive days at different times of the day.  The 
average emissions from multiple test locations on the material included comparatively 
high methane flux (220,000 ug/m2,min-1- note highest methane flux detected), low ARB 
ROG flux (3.4 ug/m2,min-1), high ammonia flux (630 ug/m2,min-1) but no ethylamine 
flux, a moderate range of low-level volatile organic compound species flux by TO-15 
with higher acetone flux (2.4 ug/m2,min-1), and detectable but lower aldehyde flux was 
observed by TO-11 including formaldehyde flux (0.19 ug/m2,min-1), acetaldehyde flux 
(0.25 ug/m2,min-1), and acetone flux (0.92 ug/m2,min-1).  Volatile organic acids were 
not detected. 
 
Bedding Pile Solids  
Solids (from the solids separator) are stored in the bedding pile for several months and 
then used for bedding material in the freestall beds.  The age of the material tested was 
not know exactly but was from one-to-three months old.  The solid waste pile is sun 
exposed and was tested on one day.  The average emissions from multiple test locations 
included comparatively low methane flux (65 ug/m2,min-1), high ARB ROG flux (75 
ug/m2,min-1), very high ammonia flux (22,000 ug/m2,min-1- note highest ammonia 
emissions detected), a large number of low-level volatile organic compound species flux 
by TO-15 with high oxygenated compound and chlorinated compound flux, including 2-
butanone flux (330 ug/m2,min-1), acetone flux (35 ug/m2,min-1), and 15 other 
compounds over 1 ug/m2,min-1.  Significant aldehyde flux was observed by TO-11 
including formaldehyde flux (1.1 ug/m2,min-1), acetaldehyde flux (6.9 ug/m2,min-1), 
acetone flux (2.8 ug/m2,min-1), crotonaldehyde flux (0.92 ug/m2,min-1) and 
butyraldehyde flux (1.1 ug/m2,min-1).  Volatile organic acids were not detected. 
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Freestall Bed  
Solids (from the bedding pile solids pile) are taken into a corral where they are further 
aged and mechanically broken-down by cow traffic, and then used for bedding material 
in the freestall beds.  The age of the material tested was not know exactly but is likely 
older that three months old.  The freestall beds are located in the covered barns and two 
beds were tested with one measurement per bed on one day.  The average emissions from 
the multiple bed test locations included low methane flux (24 ug/m2,min-1), moderate 
ARB ROG flux (16 ug/m2,min-1) and  ammonia flux (830 ug/m2,min-1), a moderately 
low number of low-level volatile organic compound species flux by TO-15 with higher 
cyclohexane flux (9.4 ug/m2,min-1), acetone flux (6.7 ug/m2,min-1), and ethanol flux 
(3.7 ug/m2,min-1).  Notable aldehyde flux was observed by the TO-11 including 
formaldehyde flux (0.21 ug/m2,min-1), acetaldehyde flux (0.69 ug/m2,min-1), acetone 
flux (39 ug/m2,min-1), crotonaldehyde flux (0.37 ug/m2,min-1) and butyraldehyde flux 
(0.25 ug/m2,min-1).  Volatile organic acids were not detected. 
 
Primary Lagoon  
Wastewater, primarily flush lane wastewater, is stored in a large lagoon where water 
volumes are reduced by evaporation and wastewater is used for silage crop irrigation.  
The lagoon in operated on an annual schedule and the lagoon was tested at the inlet and 
outlet ends of the lagoon on two consecutive days at different times of the day.  The 
average emissions from multiple test locations (inlet and outlet) on the lagoon included 
comparatively lower methane flux (2,300 ug/m2,min-1), moderate ARB ROG flux (16 
ug/m2,min-1), moderate ammonia flux (250 ug/m2,min-1), an extensive range of low-
level volatile organic compound species flux by TO-15 with higher trans-1,4-dichloro-2-
butene flux (0.55 ug/m2,min-1), 1,2-dichlorobenzene flux (0.52 ug/m2,min-1), tetraethyl 
lead flux (0.42 ug/m2,min-1), 1,2,4-trichlorobenzene flux (3.3 ug/m2,min-1), and 
naphthalene flux (1.5 ug/m2,min-1).  Lower levels of aldehyde flux was observed by TO-
11 including formaldehyde flux (0.13 ug/m2,min-1), acetaldehyde flux (0.25 ug/m2,min-
1), and acetone flux (0.52 ug/m2,min-1).  Volatile organic acids were not detected. 
 
Flushed Lane; Pre-flushed  
Solid waste from the barn lanes are flushed several times per day and directed to the 
solid/liquid waste stream separator.  The barn lanes accumulate fresh manure and manure 
layers range up to several inches over a six to eight hour time period.  The pre-flushed 
barn lanes were tested with multiple locations on both test days.  The average emissions 
from the multiple test locations included moderate methane flux (430 ug/m2,min-1), 
moderate ARB ROG flux (34 ug/m2,min-1), moderately high ammonia flux (2,400 
ug/m2,min-1) and ethylamine flux (19 ug/m2,min-1), a moderately low number of low-
level volatile organic compound species flux by TO-15 with higher ethanol flux (10 
ug/m2,min-1), and some aldehyde flux by TO-11 including formaldehyde flux (0.15 
ug/m2,min-1), acetaldehyde flux (6.1 ug/m2,min-1), and acetone flux (1.2 ug/m2,min-1).  
Volatile organic acids were not detected. 
 
Flushed Lane; Post-flushed  
Testing was also conducted after the barn lanes were flushed.  There was very little 
manure in the lanes post flushing, and the source appeared to more like a dilute 
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wastewater stream as compared to the pre-flushed lane surface.  The post-flushed barn 
lanes were tested with multiple locations on both test days.  The average emissions from 
the multiple test locations included non-detect methane flux (<1.2 ug/m2,min-1), 
moderate ARB ROG flux (30 ug/m2,min-1), moderately low ammonia flux (480 
ug/m2,min-1) and ethylamine flux (23 ug/m2,min-1), a moderately low number of low-
level volatile organic compound species flux by TO-15 with moderate ethanol flux (4.7 
ug/m2,min-1), vinyl acetate flux (0.40 ug/m2,min-1) and no aldehyde flux was observed 
by TO-11.  Volatile organic acids were not detected. 
 
Feed Lane (pile)  
The original unit process of interest regarding feed was feed storage, however, feed 
storage was housed off site and feed storage consisted of many large piles of feed stock 
materials that are blended into the feed material presented to the cows in the barns.  The 
feed lane was refilled several times per day, and there was always a piled feed in the barn 
feed lanes.  The feed was tested at one location per day.  The average emissions from the 
testing on multiple days included low methane flux (29 ug/m2,min-1), high ARB ROG 
flux (890 ug/m2,min-1), low ammonia flux (31 ug/m2,min-1), and many higher-level 
volatile organic compound species flux by TO-15 including high-level ethanol flux (870 
ug/m2,min-1), vinyl acetate flux (13 ug/m2,min-1), acetone flux (13 ug/m2,min-1), 
hexane flux (10 ug/m2,min-1- highest hexane flux detected), and 2-propanal flux (5.8 
ug/m2,min-1- highest 2-propanal flux detected) and no aldehyde flux was observed by 
TO-11.  Volatile organic acids were not detected. 
 
Turnouts  
Turnouts are the areas in the corral where cows travel from the covered barns to the 
corrals.  Cows spend most of the day light hours in the barns but migrate to the corrals 
depending on cloud cover, temperature, and other factors.  Areas of a corral were selected 
with three types of ground cover: fresh manure, thin layer of dry manure, and the thicker 
layers of dry manure.  Three locations were tested in the same corral on two days and 
samples were collected at the highest emitting surfaces of two of the locations.  The 
average emissions from multiple test locations in the corral for milk cows on two days 
included comparatively moderate methane flux (1,700 ug/m2,min-1), lower ARB ROG 
flux (7.0 ug/m2,min-1), moderately high ammonia flux (3,600 ug/m2,min-1), an 
extensive range of low-level volatile organic compound species flux by TO-15 with 
higher ethanol flux (3.8 ug/m2,min-1), and acetone flux (2.2 ug/m2,min-1).  Lower levels 
of aldehyde flux was observed by TO-11 including formaldehyde flux (0.092 ug/m2,min-
1), acetaldehyde flux (0.25 ug/m2,min-1), and acetone flux (0.85 ug/m2,min-1).  Volatile 
organic acids were not detected. 
 
Heifer Pens 
Heifer pens were tested because dry cow pens were not available for testing.  The heifer 
cows are fed a lower energy diet and the unit process is similar to the milk cow corral 
source (turnouts).  Thicker layers of dry manure were selected for testing.  Two locations 
were tested in the same corral on two days at different times of the day.  The average 
emissions from multiple test locations in the corral for milk cows on two days included 
non-detect methane flux, moderate ARB ROG flux (19 ug/m2,min-1), moderate 
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ammonia flux (530 ug/m2,min-1), moderate-to-low ethyl amine flux (15 ug/m2,min-1), a 
range of low-level volatile organic compound species flux by TO-15 with higher acetone 
flux (1.1 ug/m2,min-1) and m/p-xylene flux (0.91 ug/m2,min-1).  Aldehyde flux was not 
observed by TO-11.  Volatile organic acids were not detected. 
 
Milk Parlor 
Wastewater from the milk parlor and cow washing area was tested at the process effluent 
channel at one location on two days.  The level and type of emissions was similar to the 
post-flush lane source.  The average emissions from multiple test days at one location in 
the milk parlor effluent channel included non-detect methane flux (<1.2 ug/m2,min-1), 
moderately high ARB ROG flux (47 ug/m2,min-1), moderately high ammonia flux (340 
ug/m2,min-1) and ethylamine flux (29 ug/m2,min-1), an range of low-level volatile 
organic compound species flux by TO-15 with higher chloroethane flux (3.0 ug/m2,min-
1), chloromethane flux (3.7 ug/m2,min-1), toluene flux (4.6 ug/m2,min-1), chloroform 
flux (2.5 ug/m2,min-1), carbon disulfide flux (2.3 ug/m2,min-1), acetone flux (1.4 
ug/m2,min-1), ethanol flux (1.3 ug/m2,min-1), and 1,2-dibromo-3-chloropropane flux 
(0.32 ug/m2,min-1).  Aldehyde flux was not observed by TO-11.  Volatile organic acids 
were not detected. 
 

Conclusions 
Flux measurements of study compounds were measured at from various area sources at a 
large dairy in Northern California.  The following summary statements are provided: 
 
• Process specific flux rates of methane, VOCs, and ammonia/amines were measured at 

the ground surface on representative unit process on a dairy using the USEPA 
recommended surface isolation flux chamber technology and accepted sample 
collection and analytical methods.  This technology quantitatively measures emission 
rates from an area source.  TOG and ROG emissions were calculated using VOC 
data. 

 
• Reported flux data can be used on a general basis or on a dairy-specific basis to 

estimate air emissions from the dairies or the dairy industry.  Representative and 
compound specific flux data per process, along with surface area information, are 
used to calculate emission rate per process.  Compounds emissions per process are 
summed for dairy emissions, which are then used to calculate compound per cow 
annual emission rate factors. 

 
• An emission rate estimate for TOG and ROG or VOC was performed using the 

methane and non-methane data.  ROG is defined as all non-listed VOCs including 
ethyl amine and aldehydes/ketones- this estimate relied on TO-15 hydrocarbon 
speciation data.  TOG is defined as methane plus ROG- this estimate relied on ROG 
data and methane data.     

 
• Emission rates for ROG or VOC and ammonia, shown graphically, illustrate the 

dominate sources for emissions at dairies.  Given that emissions is a function of both 
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surface area (size) and flux (mass emitted per time per surface area), dominate source 
can include smaller sources with high flux rates, and large sources with moderate or 
even low flux rates. 

 
• Inspection of the ROG or VOC emission rate data per process indicates that the single 

largest ROG or VOC source is the feed lanes in the barns.  This source is dominated 
by ethanol from corn silage and the feed source accounts for about 44% of the dairy 
ROG or VOC emissions.  Other key sources include turnouts (corrals), the flushed 
lanes, the lagoon, and bedding materials in the barns. 

 
• Similarly, the ammonia emission rate data per process indicates that the turnout areas 

(corrals) account for about 84% of the dairy ammonia emissions.  Other key sources 
include the solids storage pile (bedding materials), the flush lanes, the lagoon, and the 
bedding materials in the barns. 

 
• It is possible to prorate flux or emission rate based on cattle per dairy by dividing the 

annual ROG of VOC emission rate by the number of milk cows (approximately 
3,442) that use or contribute to the area source emissions.  Air emission estimates 
from dairies can be made using this approach assuming that the surface area per dairy 
unit source is proportional to number of milk cows managed per dairy.  This study 
determined a ROG or VOC emission factor of 1.3 lb/cow-year.   

 
• A per cow annual emission factor for ammonia was also calculated using the 

ammonia flux data.  The factor of 135 lb/cow-year is believed to be non-
representative of because the turnouts or corrals were cleaned just prior to testing 
exposing soils saturated with amine compounds.     

 
Future Research 
The follow on phase to this research will include additional assessment of unit process 
emissions at the same or a similar dairy with the intent to improve on the compound 
emission factor data.  Specifically, testing will be conducted to improve the emission rate 
data for key unit process such as the turnouts (corrals) for ammonia and feed materials, 
both in barn feed lanes and in silage piles.  Efforts will be made to conduct testing on 
turnouts or corrals without manure scraping prior to testing so that the transient effects 
from this activity will not enter into the annual estimate of ammonia emissions.  Other 
changes to the technical approach will include modifications to the analytical protocols 
used, including adding some compounds of interest by testing from the flux chamber 
using different sample collection and analytical methods, and in some cases deleting 
some analytical methods.  Additionally, daytime and nighttime testing might be 
conducted in order to obtain information regarding the variability of diurnal emissions, 
especially for ammonia.  The hope is that the follow on testing will generate per cow 
emission factors for key compounds of interest that can be used to estimate ammonia, 
ROG and compound emissions from other similar dairies by knowing the dairy design, 
operation, and number of cows per dairy. 
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Table 1.  Sum m ary of Average F lux Data per Dairy Unit Process (ug/m 2,m in-1).
COM POUNDS AVE FLUX AVE FLUX AVE FLUX AVE FLUX AVE FLUX AVE FLUX AVE FLUX AVE FLUX AVE FLUX AVE FLUX AVE FLUX

Sep Solids Lagoon Turnout Bedding Pile Freestl Bed Flush L Pre Flush L Post Feed (pile) M ilk P Efflu Solids Pile Heifer Pens
ug/m 2,m in-1 ug/m 2,m in-1 ug/m 2,m in-1 ug/m 2,m in-1 ug/m 2,m in-1 ug/m 2,m in-1 ug/m 2,m in-1 ug/m 2,m in-1 ug/m 2,m in-1 ug/m 2,m in-1 ug/m 2,m in-1

Am m onia 650 250 3600 22000 830 2400 480 31 340 630 530
Ethylam ine 29 19 23 29 15
M ethane* 15,000 2300 1700 64 24 430 29 220,000
TNM OC 25 13 10 110 22 23 7.8 910 21 4.3 4.7
ARB RO G (VOC) 48 16 7.0 75 16 34 30 890 47 3.4 19
ARB TO G 15,000 2300 1700 140 42 460 30 940 47 220,000 19
Chlorom ethane 0.071 0.037 0.027 4.3 0.050 0.0054 0.010 3.7 0.49 0.0092
Chloroethane 0.15 3.0
Ethanol 13 0.39 3.8 3.7 10 4.7 870 1.3 0.45 0.31
Acetone* 2.5 0.90 2.2 35 6.7 0.92 0.47 13 1.4 2.4 1.1
2-propanol 0.14 0.12 0.23 0.75 0.39 0.29 0.092 5.8 0.10 0.072 0.0087
Carbon disulfide* 2.9 0.47 0.59 4.2 0.15 0.02 0.13 2.3 0.61 0.31
Propionitrile 0.069 0.041 1.1 0.027 0.025
2-Butanone 0.53 0.22 0.76 330 0.65 0.12 0.072 0.10 0.30 0.22
Hexane 0.67 0.035 0.012 1.0 0.0079 10 0.10
Tetrahydrofuran 0.040 0.035 0.037 0.46 0.10 0.016 0.061 0.073
Isobutyl alcohol 0.051 0.13 0.16 0.25 0.058 0.14
Chloroform 0.59 2.5
1,2-D ichloroethane 0.016
Cyclohexane 0.49 0.065 0.27 9.4 0.079 0.057 0.20 0.10
Benzene 0.057 0.046 0.045 1.1 0.027 0.020 0.0082 0.12 0.0049
n-Heptane 0.15 1.1 0.13
1,4 Dioxane 0.10 0.20 0.12 6.2 0.10 0.23 0.015 0.058
Trichloroethene 0.090
M ethyl m ethacrylate 0.077
M ethyl Isobutyl Ketone 0.050 0.090 0.065 5.1 0.13 0.031 0.12
cis-1,3-Dichloropropene 0.039 0.0089
Toluene 1.3 0.20 0.10 0.94 0.30 0.10 0.27 0.33 4.6 0.48 0.50
2-Hexanone 0.053 0.21 0.071 2.0 0.059 0.040 0.068
Octane 1.2 0.16 0.14 2.8 0.033 0.14 0.31
Chlorobenzene 0.043 0.10 0.024 0.60 0.037 0.0064 0.16
Ethylbenzene 0.11 0.12 0.044 0.58 0.046 0.10 0.020 0.21 0.10
m  & p-Xylene 0.25 0.27 0.12 1.4 0.11 0.46 0.053 0.059 0.91
Styrene 0.039 0.13 0.03 1.1 0.028 0.15
o-Xylene 0.10 0.14 0.060 0.63 0.051 0.15 0.026 0.26
sec-butylbenzene 0.13
1,3-D ichlorobenzene 0.39 0.085
1,2-D ichlorobenzene 0.52 0.10
1,2-D ibrom o-3-chloropropane 1.4 0.32
Tetraethyl lead 0.42
1,2,4-Trichlorobenzene 3.3
Napthalene 0.16 1.5 0.13 0.063 0.17
Hexachlorobutadiene 1.6

Form aldehyde 0.076 0.13 0.092 1.1 0.21 0.15 0.19
Acetaldehyde 0.20 0.25 0.25 6.9 0.69 6.1 0.25
Acetone* 1.1 0.52 0.85 2.8 39 1.2 0.92
Crotonaldehyde 0.92 0.37
Butyraldehyde 0.12 1.1 0.25
Total TO-11 less Acetone 0.46 0.37 0.34 10 1.5
25.3 Equivalent 18 12 6.8 80 19 9.0 5.7 630 13 4.3 4.1
25.3 ROG Equivalent 16 11 5.4 61 15 8.4 5.4 620 11 2.9 3.4
Com pounds with asterisk  are listed, non-RO G com pounds
Flux = (ug/m 3)(0.005 m 3/m in)/(0.13 m 2) = (ug/m 3)(0.0385)(ug/m 2.m in-1)
TNM OC- Sum m ation of VOCs reported as ug/m 3
ARB ROG (VOC)- Sum m ary of non-exept VOCs by TO -15 plus ethyl am ine plus aldehydes/ketone
ARB TOG- Sum m ary of m ethane plus ARB ROG
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T a b le  2 .   D a iry  E m is s io n s  P e r  U n it  P ro c e s s  ( lb /y e a r )  fo r  D a iry  w ith  3 4 4 2  C o w s .

C o m p o n e n t B e d F ls h  L a n e F e e d T u rn o u t B e d F ls h  L a n e F e e d T u rn o u t F re s h A g e d B e d d in g L a g o o n M lk  P a r lo r T o ta l T o ta l/H d T o t /H d /y r

F ra c tio n 0 .3 0 .4 2 0 .0 6 0 .3 0 .4 2 0 .0 6
A re a  (m 2 ) 9 ,6 1 7 1 3 ,4 6 4 1 ,9 2 3 9 2 ,7 3 9 7 6 4 1 ,0 7 0 1 5 3 1 2 ,2 1 8 6 5 .8 1 3 1 2 5 0 .4 1 2 0 9 .3 7 5 2 2 ,4 7 8 1 ,2 5 4

M ilk e r  
B a rn  
B e d

M ilk e r  
B a rn  
F lu s h  
L a n e

M ilk e r  
B a rn  
F e e d

M ilk e r  
T u rn o u t

D ry  B a rn  
B e d d in g

D ry   B a rn  
F lu s h  
L a n e

D ry  
B a rn  
F e e d

D ry  B a rn  
T u rn o u t

S o lid s  -  
F re s h

S o lid s  -  
A g e d

S o lid s  -  
B e d d in g  
S to ra g e L a g o o n M ilk  P a r lo r

A m m o n ia 2 5 .3 6 1 .6 0 .2 1 ,0 6 0 .0 1 .3 1 .8 0 .0 2 0 .6 0 .1 2 .5 8 4 .5 1 7 .8 1 .4 1 ,2 7 7 .0 0 .3 7 1 1 3 5 .4
E th y la m in e 0 .0 0 .9 0 .0 0 .0 0 .0 0 .1 0 .0 0 .6 0 .0 0 .0 0 .0 0 .0 0 .1 1 .7 0 .0 0 0 5 0 .1 8
M e th a n e * 0 .7 9 .2 0 .2 5 0 0 .5 0 .0 0 .0 0 .0 0 .0 3 .1 8 7 3 .4 0 .2 1 6 4 .1 0 .0 1 ,5 5 1 .6 0 .4 5 1 1 6 4 .5
T N M O C 0 .7 0 .7 5 .6 2 .9 0 .0 0 .0 0 .4 0 .2 0 .0 0 .0 0 .4 0 .9 0 .1 1 1 .9 0 .0 0 3 1 .2 7
A R B  R O G  (V O C ) 0 .5 1 .4 5 .4 2 .1 0 .0 0 .1 0 .4 0 .7 0 .0 0 .0 0 .3 1 .1 0 .2 1 2 .3 0 .0 0 4 1 .3 0
A R B  T O G 1 .3 1 0 .5 5 .7 5 0 0 .5 0 .0 0 .1 0 .5 0 .7 3 .1 8 7 3 .4 0 .5 1 6 4 .1 0 .2 1 ,5 6 0 .7 0 .4 5 3 1 6 5 .5
C h lo ro m e th a n e 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 8 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 1 7 0 .0 0 3 0 .0 1 5 0 .0 4 6 0 .0 0 0 0 1 0 .0 0 5
C h lo ro e th a n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 1 0 .0 0 0 0 .0 1 2 0 .0 1 3 0 .0 0 0 0 0 0 .0 0 1
E th a n o l 0 .1 1 3 0 .3 1 4 5 .3 1 3 1 .1 1 9 0 .0 0 1 0 .0 0 1 0 .4 2 2 0 .0 1 2 0 .0 0 3 0 .0 0 2 0 .0 0 0 0 .0 2 8 0 .0 0 5 7 .3 3 2 0 .0 0 2 1 3 0 .7 7 7
A c e to n e * 0 .2 0 5 0 .0 3 0 0 .0 7 9 0 .6 4 8 0 .0 0 3 0 .0 0 4 0 .0 0 6 0 .0 4 3 0 .0 0 1 0 .0 1 0 0 .1 3 4 0 .0 6 4 0 .0 0 6 1 .2 3 1 0 .0 0 0 3 6 0 .1 3 1
2 -p ro p a n o l 0 .0 1 2 0 .0 0 8 0 .0 3 5 0 .0 6 8 0 .0 0 0 0 .0 0 0 0 .0 0 3 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 3 0 .0 0 9 0 .0 0 0 0 .1 3 9 0 .0 0 0 0 4 0 .0 1 5
C a rb o n  d is u lf id e * 0 .0 0 5 0 .0 0 3 0 .0 0 0 0 .1 7 4 0 .0 0 1 0 .0 0 1 0 .0 0 0 0 .0 1 2 0 .0 0 1 0 .0 0 2 0 .0 1 6 0 .0 3 4 0 .0 0 9 0 .2 5 7 0 .0 0 0 0 7 0 .0 2 7
P ro p io n it r i le 0 .0 0 0 0 .0 0 1 0 .0 0 0 0 .0 1 2 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .0 0 5 0 .0 0 0 0 .0 2 2 0 .0 0 0 0 1 0 .0 0 2
V in y l a c e ta te 0 .0 0 0 0 .0 0 9 0 .0 7 9 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 6 0 .0 0 2 0 .0 0 0 0 .0 0 1 0 .0 0 0 0 .0 0 0 0 .0 0 1 0 .0 9 9 0 .0 0 0 0 3 0 .0 1 0
2 -B u ta n o n e 0 .0 2 0 0 .0 0 4 0 .0 0 0 0 .2 2 4 0 .0 0 1 0 .0 0 1 0 .0 0 0 0 .0 0 9 0 .0 0 0 0 .0 0 1 1 .2 6 7 0 .0 1 6 0 .0 0 0 1 .5 4 2 0 .0 0 0 4 5 0 .1 6 3
H e x a n e 0 .0 0 0 0 .0 0 0 0 .0 6 1 0 .0 0 4 0 .0 0 0 0 .0 0 0 0 .0 0 5 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .0 0 2 0 .0 0 0 0 .0 7 6 0 .0 0 0 0 2 0 .0 0 8
T e tra h yd ro fu ra n 0 .0 0 3 0 .0 0 0 0 .0 0 0 0 .0 1 1 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 3 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 0 2 0 .0 0 0 0 .0 2 2 0 .0 0 0 0 1 0 .0 0 2
Is o b u ty l a lc o h o l 0 .0 0 8 0 .0 0 1 0 .0 0 0 0 .0 4 7 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 9 0 .0 0 1 0 .0 6 6 0 .0 0 0 0 2 0 .0 0 7
C h lo ro fo rm 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 1 0 0 .0 1 0 0 .0 0 0 0 0 0 .0 0 1
1 ,2 -D ic h lo ro e th a n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 1 0 .0 0 0 0 .0 0 1 0 .0 0 0 0 0 0 .0 0 0
C y c lo h e x a n e 0 .2 8 7 0 .0 0 3 0 .0 0 0 0 .0 7 9 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 5 0 .0 0 1 0 .3 7 9 0 .0 0 0 1 1 0 .0 4 0
B e n z e n e 0 .0 0 0 0 .0 0 1 0 .0 0 0 0 .0 1 3 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .0 0 3 0 .0 0 0 0 .0 2 3 0 .0 0 0 0 1 0 .0 0 2
n -H e p ta n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 1 0 .0 0 4 0 .0 0 0 0 .0 0 0 0 .0 0 5 0 .0 0 0 0 0 0 .0 0 1
1 ,4  D io x a n e 0 .0 0 3 0 .0 0 5 0 .0 0 0 0 .0 3 5 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 2 4 0 .0 1 4 0 .0 0 0 0 .0 8 2 0 .0 0 0 0 2 0 .0 0 9
T r ic h lo ro e th e n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 6 0 .0 0 0 0 .0 0 6 0 .0 0 0 0 0 0 .0 0 1
M e th y l m e th a c ry la te 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 5 0 .0 0 0 0 .0 0 5 0 .0 0 0 0 0 0 .0 0 1
M e th y l Is o b u ty l K e to n e 0 .0 0 4 0 .0 0 1 0 .0 0 0 0 .0 1 9 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 5 0 .0 0 0 0 .0 0 0 0 .0 2 0 0 .0 0 6 0 .0 0 0 0 .0 5 5 0 .0 0 0 0 2 0 .0 0 6
c is -1 ,3 -D ic h lo ro p ro p e n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 3 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 3 0 .0 0 0 0 .0 0 5 0 .0 0 0 0 0 0 .0 0 1
T o lu e n e 0 .0 0 9 0 .0 0 8 0 .0 0 2 0 .0 2 9 0 .0 0 1 0 .0 0 2 0 .0 0 0 0 .0 1 9 0 .0 0 0 0 .0 0 2 0 .0 0 4 0 .0 1 4 0 .0 1 8 0 .1 0 9 0 .0 0 0 0 3 0 .0 1 2
2 -H e x a n o n e 0 .0 0 0 0 .0 0 1 0 .0 0 0 0 .0 2 1 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 3 0 .0 0 0 0 .0 0 0 0 .0 0 8 0 .0 1 5 0 .0 0 0 0 .0 4 8 0 .0 0 0 0 1 0 .0 0 5
O c ta n e 0 .0 0 0 0 .0 0 4 0 .0 0 0 0 .0 4 1 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 1 0 .0 1 1 0 .0 1 1 0 .0 0 0 0 .0 6 9 0 .0 0 0 0 2 0 .0 0 7
C h lo ro b e n z e n e 0 .0 0 0 0 .0 0 1 0 .0 0 0 0 .0 0 7 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 0 7 0 .0 0 1 0 .0 1 8 0 .0 0 0 0 1 0 .0 0 2
E th y lb e n z e n e 0 .0 0 0 0 .0 0 3 0 .0 0 0 0 .0 1 3 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .0 0 0 0 .0 0 1 0 .0 0 2 0 .0 0 9 0 .0 0 0 0 .0 3 2 0 .0 0 0 0 1 0 .0 0 3
m  &  p -X y le n e 0 .0 0 0 0 .0 1 2 0 .0 0 0 0 .0 3 5 0 .0 0 2 0 .0 0 3 0 .0 0 0 0 .0 3 5 0 .0 0 0 0 .0 0 0 0 .0 0 5 0 .0 1 9 0 .0 0 0 0 .1 1 3 0 .0 0 0 0 3 0 .0 1 2
S ty re n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 9 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 1 0 .0 0 4 0 .0 0 9 0 .0 0 0 0 .0 2 4 0 .0 0 0 0 1 0 .0 0 3
o -X y le n e 0 .0 0 0 0 .0 0 4 0 .0 0 0 0 .0 1 8 0 .0 0 1 0 .0 0 1 0 .0 0 0 0 .0 1 0 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 1 0 0 .0 0 0 0 .0 4 6 0 .0 0 0 0 1 0 .0 0 5
t-1 ,4 -D ic h lo ro -2 -b u te n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 3 9 0 .0 0 1 0 .0 4 0 0 .0 0 0 0 1 0 .0 0 4
s e c -b u ty lb e n z e n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 9 0 .0 0 0 0 .0 0 9 0 .0 0 0 0 0 0 .0 0 1
1 ,3 -D ic h lo ro b e n z e n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 2 8 0 .0 0 0 0 .0 2 8 0 .0 0 0 0 1 0 .0 0 3
1 ,2 -D ic h lo ro b e n z e n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 3 7 0 .0 0 0 0 .0 3 8 0 .0 0 0 0 1 0 .0 0 4
1 ,2 -D ib ro m o -3 -c h lo ro p ro p a 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .1 0 0 0 .0 0 1 0 .1 0 1 0 .0 0 0 0 3 0 .0 1 1
T e tra e th y l le a d 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 3 0 0 .0 0 0 0 .0 3 0 0 .0 0 0 0 1 0 .0 0 3
1 ,2 ,4 -T r ic h lo ro b e n z e n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .2 3 5 0 .0 0 0 0 .2 3 5 0 .0 0 0 0 7 0 .0 2 5
N a p th a le n e 0 .0 0 0 0 .0 0 4 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .1 0 7 0 .0 0 1 0 .1 1 2 0 .0 0 0 0 3 0 .0 1 2
H e x a c h lo ro b u ta d ie n e 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .1 1 4 0 .0 0 0 0 .1 1 4 0 .0 0 0 0 3 0 .0 1 2

F o rm a ld e h y d e 0 .0 0 6 0 .0 0 3 0 .0 0 0 0 .0 2 7 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 1 0 .0 0 4 0 .0 0 9 0 .0 0 0 0 .0 5 1 0 .0 0 0 0 1 0 .0 0 5
A c e ta ld e h yd e 0 .0 2 1 0 .1 3 0 0 .0 0 0 0 .0 7 4 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 1 0 .0 2 6 0 .0 1 8 0 .0 0 0 0 .2 7 0 0 .0 0 0 0 8 0 .0 2 9
A c e to n e * 1 .1 9 1 0 .0 2 6 0 .0 0 0 0 .2 5 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .0 1 1 0 .0 3 7 0 .0 0 0 1 .5 1 8 0 .0 0 0 4 4 0 .1 6 1
C ro to n a ld e h y d e 0 .0 1 1 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .0 0 0 0 .0 0 0 0 .0 1 5 0 .0 0 0 0 0 0 .0 0 2
B u ty ra ld e h y d e 0 .0 0 8 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .0 0 0 0 .0 0 0 0 .0 1 2 0 .0 0 0 0 0 0 .0 0 1
N o te : T o ta l p ro c e s s  e m is s io n s  =  U n it  F lu x  R a te  (u g /m 2 /m in ) *A re a  (m 2 )  *  1  g  / 1 0 0 0 0 0 0  u g  *  1  p o u n d  /  4 5 3 .5 6  g  *  1 4 4 0  m in  / d a y

S o lid s
A c t iv e  M ilk in g D ry  C o w s

B a rn  E m is s io n s B a rn  E m is s io n s
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T a b le  3 .   S u m m a r y  o f  D a i r y  E m is s io n s  p e r  H e a d /Y e a r .
C o m p o n e n t T o t a l T o t a l /H d T o t /H d /y r

A m m o n ia 1 ,2 7 7 .0 0 .3 7 1 3 5 .4
E th y la m in e 1 .6 9 0 .0 0 0 5 0 .1 8
M e th a n e * 1 ,5 5 1 .6 0 .4 5 1 6 4 .5
T N M O C 1 1 .9 4 0 .0 0 3 5 1 .2 7
A R B  R O G  ( V O C ) 1 2 .2 7 0 .0 0 3 6 1 .3 0
A R B  T O G 1 ,5 6 0 .7 0 .4 5 1 6 5 .5
E th a n o l 7 .3 3 2 0 .0 0 2 1 3 0 .7 7 7
2 - B u ta n o n e 1 .5 4 2 0 .0 0 0 4 5 0 .1 6 3
A c e to n e * 1 .5 1 8 0 .0 0 0 4 4 0 .1 6 1
A c e to n e * 1 .2 3 1 0 .0 0 0 3 6 0 .1 3 1
C y c lo h e x a n e 0 .3 7 9 0 .0 0 0 1 1 0 .0 4 0
A c e ta ld e h y d e 0 .2 7 0 0 .0 0 0 0 8 0 .0 2 9
C a r b o n  d is u l f id e * 0 .2 5 7 0 .0 0 0 0 7 0 .0 2 7
1 ,2 ,4 - T r ic h lo r o b e n z e n e 0 .2 3 5 0 .0 0 0 0 7 0 .0 2 5
T e t r a c h lo r o e th e n e * 0 .1 8 0 0 .0 0 0 0 5 0 .0 1 9
2 - p r o p a n o l 0 .1 3 9 0 .0 0 0 0 4 0 .0 1 5
H e x a c h lo r o b u ta d ie n e 0 .1 1 4 0 .0 0 0 0 3 0 .0 1 2
m  &  p - X y le n e 0 .1 1 3 0 .0 0 0 0 3 0 .0 1 2
N a p th a le n e 0 .1 1 2 0 .0 0 0 0 3 0 .0 1 2
T o lu e n e 0 .1 0 9 0 .0 0 0 0 3 0 .0 1 2
1 ,2 - D ib r o m o - 3 - c h lo r o p r o p a n e 0 .1 0 1 0 .0 0 0 0 3 0 .0 1 1
V in y l a c e ta te 0 .0 9 9 0 .0 0 0 0 3 0 .0 1 0
1 ,4  D io x a n e 0 .0 8 2 0 .0 0 0 0 2 0 .0 0 9
H e x a n e 0 .0 7 6 0 .0 0 0 0 2 0 .0 0 8
O c ta n e 0 .0 6 9 0 .0 0 0 0 2 0 .0 0 7
Is o b u ty l  a lc o h o l 0 .0 6 6 0 .0 0 0 0 2 0 .0 0 7
M e th y l I s o b u ty l K e to n e 0 .0 5 5 0 .0 0 0 0 2 0 .0 0 6
F o r m a ld e h y d e 0 .0 5 1 0 .0 0 0 0 1 0 .0 0 5
2 - H e x a n o n e 0 .0 4 8 0 .0 0 0 0 1 0 .0 0 5
o - X y le n e 0 .0 4 6 0 .0 0 0 0 1 0 .0 0 5
C h lo r o m e th a n e 0 .0 4 6 0 .0 0 0 0 1 0 .0 0 5
1 ,2 ,4 - T r im e th y lb e n z e n e 0 .0 4 3 0 .0 0 0 0 1 0 .0 0 5
t - 1 ,4 - D ic h lo r o - 2 - b u te n e 0 .0 4 0 0 .0 0 0 0 1 0 .0 0 4
1 ,2 - D ic h lo r o b e n z e n e 0 .0 3 8 0 .0 0 0 0 1 0 .0 0 4
E th y lb e n z e n e 0 .0 3 2 0 .0 0 0 0 1 0 .0 0 3
T e t r a e th y l le a d 0 .0 3 0 0 .0 0 0 0 1 0 .0 0 3
1 ,4 - D ic h lo r o b e n z e n e 0 .0 3 0 0 .0 0 0 0 1 0 .0 0 3
1 ,3 - D ic h lo r o b e n z e n e 0 .0 2 8 0 .0 0 0 0 1 0 .0 0 3
S ty r e n e 0 .0 2 4 0 .0 0 0 0 1 0 .0 0 3
B e n z e n e 0 .0 2 3 0 .0 0 0 0 1 0 .0 0 2
T e t r a h y d r o fu r a n 0 .0 2 2 0 .0 0 0 0 1 0 .0 0 2
P r o p io n it r i le 0 .0 2 2 0 .0 0 0 0 1 0 .0 0 2
1 ,1 ,2 ,2 - T e t r a c h lo r o e th a n e 0 .0 1 9 0 .0 0 0 0 1 0 .0 0 2
1 ,2 - D ib r o m o e th a n e 0 .0 1 9 0 .0 0 0 0 1 0 .0 0 2
1 ,3 ,5 - T r im e th y lb e n z e n e 0 .0 1 9 0 .0 0 0 0 1 0 .0 0 2
C h lo r o b e n z e n e 0 .0 1 8 0 .0 0 0 0 1 0 .0 0 2
B e n z y l c h lo r id e 0 .0 1 8 0 .0 0 0 0 1 0 .0 0 2
Is o p r o p y lto lu e n e 0 .0 1 7 0 .0 0 0 0 1 0 .0 0 2
M e th y ls ty r e n e 0 .0 1 5 0 .0 0 0 0 0 0 .0 0 2
C r o to n a ld e h y d e 0 .0 1 5 0 .0 0 0 0 0 0 .0 0 2
C a r b o n  te t r a c h lo r id e 0 .0 1 5 0 .0 0 0 0 0 0 .0 0 2
te r t - b u ty l b e n z e n e 0 .0 1 4 0 .0 0 0 0 0 0 .0 0 1
A c r y lo n it r i le 0 .0 1 3 0 .0 0 0 0 0 0 .0 0 1
Is o p r o p y lb e n z e n e 0 .0 1 3 0 .0 0 0 0 0 0 .0 0 1
C h lo r o e th a n e 0 .0 1 3 0 .0 0 0 0 0 0 .0 0 1
1 ,1 ,2 - T r ic h lo r o e th a n e 0 .0 1 2 0 .0 0 0 0 0 0 .0 0 1
n - B u ty lb e n z e n e 0 .0 1 2 0 .0 0 0 0 0 0 .0 0 1
B u ty r a ld e h y d e 0 .0 1 2 0 .0 0 0 0 0 0 .0 0 1
D ic h lo r o d if lu o r o m e th a n e * 0 .0 1 1 0 .0 0 0 0 0 0 .0 0 1
C h lo r o f o r m 0 .0 1 0 0 .0 0 0 0 0 0 .0 0 1
B r o m o f o r m 0 .0 1 0 0 .0 0 0 0 0 0 .0 0 1
s e c - b u ty lb e n z e n e 0 .0 0 9 0 .0 0 0 0 0 0 .0 0 1
1 ,2 ,3 - T r ic h lo r o p r o p a n e 0 .0 0 9 0 .0 0 0 0 0 0 .0 0 1
t r a n s - 1 ,3 - D ic h lo r o p r o p e n e 0 .0 0 8 0 .0 0 0 0 0 0 .0 0 1
4 - E th y lto lu e n e 0 .0 0 7 0 .0 0 0 0 0 0 .0 0 1
T r ic h lo r o e th e n e 0 .0 0 6 0 .0 0 0 0 0 0 .0 0 1
n - P r o p y lb e n z e n e 0 .0 0 6 0 .0 0 0 0 0 0 .0 0 1
M e th y l m e th a c r y la te 0 .0 0 5 0 .0 0 0 0 0 0 .0 0 1
N o te :  T o ta l p r o c e s s  e m is s io n s  =  U n it  F lu x  R a te  ( u g /m 2 /m in ) * A r e a  ( m 2 )  
 *  1  g  /  1 0 0 0 0 0 0  u g  *  1  p o u n d  /  4 5 3 .5 6  g  *  1 4 4 0  m in  /  d a y
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Figure 1. - Dairy Ammonia Emissions (As Tested)
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Figure 2. - Dairy ROG (VOC) Emissions (as tested condition)
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