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Abstract Ethanol made from corn now constitutes approximately 10% of the fuel used in gasoline vehicles
in the U.S. The ethanol is produced in over 200 fuel ethanol refineries across the nation. We report airborne
measurements downwind from Decatur, Illinois, where the third largest fuel ethanol refinery in the U.S. is
located. Estimated emissions are compared with the total point source emissions in Decatur according to the
2011 National Emissions Inventory (NEI-2011), in which the fuel ethanol refinery represents 68.0% of sulfur
dioxide (SO2), 50.5% of nitrogen oxides (NOx=NO+NO2), 67.2% of volatile organic compounds (VOCs), and
95.9% of ethanol emissions. Emissions of SO2 and NOx from Decatur agreed with NEI-2011, but emissions of
several VOCs were underestimated by factors of 5 (total VOCs) to 30 (ethanol). By combining the NEI-2011 with
fuel ethanol production numbers from the Renewable Fuels Association, we calculate emission intensities,
defined as the emissions per ethanol mass produced. Emission intensities of SO2 and NOx are higher for plants
that use coal as an energy source, including the refinery in Decatur. By comparing with fuel-based emission
factors, we find that fuel ethanol refineries have lower NOx, similar VOC, and higher SO2 emissions than from
the use of this fuel in vehicles. The VOC emissions from refining could be higher than from vehicles, if the
underestimated emissions in NEI-2011 downwind from Decatur extend to other fuel ethanol refineries. Finally,
chemical transformations of the emissions from Decatur were observed, including formation of new particles,
nitric acid, peroxyacyl nitrates, aldehydes, ozone, and sulfate aerosol.

1. Introduction

Since the early 2000s, a growing fraction of gasoline in the U.S. has consisted of E10, a fuel blend of 10%
ethanol in gasoline [de Gouw et al., 2012]. Fuel ethanol in the U.S. is made almost entirely from corn, and
~40% of this crop is now grown for fuel production according to data from the U.S. Department of Energy
[Hill et al., 2009; Wright and Wimberly, 2013]. Fuel ethanol is produced from corn in approximately 200 fuel
ethanol refineries across the nation. Quantification of atmospheric emissions from these refineries is
essential for determining their impact on air quality and climate and is the subject of this work. Most of
the fuel ethanol refining capability is located in the Midwestern states, where corn is grown (Figure 1). The
production of fuel ethanol grew rapidly until 2011. At that point, the market acceptance of E10 was almost
complete and further increases in ethanol production and use can only occur if E15 (a fuel blend of 15%
ethanol in gasoline) was approved as a fuel in standard gasoline vehicles or if the market share of E85
(a fuel blend of 85% ethanol in gasoline) flex-fuel vehicles was to increase.

There has been significant research on the net effects of fuel ethanol use on greenhouse gas emissions. It has
been argued that corn ethanol does contribute to reductions in CO2 emissions, but that larger reductions
require the development of cellulosic ethanol [Farrell et al., 2006; Hill et al., 2009; Wang et al., 2012], which
is currently only produced in small amounts [Peplow, 2014; Service, 2014]. Other studies pointed out that
any reductions in CO2 emissions could be partially or completely offset by the carbon release associated
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with land use changes [Fargione et al., 2008; Searchinger et al., 2008] or by increases in emissions of the
greenhouse gas N2O associated with fertilization [Crutzen et al., 2008; Smith et al., 2012].

Several studies have looked at the effects of fuel ethanol use on air quality [Hill et al., 2009; Tessum et al., 2014].
Measured emissions frommotor vehicles that use ethanol fuel blends depend strongly on the fuel blend and
on the vehicle model and year. As a general trend, the emissions of nitrogen oxides (NOx =NO+NO2) tend to
be lower for ethanol blends in comparison with gasoline, whereas emissions of volatile organic compounds
(VOCs) such as aldehydes tend to be higher [Graham et al., 2008; Salvo and Geiger, 2014]. A modeling study
indicated that widespread use of E85 fuel in urban areas could lead to increases in acetaldehyde, ozone, and
peroxyacetyl nitrate at the surface [Jacobson, 2007]. An observational study showed that the atmospheric
burden of ethanol in the U.S. has increased over the last decade, but also, that effects on air quality have
been overshadowed by the large reductions in motor vehicle emissions that occurred over the same
period [de Gouw et al., 2012]. A recent study from Brazil provided evidence that a higher fraction of fuel
ethanol use, and therefore reduced NOx emissions, could lead to higher ozone pollution in urban air [Salvo
and Geiger, 2014]. There are still many uncertainties about the atmospheric chemistry of ethanol in general
[de Gouw et al., 2005; Naik et al., 2010; Giebel et al., 2011; Millet et al., 2012]. For example, ethanol may have
large natural sources in addition to the man-made source from fuel ethanol use. These uncertainties limit
the predictive capability on the effects of fuel ethanol use.

Several recent studies quantified the emissions of reactive trace gases from various processes associated with
ethanol production and their effect on air quality. A few recent papers looked at the emissions of volatile
organic compounds (VOCs) from growing biofuel crops [Eller et al., 2011; Graus et al., 2013]. The emissions
of VOCs from corn are relatively low compared to those from tree species, but nevertheless, per volume of
ethanol produced, the integrated emissions from growing biofuel crops can be of the same order of

Figure 1. Fuel ethanol production in the U.S. (a) The total production and capacity according the Energy Information
Administration (EIA) and Renewable Fuels Association (RFA). (b) Top 15 ethanol-producing states in 2011. (c) The location of
all fuel ethanol refineries in the U.S. sized by their 2011 production. The location of the Archer Daniels Midland (ADM) plant in
Decatur, Illinois, studied in this work, is indicated in Figure 1c.
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magnitude as fuel-based VOC emission factors from motor vehicles [Graus et al., 2013]. Other biofuel crops
such as hybrid poplars are isoprene emitters [Eller et al., 2012], and their widespread use could have more
significant impacts on air quality, crop yields, and mortality [Ashworth et al., 2012, 2013].

In this work, we report airborne measurements of atmospheric emissions downwind from Decatur, Illinois,
where the third largest producer of fuel ethanol in the U.S. (Archer Daniels Midland) is located. The
measurements are used to estimate the emissions of various trace gases including nitrogen oxides, sulfur
dioxide, and VOCs. The results are compared with the 2011 National Emission Inventory (NEI-2011) from
the U.S. Environmental Protection Agency, which has not been evaluated in detail for fuel ethanol
refineries. Also, we briefly discuss the chemical transformations in the plume using airborne transects at
different distances from the source. The analysis is extended to all other fuel ethanol refineries in the U.S.
Figure 1 summarizes the U.S. production of fuel ethanol according to the Energy Information Administration
(EIA) as well as the Renewable Fuels Association (RFA). By combining the NEI-2011 database with the RFA
production numbers, we calculate the atmospheric emissions per mass of ethanol produced for all fuel
ethanol refineries in the U.S. and compare these numbers to fuel-based vehicle emission factors. These
comparisons give insight into the relative contribution from different important processes in the life cycle of
fuel ethanol to the total atmospheric emissions.

2. Aircraft Measurements

Measurements were made from the NOAAWP-3D research aircraft during the NOAA Southeast Nexus project
in June and July of 2013 (http://www.esrl.noaa.gov/csd/projects/senex/). The aircraft was operated out of the
Smyrna/Rutherford County airport in Smyrna, Tennessee. The NOAA WP-3D was outfitted with a suite of
instruments to characterize the chemical composition of gas- and aerosol-phase species, as well as the size
distribution, radiative, and cloud-nucleating properties of the aerosol. The measurements that are used in
this analysis are summarized in Table 1. Additional measurements on board the NOAA WP-3D that are not
used in this analysis have been omitted from this table.

Whole air samples (WASs) were collected in-flight and analyzed postflight for VOCs using a newly developed
gas chromatography–mass spectrometry system. The airborne canister sampling systemwas designed based
on the advanced whole air sampler that was developed for the research aircraft operated by the National
Center for Atmospheric Research. Up to 72 canisters could be collected in-flight either at predetermined
time intervals or under manual control. The fill time at low altitude was typically 4–5 s. The analytical
system consists of a two-channel gas chromatograph with a single Agilent 5975C mass spectrometric
detector. The system is similar to an instrument that was used for in situ VOC measurements over the last
decade [Gilman et al., 2010], but uses a Stirling cooler (Sunpower Cryotel GT) to provide the cryostatic
temperatures required for trapping VOCs, as opposed to liquid nitrogen in the previous system.
Measurements are generally accurate within 10% but can be affected by losses in the canisters for some
higher hydrocarbons. Measurements of ethanol were made from the whole air samples, and results are

Table 1. Measurements On board the NOAA WP-3D Aircraft Used in This Analysis

Measurement Method Reference

NO, NO2, NOy, O3 Chemiluminescence Pollack et al. [2010]
CO Vacuum ultraviolet resonance fluorescence Holloway et al. [2000]
CO2, CH4 Infrared laser absorption Peischl et al. [2012]
SO2 Pulsed UV fluorescence NA (not applicable)
HNO3 Chemical ionization mass spectrometry Neuman et al. [2002]
NH3 Chemical ionization mass spectrometry Nowak et al. [2007]
Aromatic and oxygenated VOCs Proton-transfer-reaction mass spectrometry de Gouw and Warneke [2007]
Hydrocarbons, ethanol Whole air sampling–GC-MS analysis NA
Formaldehyde Laser-induced fluorescence Cazorla et al. [2014]
Glyoxal Cavity-enhanced absorption spectroscopy Washenfelder et al. [2008]
Peroxyacyl nitrates Chemical ionization mass spectrometry Slusher et al. [2004]
Aerosol size distribution Optical and condensation particle counters Brock et al. [2000]
Aerosol size and composition Time-of-flight aerosol mass spectrometer Canagaratna et al. [2007]
Black carbon aerosol Single-particle soot photometer Schwarz et al. [2008]

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023138

DE GOUW ET AL. EMISSIONS FROM A FUEL ETHANOL REFINERY 4387

http://www.esrl.noaa.gov/csd/projects/senex/


included in this study. After the project, the recovery of ethanol from the sampling canisters was investigated
in the laboratory. The results of these tests showed that ethanol can be quantitatively retrieved from the
canisters (Figure S1 in the supporting information).

3. Measurement Results

Figure 2 shows the flight track of the NOAA WP-3D on 5 July 2013. The aircraft took off from Smyrna,
Tennessee, and flew at low level over the Ozarks toward St. Louis, Missouri. Several flight legs upwind,
overwind, and downwind from St. Louis were made, before the aircraft transited to Decatur, Illinois. Two
passes at 500m altitude above ground were made shortly downwind from Decatur (12 and 9 km), and one
further downwind (30 km), before the aircraft returned to Smyrna.

The circles along the flight track in Figure 2 indicate the locations where whole air samples were collected
and the circles are size and color coded by the measured mixing ratio of ethanol in the samples. Modest
enhancements of ethanol downwind from St. Louis were consistent with a motor vehicle source (Figure S2
in the supporting information) [de Gouw et al., 2012]. Much higher enhancements were observed directly
downwind from Decatur. Unfortunately, no sample canisters were left for the furthest downwind transect.

The three blue symbols in the right of Figure 2 indicate the locations of the three largest point sources of NOx,
SO2, and VOCs in Macon County, where Decatur is located, according to the NEI-2011. The emissions from
these three sources as well as other point sources in Macon County are summarized in Table 2. The Archer
Daniels Midland (ADM) plant that includes the fuel ethanol refinery has the highest emissions for all species in
Table 2. In addition to fuel ethanol, the ADM plant in Decatur also produces a range of food, animal feed, and
industrial products from corn, oilseeds, wheat, and grains. Figure S3 in the supporting information shows the
different processes that contribute to the total emissions of different trace gases from the ADM plant. The Tate
& Lyle plant in Decatur produces a range of food products and industrial ingredients from corn and is a

Table 2. Emissions of NOx, SO2, Total VOCs, and Ethanol From Point Sources in Macon County From the 2011 National
Emissions Inventory

SO2 NOx VOCs Ethanol

kg h�1 % kg h�1 % kg h�1 % kg h�1 %

ADM 907 68.0 241 50.5 324 67.2 37.7 95.9
Tate & Lyle 414 31.0 38.9 8.1 122 25.2 1.37 3.5
PPG Industries 12.4 0.9 173 36.4 2.27 0.5 0.0354 0.1
Other 1.52 0.1 23.7 5.0 34.1 7.1 0.220 0.6

Total 1335 476 482 39

Figure 2. Flight track of the NOAAWP-3D research aircraft on 5 July 2013. The canister sampling locations are indicated by
circles and color coded by the measured mixing ratio of ethanol. The gray lines indicate (left) state boundaries and (right)
urban boundaries.
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significant emitter of SO2 and VOCs but not ethanol. The PPG Industries plant to the south of Decatur
manufactures flat glass for use in residential and commercial markets. The plant is a significant emitter of NOx

but not VOCs and ethanol. Because these three sources (ADM, Tate & Lyle, and PPG Industries) are very close,
their emissions were not separately observed from the aircraft. Therefore, the observations downwind from
Decatur will be compared with the total emission estimates for these three sources in the following analysis.

The time series of several measurements downwind from Decatur are shown in Figure 3. The two peaks on the
left, during the gray shaded periods, were obtained directly downwind from Decatur (12 and 9 km), whereas
the broader structure on the right, during the blue shaded period, was observed further downwind (30 km).
The species that showed clear enhancements immediately downwind from Decatur included NO, NO2, nitric

Figure 3. Time series of measurements made from the NOAA WP-3D downwind from Decatur, Illinois. The gray shaded
areas indicate plume intersects nearest to Decatur. The blue shaded area indicates the plume intersect furthest from
Decatur. VMR stands for volume mixing ratio. RCHO stands for aldehydes.
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acid (HNO3), CO2, SO2, ethanol, n-hexane, formaldehyde (HCHO), acetaldehyde (CH3CHO), peroxyacetyl nitrate
(PAN), peroxypropionyl nitrate (PPN), and the number concentration of fine particles (Nfine).

The ADM and Tate & Lyle plants use coal as an energy source (Figure S3 in the supporting information), which
explains the presence of NOx and SO2 downwind from Decatur. Black carbon aerosol and carbon monoxide
were correlated during this part of the flight, consistent with an influence from motor vehicle emissions, but
were not strongly enhanced downwind from Decatur. Toluene, one of the more abundant VOCs in motor
vehicle emissions, was also not strongly enhanced during this part of the flight. These observations show
that the strong enhancements in most trace gases and aerosol species must be attributed to emissions
from the industrial sources in Table 2 rather than to motor vehicles.

Since ethanol is produced in bulk quantities at the ADM plant in Decatur, the emission of ethanol could be
expected. The emission of n-hexane was higher than that of the other alkanes. Fuel ethanol refineries use
either a dry or wet milling process (http://www.ethanolrfa.org/pages/how-ethanol-is-made). In the wet milling
process used at the ADM plant, corn is first soaked in water and dilute sulfurous acid. Subsequently, the corn
germs are separated from the corn slurry. Corn oil, one of the valuable by-products from corn ethanol
production, is extracted from the germs using n-hexane as a solvent, which likely explains the presence of
n-hexane downwind from Decatur.

The presence of formaldehyde, acetaldehyde, PAN, and PPN downwind from Decatur is explained by a
combination of direct emissions and chemical transformation in the atmosphere. Other products from the
chemical transformation of emissions in the plume are shown in the bottom of Figure 3 and include ozone
and sulfate aerosol. These observations will be discussed in more detail below. The number concentration
of fine particles was strongly enhanced directly downwind from Decatur and correlated well with the
mixing ratio of SO2. These enhancements are caused by new particle formation in the plume. Further
downwind, the number concentration of fine particles had decreased due to dilution and coagulation.

4. Discussion
4.1. Emission Estimates and Comparison with NEI-2011

Emission fluxes were estimated from the measurements in the two plume transects nearest to Decatur. The
method involves integrating the enhancements in mixing ratios across the plume and multiplying the
integral with the orthogonal wind speed and depth of the boundary layer [White et al., 1976; Ryerson et al.,
2011]. Results are presented in Figure 4 and Table S1 in the supporting information. The following values
and assumptions were used in the calculations:

1. The boundary layer depth was estimated to be 1175m with an uncertainty of 20%, as estimated from the
measured wind direction and speed, potential temperature, CO, CO2, and O3 data during two altitude pro-
files made before and after the plume transects near Decatur.

2. The average orthogonal wind speed was 4.1m s�1 with an uncertainty of 10% due to the variability in the
wind field.

3. Enhancements in mixing ratios are defined as the mixing ratio or mass loading in the plume minus the
background measured outside the plume. The backgrounds determined here are given in Table S1 in
the supporting information.

4. Measurements of species that were not measured continuously such as the proton-transfer-reaction mass
spectrometry (1 data point every 15 s for each species) and WAS (several discrete samples across the
plume) were interpolated onto a 1 s time basis for the integration across the plume. For the WAS data, this
was only done for the first plume intercept, as the second plume was undersampled.

5. The uncertainty in the fluxes is estimated to be 50% due to the uncertainties in the plume integrals,
boundary layer depth, the orthogonal wind speed, and in particular the assumption of uniform vertical
mixing [de Gouw et al., 2009; Ryerson et al., 2011].

6. Several species did not show clear enhancements downwind from Decatur (methane, NH3, propane,
butanes, isoprene, ethyne, benzene, methanol, glyoxal, and methylethylketone). For these species, the
measurements are used to define an upper limit to the fluxes.

The estimated emissions are compared in Figure 4 with those from the NEI-2011 database. Estimated
emissions of SO2 and NOx agree with NEI-2011 within the uncertainty. This agreement could be fortuitous
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as fluctuations in the emissions do occur, and ourmeasurements only provide two snapshots. However, a strong
disagreement would not be expected since the point source emissions of SO2 andNOx in NEI-2011, including for
many fuel ethanol refineries, are based on continuous emission measurements at the stack. It should be noted
that the total SO2 emissions from the ADM plant in Decatur (7950 t) are not small. For comparison, one of the
largest SO2 point sources in the U.S. is the Homer City electric power plant in Pennsylvania, which emitted
104,000 in 2013 (http://ampd.epa.gov/ampd/), i.e., only about a factor of 13 higher.

In contrast to SO2 and NOx, estimated emissions of several VOCs, notably ethanol, formaldehyde, and
acetaldehyde, are significantly higher (factors of 10–30) than the NEI-2011 emissions, which is well
outside the 50% uncertainty in the flux estimates. As discussed below, some of the formaldehyde and
acetaldehyde may have been formed chemically in the plume, but this does not explain the difference
with the NEI-2011 emissions. Examination of the SO2 and ethanol time series obtained downwind from
Decatur (Figure S4 in the supporting information) provides further evidence for the issues with the
NEI-2011 reported here. Measured enhancements in SO2 and ethanol were very similar downwind
from Decatur, and the emission ratio derived from the measurements was 0.70 kg kg�1 (Table S1 in the
supporting information). In contrast, the ratio from the emission inventory is only 0.029 kg kg�1. The
inventory is therefore inconsistent with the measurements, regardless of the uncertainties associated
with estimating absolute fluxes from the measurements. Figure S3 in the supporting information
shows the different processes that contribute to the emissions of total VOCs, ethanol, formaldehyde,
and acetaldehyde from the ADM plant according to the NEI-2011. The largest fraction of total VOC
emissions is attributed to a generic profile (Food and Agriculture: not specified) that is unlikely to be
accurate for this specific source. It should also be noted that severe underestimates in VOC emissions
from industrial sources are not unprecedented and were observed downwind from petrochemical
plants near Houston, TX [Ryerson et al., 2003; de Gouw et al., 2009], and in an oil and gas production
region [Petron et al., 2012].

4.2. Chemical Transformation of the Emissions

The emissions intercepted at 30 km from Decatur (blue shaded period in Figure 3) were chemically more
processed than the emissions intercepted at 12 and 9 km from Decatur (gray shaded periods in Figure 3).

Figure 4. Comparison of the emissions downwind from Decatur, Illinois, between the three largest sources in the National
Emissions Inventory in that area and the measurements from the NOAA WP-3D aircraft. (a) All compounds and (b) the
compounds from ammonia (NH3) onward on a smaller scale. The blue triangles show the possible effects of chemical
transformations in the plume on the estimated emissions as discussed in section 4.2.
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In Figure 5, the fluxes of various sulfur, nitrogen, and organic carbon species, as well as ozone, are shown as a
function of the distance from the sampling location to the ADM plant. Fluxes were determined by the same
method as used for the emissions. The plume intercept furthest from Decatur does not include the sulfate
enhancement shortly before 08:20 P.M. This particular air mass was observed further east and did not
have enhancements in other species such as aldehydes, PANs, and ozone. Based on the measurement
location, back trajectories, and plume composition, this plume likely originated from a source further
upwind than Decatur and was not included in the data shown in Figure 5.

At the downwind plume intercept, a significant fraction of the SO2 had been converted into sulfate aerosol.
Sulfate showed weak enhancements directly downwind and stronger enhancements of 6–8μgm�3 further
downwind. Total sulfur was conserved within the 50% uncertainty of the flux estimates (albeit ~30% higher
downwind). It is possible that the SO2 emissions derived in the previous section reflect an underestimate
because of this chemical removal, although sulfate concentrations were not measurably enhanced at
9 km downwind.

Figure 5b shows the chemical transformations of nitrogen oxides in the plume from Decatur. As the
emissions moved downwind, NO and NO2 reacted to form HNO3, PAN, and PPN. As in the case of the
sulfur species, total nitrogen was not perfectly conserved (~20% higher downwind) but stayed constant
within the 50% uncertainty. Nitric acid is formed from the reaction between NO2 and OH radicals. PAN and
PPN are by-products from hydrocarbon oxidation in the presence of nitrogen oxides. Extrapolating the
fluxes for these three species back to a zero distance gives values close to a zero flux, suggesting that,
indeed, the presence of HNO3, PAN, and PPN can be fully explained by chemical formation. It should be
noted that the “kink” seen in the HNO3 flux as a function of distance is not significant due to the 50%
uncertainties. While some of the uncertainties, like wind speed and boundary layer depth, affect all the
fluxes in the same manner, the largest uncertainty is due to the assumption of homogeneous vertical
mixing, which cannot be assumed to affect the different data points in the same direction.

Figure 5c shows the fluxes of four organic carbon species. Formaldehyde and acetaldehyde fluxes increased
downwind, suggesting that photochemical production of these species occurred in the plume. For

Figure 5. Estimated fluxes of (a) sulfur, (b) nitrogen, (c) organic carbon species, and (d) ozone as a function of distance and
transport time from the ADM plant in Decatur. The uncertainties in the estimated fluxes are ±50%.
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acetaldehyde, the relative increase is similar in magnitude as the relative increases in total sulfur and total
nitrogen, indicating that acetaldehyde formation cannot be ascertained with complete certainty. These
aldehydes can be intermediate products of the same chemistry that formed PAN and PPN. Efficient
precursors of formaldehyde and acetaldehyde, such as ethene, propene, and isoprene, were not detected
in large amounts downwind from Decatur. Ethanol itself can also be a precursor of acetaldehyde. At an
estimated OH concentration of 5 × 106molecules cm�3, the loss of ethanol would be 11% in the 2 h
transport time for the 30 km downwind distance. A simple calculation that takes into account the
formation of acetaldehyde from ethanol with a yield of 90%, and a loss of acetaldehyde itself to OH, shows
that 50 kg C h�1 of acetaldehyde may have been formed from ethanol in this plume, which is in the range
of the observations in Figure 5c. A significant fraction of the aldehydes may also have been directly
emitted from industrial sources. Consistent with this, extrapolating the formaldehyde and acetaldehyde
fluxes back to a zero distance suggests that there are nonzero fluxes, i.e., direct emissions, at the source.

Ozone can be formed from the photooxidation of VOCs in the presence of NOx. Data in Figure 5d show that
the ozone flux steadily increased with downwind distance. The ozone production efficiency [Ryerson et al.,
2001; Neuman et al., 2009] was estimated from a scatterplot of ozone versus NOz (=NOy�NOx) for the
downwind transect. The resulting value for the ozone production efficiency was 6, suggesting that six
molecules of ozone were formed for every NOx molecule removed. This value is in the range of ozone
production efficiencies observed in urban air but somewhat higher than what is observed downwind from
power plants [Ryerson et al., 2001; Neuman et al., 2009]. The likely explanation is the coemission of VOCs
with the NOx from these industrial sources. In these plumes, however, the VOC reactivity is dominated by
oxygenated species, in contrast with urban plumes and those from petrochemical industries. From the
product of their respective emission fluxes times the rate coefficients for the reaction with OH [Atkinson
and Arey, 2003], we estimate that ethanol represents 42%, formaldehyde 26%, and acetaldehyde 20% of
the total OH reactivity for all observed VOCs (Figure S5 in the supporting information).

As mentioned above, the chemical transformations observed downwind from Decatur may imply that the
emissions estimated above were too low for SO2, NOx, and others and too high for the aldehydes that
were formed photochemically downwind. To investigate the possible magnitude of this effect, we linearly
extrapolated the fluxes of SO2, NOx, formaldehyde, and acetaldehyde back to a zero distance. This was
done after downscaling the fluxes at 30 km downwind by 25% to account for the nonphysical increase in
total sulfur and nitrogen fluxes. The resulting corrected fluxes are shown by the blue triangles in Figure 4
and are well within the uncertainties of the flux estimates. We conclude that chemical transformations
downwind from Decatur do not significantly affect our previous conclusions of the comparison between
estimated emissions and the NEI-2011 database.

4.3. Emission Intensities of Fuel Ethanol Refineries

Fuel ethanol production numbers from the Renewable Fuels Association (RFA) for 2011 (Figure 1) were
combined with emissions from the NEI-2011 database to calculate emission intensities for SO2, NOx, VOCs,
and ethanol, defined as the pollutant emissions per amount of ethanol produced:

Emission Intensity g kg�1� � ¼ Pollutant Emission g yr�1ð Þ
Ethanol Production kg yr�1ð Þ

Results are shown as distributions in emission intensities in Figure 6. Out of 215 fuel ethanol refineries listed
by the RFA for 2011, we foundmatching entries in the NEI-2011 databases for 139 plants. Matches were based
on names, locations, and the emission description in the NEI-2011 database. Fuel ethanol refineries without a
matching entry in the NEI-2011 database were mostly confined to smaller plants. We assume here that the
139 plants with a matching entry in the NEI-2011 database are representative for all U.S. fuel ethanol
refineries. The descriptions of the emissions from the NEI-2011 database were also used to distinguish
between plants that use coal versus natural gas as an energy source. Out of the 139 plants, 12 plants use
coal and are shown separately by the black bars in Figure 6. Four of the plants that use coal are in the top
six of ethanol producers; the other eight are more average in terms of ethanol production.

An implicit assumption in the calculation of emission intensities is that all of the emissions from the NEI-2011
database are associated with the fuel ethanol-refining process. However, some plants such as the ADM plant
studied here produce other food and animal feed products in bulk quantities from corn, oilseeds, wheat, and
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grains. Attributing all of the emissions to ethanol production is therefore an overestimate. Based on the
available information, we cannot separate the emissions into the fraction that is associated with fuel
ethanol production only.

The calculation of emission intensities facilitates the comparison with fuel-based emission factors from
vehicles and other important processes in the life cycle of corn ethanol. Fuel ethanol is mostly used as E10
in gasoline vehicles. Fuel-based emission factors for NOx, SO2, and VOCs from gasoline vehicles that are
averaged across a representative vehicle fleet are available from roadside and tunnel studies [Burgard
et al., 2006; Bishop and Stedman, 2008; Bishop et al., 2012; McDonald et al., 2012; Gentner et al., 2013]. To
estimate the vehicle emissions per liter of ethanol, we have to multiply the emissions from 10 L of E10
times the fraction of the emissions that is associated with ethanol only. The latter fraction is not well
known, and we assume here that it scales with the volume fraction of ethanol (10%). The two factors of 10
cancel, and thus, we can compare the emission intensities for fuel ethanol refineries with fuel-based
emission factors for gasoline vehicles in this section.
4.3.1. Sulfur Dioxide
Emission intensities for SO2 are shown in the top left of Figure 6. Most plants have emission intensities below
0.04 g SO2 kg

�1 of ethanol, but the distribution has a very long tail. Plants that use natural gas have emission
intensities up to 1 g SO2 kg

�1 of ethanol, whereas plants that use coal emit up to 100 g SO2 kg
�1 of ethanol.

The solid blue line indicates the average emission intensity (1.3 g SO2 kg
�1 of ethanol), calculated from the

total emissions divided by the total production.

Recent roadside measurements put the average SO2 emissions from motor vehicles in 2005 at
~0.125 g SO2 kg

�1 of gasoline [Burgard et al., 2006], indicated by the dashed blue line in Figure 6.
Emissions in 2011 were likely even lower because of the tightening of the gasoline sulfur standard in 2006
to 30 ppm by weight and the continued turnover of the vehicle fleet. In comparison with the fuel-based
SO2 emission factor, the average SO2 emission intensity from fuel ethanol refineries (1.3 g SO2 kg

�1 of
ethanol) is higher. This shows that over the life cycle of ethanol fuel, more SO2 is emitted from the fuel

Figure 6. Emission intensities of SO2, NOx, VOCs, and ethanol from fuel ethanol refineries derived from combining the 2011
National Emissions Inventory and ethanol production numbers reported by the Renewable Fuels Association. Note that the x
axes are on logarithmic scales. Average emission intensities (total emissions divided by total production) are shown by the
solid blue lines. Plants that use coal are indicated in black, all others in red. Emission intensities for the ADM plant calculated
from the NEI-2011 and estimated from the measurements downwind from Decatur here are shown by the arrows. For
comparison, fuel-based emission factors from gasoline vehicles are shown by the dashed blue lines.
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refinery process than from the fuel use. Two comments need to be attached to this finding. First, most fuel
ethanol refineries have SO2 emission intensities that are well below 0.1 g SO2 kg

�1 of ethanol; i.e., a limited
number of high emitters including those plants that use coal as an energy source are responsible for most of
the SO2 emissions associated with fuel ethanol refining. Second, SO2 emissions from highway vehicles (17 kt
in 2011) are very small compared to emissions from power plants in the U.S. (4529 kt in 2011) (http://www.
epa.gov/ttn/chief/trends/index.html), and therefore, fuel ethanol refining is still a small source nationally.
4.3.2. Nitrogen Oxides
Emission intensities for NOx are indicated in the bottom left of Figure 6. Most fuel ethanol refineries have NOx

emission intensities between 0 and 0.4 gNOx kg
�1 of ethanol. The average, defined as total emissions divided

by total production, is at the high end of this range (0.53 gNOx kg
�1 of ethanol) as a result of the presence of

several high emitters, including the ADM plant in Decatur, that use coal as an energy source.

Fleet-averaged, fuel-based emission factors for NOx from gasoline vehicles have been determined using
tunnel and roadside measurements [Bishop and Stedman, 2008; Bishop et al., 2012; McDonald et al., 2012].
From a tunnel study in 2010, an average NOx emission of 3.5 ± 1.5 gNOx kg

�1 of gasoline was determined
for gasoline vehicles using mostly E10. This number is 4–10 times higher than the average NOx emission
intensity from fuel ethanol refineries, which shows that the NOx released from fuel ethanol refining is a
smaller but nonnegligible source of NOx emissions over the life cycle of this fuel.
4.3.3. Volatile Organic Compounds and Ethanol
Emission intensities for VOCs and ethanol are shown in the right of Figure 6. The blue lines indicate the
average emission intensities for VOCs (0.42 g VOCs kg�1 of ethanol) and for ethanol (0.16 g ethanol kg�1 of
ethanol). For VOCs, the distribution is relatively narrow with the emission intensities from most plants
below 0.6 g VOC kg�1 of ethanol. For ethanol, the distribution has a tail toward small emission intensities.
Most of the NEI point sources with the lowest ethanol emission intensities did not report ethanol
emissions from ethanol/methanol production directly, in contrast to those sources with an ethanol
emission intensity greater than 0.01 g ethanol kg�1 of ethanol. Several had ethanol emissions assigned
only to grain handling and drying, which has a low ethanol/VOC partitioning profile. Several others were
assigned VOC profiles for beer production, which also has a small ethanol/VOC ratio within the NEI. It thus
seems likely that remaining disparities in the RFA ethanol production database and the emission database
are responsible for the long tail toward very low values. Unlike for SO2 and NOx, plants that use coal do
not appear to have systematically higher emission intensities for VOCs and ethanol than plants that use
natural gas. The ADM plant in Decatur has relatively high emission intensities for VOCs and ethanol; it is
possible that other production processes than fuel ethanol refining contribute significantly to the total
emissions, although for ethanol itself, this may be less likely.

Emissions of VOCs from gasoline vehicles were quantified in detail in a 2010 tunnel study [Gentner et al.,
2013]. The emissions of all VOCs that were quantified, including hydrocarbons and oxygenated species,
added up to 0.93 g VOC kg�1 of gasoline (from 0.68 g L�1 using an E10 density of 0.735 kg L�1). Emissions
of ethanol in that study were 0.068 g VOC kg�1 of gasoline (from 0.026 g C L�1 using the same E10 density
and after conversion from carbon into ethanol mass). For total VOCs, this fuel-based emission factor is at
the high end of emission intensities for VOCs in Figure 6. For ethanol itself, this fuel-based emission factor
is lower than most emission intensities from ethanol refineries in Figure 6. These comparisons indicate that
fuel ethanol refining could be a significant source of VOCs and, in particular, ethanol compared to
vehicle emissions.

In section 4.1, it was shown that VOC and ethanol emissions from the point sources in Decatur exceeded the
NEI-2011 emissions by factors of 5 for total VOCs to 30 for ethanol. It is not exactly known to what extent the
emissions from the ADM plant contribute to these underestimates. It is likely that the ADM plant plays a
significant role in the underestimate of ethanol emissions, since it is the only and a large producer of
ethanol in the area. In addition, since ethanol represents a large fraction of total VOC emissions (Figure 4
and Table S1 in the supporting information), it is also likely that the underestimate in total VOC can be
attributed significantly to the ADM plant. If emissions of VOCs and ethanol from fuel ethanol refineries are
underestimated in general, then the VOC and ethanol emissions due to fuel ethanol refining could actually
be higher than those from the fuel use. To illustrate this point, the VOC and ethanol emissions observed
downwind from Decatur were divided by the ethanol production from the ADM plant and added to Figure 6.
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The suggested emission intensities are well outside the distributions for fuel ethanol refineries calculated from
the NEI-2011 and more than an order of magnitude higher than the emission factors from vehicles.

5. Conclusions

Over the past decade, the use of fuel ethanol produced from corn has increased significantly in the United
States, and the volume of fuel ethanol is now approximately 10% of the volume of gasoline used. This
ethanol is produced in over 200 fuel ethanol refineries in the country, particularly in several of the
corn-producing states in the Midwest. In this work, we made atmospheric measurements downwind from
Decatur, Illinois, where the third largest fuel ethanol refinery in the U.S. is located. Emissions of SO2 and
NOx were in agreement with those reported in the 2011 National Emissions Inventory (NEI-2011). However,
emissions of VOCs and ethanol were a factor of 5 for VOCs and 30 for ethanol higher than those included
in the NEI-2011. Emissions from all fuel ethanol refineries in the U.S. were analyzed by combining
emissions from the NEI-2011 with the ethanol production numbers from the Renewable Fuels Association.
It is shown that fuel ethanol refining is a smaller source of NOx and a larger source of SO2 compared with
the emissions from the use of fuel ethanol in motor vehicles. Emissions of VOCs from ethanol refining are
similar to those from the use of ethanol in motor vehicles and could be much higher if the underestimates
in emissions for the fuel ethanol refinery studied here extend to other refineries.
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