
DATA AVAILABILITY, DATA QUALITY

Using national inventories for estimating environmental impacts
of products from industrial sectors: a case study of ethanol
and gasoline

Debalina Sengupta & Troy R. Hawkins &

Raymond L. Smith

Received: 31 March 2014 /Accepted: 28 January 2015 /Published online: 26 February 2015

Abstract
Purpose In order to understand the environmental outcomes
associated with the life cycle of a product, to compare these
outcomes across products, or to design more sustainable sup-
ply chains, it is often desirable to estimate results for a refer-
ence supply chain representative of the conditions for a sector
in a specific region. This paper, by examining ethanol and
gasoline production processes, explains how choices made
in the calculation of sector-representative emission factors
can have a significant effect on the emission estimates used
in life cycle assessments.
Methods This study estimates reference emission factors for
United States dry-grind corn ethanol production and gasoline
production processes suitable for use in baseline life cycle
assessment unit processes. Based on facility-specific emissions
and activity rates from the United States National Emissions

Inventory, the Energy Information Administration, and an eth-
anol industry trade publication, the average emissions per unit
energy content of fuel are computed using three different ap-
proaches. The Tool for the Reduction and Assessment of
Chemical and Other Environmental Impacts (TRACI) charac-
terization factors are used to estimate impact potentials for six
environmental and three human health categories. Sector-
specific direct emissions and impact potentials are compared
across the three approaches and between the two sectors. The
system boundary for this analysis is limited to the fuel produc-
tion stage of these transportation fuel lifecycles.
Results and discussion Findings from this work suggest that
average emission factors based on total emissions and total
production may significantly under estimate actual process
emissions due to reporting thresholds and otherwise unreport-
ed emissions.
Conclusions Because of the potential for unreported
emissions in regional inventories, it is more appropriate
to estimate sector reference emission factors based on
matched sets of facility or process level emissions and activity
rates than to use aggregated totals. This study demonstrates a
method which can be used for inventory development in cases
where multiple facilities producing the same product are
involved.
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1 Introduction

Life cycle assessment (LCA) is gaining importance as a
tool for design of sustainable supply chains of product
systems (Young et al. 2012; Ingwersen et al. 2013; You
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et al. 2012). The life cycle stages of a product resemble the
stages in a supply chain network, and combining these two
methods will help in the development of sustainable supply
chains. When LCA is used as a tool for sustainable supply
chain design of products, arriving at the right level of detail to
model a unit process is a challenging task (Hagelaar and van
der Vorst 2001). When the objective is to represent a reference
supply chain or when the details regarding a particular process
are unknown, it is common practice to create a reference pro-
cess to represent a sector average. In this case, national aver-
age input ratios and release factors are usually calculated using
top-down data representing national total inputs, releases, and
activity rates. This practice is particularly prevalent in the
creation of input–output LCA models. The attractiveness of
such an approach is its simplicity. Unfortunately, when certain
releases are not reported by some facilities, the calculation of
an average in this way may yield misleading results. In this
study, air emission factors for the United States petroleum
refining and dry-grind corn ethanol production sectors are
compared using different approaches and assumptions.
These differences arise from instances where emission data
might be expected but no data are available. This study was
conducted in order to understand the bias introduced using top
down values in estimating sector average emissions.

This work was part of a larger project tasked with develop-
ing approaches for designing sustainable supply chains (Young
et al. 2012) with a specific focus on the replacement of conven-
tional fuels with biofuel alternatives. The project began with the
development of models of the life cycles of gasoline and dry-
grind corn ethanol. In particular, within the larger project, the
work described here contributed to improving the understand-
ing of the petroleum refining and dry-grind corn to ethanol
sectors. The initial thinking in modeling these sectors was they
could be represented as reference processes within supply
chains representing United States average conditions.

An important aspect in the inventory development stage of
the life cycle of a product is the sourcing of data for each stage
in the supply chain (Curran 2012). In the early stage of the
project, there were numerous approaches proposed by a di-
verse team of chemical engineers and LCA practitioners re-
garding how best to represent reference supply chains and the
associated data quality requirements. One option was to use
data collected from a specific facility selected to serve as a
reference. This option presented challenges in obtaining data
for a specific facility and the obstacles associated with the
desire of those responsible for the facility to manage publicly
communicated information regarding their practices. A sec-
ond option was to attempt to infer unit process information
from optimized process-design models built in process simu-
lation software. This option proved untenable as the process-
design software was helpful in obtaining conversion of the
primary products, but did not include sufficient information
to infer credible emission factors for most emitted pollutants.

A third option was to use national totals to calculate an aver-
age. This option was feasible and attractive due to its trans-
parency and ability to represent a generic case. However, the
drawback in this method was that the national total sector
average facility is conceptual and cannot be directly validated
to represent the sector totals, nor does it provide insight into
variability within the sector. Thus, a fourth option was pursued
where a correspondence between national datasets containing
emissions and activity rates was developed, and this was used
to estimate emission factors for a large number of facilities by
aggregating to a sector average.

Typically in an LCA, the inventory of inputs and outputs
from a process is associated with a reference flow. The focus
of discussion in this paper is on the differences that arise in
inventory development and impact assessment when data on
emissions and the reference flow (fuel capacity or production
rates) from various data sources are used. The data can be
interpreted in numerous ways, three of which based on the
activity rate are presented in this paper. The method is dem-
onstrated with ethanol and gasoline production stages, but it is
widely applicable to any sustainable supply chain design of
products from the manufacturing sector for use by LCA
practitioners.

The results from this paper provide users with a robust
method to calculate emissions for the purpose of LCA and
help users to compare results when emission scenario assump-
tions frommanufacturing facilities are considered. This is cru-
cial for LCA as the emission factors developed using the
method affect the results of analysis. For an analyst, this pre-
sents a way to differentiate between these assumptions and
accurately connect the source and flow of information
throughout the life cycle.

2 Methods

Generally, detailed process models are effective in modeling
primary emissions from the conversion of raw material to a
product and emissions from associated energy use, thus pro-
viding a nominal set of process emissions. However, in an
operating process plant, various other incidents can give rise
to emissions, which are harder to predict through models.
Examples of these actual emissions include side reactions that
occur during a process which depend on the operating condi-
tions, plant process upset conditions such as leaks and spills,
etc. To confirm the importance of the various release types, a
comparison of ratios of natural gas boiler emissions (U.S. EPA
2013a) and ratios of actual inventory emissions showed very
large differences for greenhouse gases and criteria pollutants.
This confirms that the method needs all of the release types;
that natural gas boiler emission factors are insufficient to de-
scribe the complex actual emissions. The LCA stage for prod-
uct manufacturing often provides a high-level view and
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assumes a fixed supply chain structure and operation (Nwe
et al. 2010), where information on actual process emissions
are not accounted for. Moreover, a complete speciation of
emissions is not available from LCA databases, which repre-
sent a generic facility producing the product. The method
given in this paper addresses these limitations by developing
a detailed inventory from a data driven approach.

Three national average emission factors were computed
based on data from publicly available emission and produc-
tion data. These emission factors accounted for the emission
scenario assumptions related to the activity rate in the denom-
inator of the emission factor. To characterize these environ-
mental stressors a commonly used LCA impact assessment
method, Tool for the Reduction and Assessment of
Chemical and Other Environmental Impacts (TRACI; Bare
2002), was used to compute the impacts from the two fuel
production stages in six environmental and three human
health categories.

2.1 Data sources

2.1.1 Emission data

National Emissions Inventory Under the Clean Air Act
(CAA), EPA establishes air quality standards to protect public
health, including the health of people with asthma, children,
and older adults (U.S. EPA 2013b). EPA sets limits to protect
public welfare including protection of ecosystems, damage to
crops, vegetation, and buildings. To achieve the standards of
the CAA, EPA has regulatory and voluntary programs in place
to reduce the amount of air pollutants emitted from a wide
range of sources. To keep track of these emissions, the EPA
maintains the National Emissions Inventory (NEI), a national
database of air pollutant emission information. Point source
emission is a classification among the different types of emis-
sions inventoried in NEI (U.S. EPA 2013c). All industries
having point source emissions and meeting certain reporting
criteria are required to report their annual air emission data to
State, Local, or Tribal (S/L/T) air agencies. The emission es-
timates are supplemented by data developed by the EPA and
compiled in the NEI database (U.S. EPA 2013c). Thus, data
provided by individual industries are verified by the respective
agency prior to entry into the national inventory. The NEI is
compiled every 3 years, and air emissions of facilities are re-
ported with identifiers of the facility and chemical compound.

Toxics Release Inventory The Emergency Planning and
Community Right-to-Know Act (EPCRA) establishes require-
ments for Federal, state and local governments, Indian Tribes,
and industry regarding emergency planning and “Community
Right-to-Know” reporting on hazardous and toxic chemicals
(U.S. EPA 2013d). EPCRA Section 313 requires EPA and the
States to collect data annually on releases and transfers of over

650 toxic chemicals from industrial facilities andmake the data
available to the public through the Toxics Release Inventory
(TRI; U.S. EPA 2013e). The TRI contains information about
how facilities manage toxic chemicals through recycling, en-
ergy recovery, and treatment, collected under the Pollution
Prevention Act. Facilities are required to report to TRI, but
the data does not go through the same level of review as NEI.

Though the two databases satisfy different needs, NEI and
TRI are good places to start an investigation of the release of a
particular air pollutant in a certain geographical location for a
particular sector. The two databases havemany chemical com-
pounds in common. In this paper, the NEI is used as the
primary data source of the chemicals common to both data-
bases, primarily because of the rigorous review it undergoes
before it is reported in the national level database. TRI is used
to supplement the data for those emissions, which are not
reported to NEI. The 2008 NEI dataset was used in this anal-
ysis. Since TRI is available on an annual basis, a 3-year aver-
age over 2007–2009 was used so the median year was 2008
and comparable to the temporal choice for NEI. The 3-year
average was chosen to include the variability in the emissions
over the years. Kim et al. (2013) provide a useful comparison
of the NEI and TRI, where TRI was identified to have poten-
tial data gaps due to reporting requirements which do not
require reporting by a number of facilities in certain sectors
(Miranda et al. 2008).

2.1.2 Activity data

The denominators for the emission factors presented here are
based on the production of saleable products. Table 1 presents
the products from a biorefinery (ethanol and dry distiller
grains with solubles (DDGS)) and a petroleum refinery (eigh-
teen refinery products). National average emission factors
were calculated based on national ethanol and gasoline pro-
duction statistics obtained from the Energy Information
Administration (EIA) for 2007–2009 (U.S. EIA 2011). The
list of pollutants included in the inventory for these sectors is
available in the Supplementary Information. Because facility-
specific actual production information is not readily available,
the production of facilities is based on their capacity, assuming
equivalence, although one could apply a capacity utilization
factor to the total calculated capacity when available. For in-
stance, EIA reports over 2007–2009 a capacity utilization for
petroleum refineries of 85.6 %, which would have increased
sector emission factors by 17 %. Ethanol capacities were ob-
tained from Ethanol Producer Magazine (EPM) (EPM 2011).
Production capacities of petroleum refineries for this work
were estimated based on their crude oil processing capacity.
Yield data from EIA (U.S. EIA 2011) were used to translate
refinery crude oil processing capacity into gasoline production
capacity.
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2.2 Allocation method

Economic allocation was chosen to allocate the emissions
to the products from the two fuel production stages.
Ethanol production by dry-grind technology produces
dried distillers grain with solubles (DDGS) as a co-prod-
uct. A USDA generic model for the production of ethanol
was used to estimate the production rates and economic
values associated with the ethanol and DDGS production
(Kwiatkowski et al. 2006). Similarly, for petroleum refin-
eries, varieties of products are produced in addition to
finished motor gasoline (see Table 1). EIA provides data
on the economic values and quantities of these products
from which the economic allocation was computed (U.S.
EIA 2011). Table 1 shows the economic allocation for
various products of the corn biorefinery and petroleum re-
finery. Of all the emissions produced, 83 % from the
biorefinery are allocated to ethanol and 49 % from petroleum
refineries to gasoline. It should be understood that individual
processes in a sector can have different product slates and
thus different allocated emissions. For example, see the
Supplementary Information, where regional gasoline produc-
tion is shown to vary between 15 and 47% as compared to the
sector average of 28 % used in Table 1.

2.3 Harmonizing data

In order to connect the data on emissions, production capaci-
ties, and production rates and allocate emissions from the two
fuels for all of the facilities in the USA, a harmonization effort
was undertaken in this research. This effort has set up the
groundwork and identified the needs for the development of
the Life Cycle Assessment Harmonization Tool (Hawkins
et al. 2013). The primary goal of the effort was to standardize
the unique key that connects the five (NEI, TRI, EPM, EIA,
and TRACI) data sources using different nomenclature to de-
note the pollutants. There was a need for harmonization of the
facility names so that facility specific emission factors could
be computed. It is important to note here that several facilities
changed names over the years (often as the ownership
changed), and proper accounting of this needed to be reflected
in the computation of emission factors from TRI data. The
harmonization involved the following steps: (1) connecting
the facility emission dataset to the facility activity (capacity
in this case study) dataset, (2) allocating the emissions to the
fuel, and (3) connecting the emission data to the impact cate-
gories for the pollutants. A relational database was created in

matches in the databases, and compute the emission factors.
The results of this effort are summarized in Supplementary
Information which includes the emission factors, potential en-
vironmental impacts, and the statistical summary of the emis-
sion of chemicals and facilities used in this paper.

2.4 Emission factors and reference flow

An emission factor is a representative value that relates the
quantity of a pollutant released to the atmosphere with an
activity associatedwith the release of that pollutant. EPA gives
the general method for estimating emissions from a source in
the AP 42 standards (U.S. EPA 2013a). These factors are
usually expressed as the mass of pollutant divided by a unit
mass, volume, distance, or duration of the activity emitting the
pollutant (e.g., kilograms of particulate emitted per megagram
of coal burned). Various methods of emission estimation exist,
such as continuous emission monitoring, process equipment
emission factor ratings, plant site-specific emission factors,
and others. Using these methods, manufacturing facilities are
required to estimate and report emissions under the require-
ments of the CAA and EPCRA. These emission estimates are
then compiled in databases and made publicly available by the
EPA.

In this paper, these national databases serve as the sources
of historical emission data from all manufacturing facilities in
the United States producing ethanol and gasoline. The basis of
emission estimation for individual facilities varies, and the
computation method takes an arithmetic average to find the

Table 1 Economic allocation of products from corn biorefineries and
petroleum refineries (italicized values in the table are used in determining
the allocation of emissions to ethanol and gasoline)

Products Economic allocation

Corn biorefinery products of economic value (Based on a 40-MMgpy
ethanol plant)

Ethanol, denatured, E98 83 %

Distillers dried grains with solubles (DDGS) 17 %

Petroleum refinery products of economic value (sector totals)

Gasoline 27.79 %

Gasoline blending components 21.33 %

Diesel 26.35 %

Kerosene-type jet fuel 9.70 %

Lubricants 3.54 %

Residual fuel oil 2.73 %

Liquefied petroleum gases 2.15 %

Asphalt and road oil 1.54 %

Other oils for petrochemical feedstock use 1.29 %

Naphtha for petrochemical feedstock use 1.25 %

Petroleum coke 0.87 %

Miscellaneous petroleum products 0.68 %

Special naphthas 0.33 %

Kerosene 0.21 %

Aviation gasoline 0.13 %

Waxes 0.12 %

Aviation gasoline blending components 0.01 %
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national average emissions, accounting for the differences in
estimation methods.

For the purpose of LCA, the emissions have been
expressed as a function of the reference flow, one megajoule
of energy, based on the lower heating value of ethanol or
gasoline produced in the USA. Thus, all the fuel production
capacities and actual production rates from the data sources
were converted to the reference flow unit and used as the
activity rate in computing emission factors, expressed as kilo-
grams of pollutant per megajoule of energy.

After a closer inspection of facilities reporting to the NEI
and TRI databases, it was found that the total number of fa-
cilities operating in the USA is different from the number of
facilities reporting their emissions. There may be several rea-
sons for this according to the reporting requirements of facil-
ities (Miranda et al. 2008), or the environmental rules guiding
these databases (U.S. EPA 2013f). As an example, there were
149 operating corn ethanol facilities reported in the Ethanol
Producer Magazine in 2008, but only 76 facilities reporting in
the NEI database for that year. Of these, not all of the 76
facilities reported all the pollutants. For example, only 11 fa-
cilities reported the pollutant 1,3-butadiene. Thus, calculations
are based on assumptions of the smaller number of facilities
that report any emission to the databases, and an even smaller
number, which report a particular pollutant. Hence, N* is the
number of facilities operating in the USA, N is the total num-
ber of facilities reporting to NEI or TRI, and n is a subset of
theseN facilities which report pollutant i. From observing data
reported to NEI and TRI, one can conclude that n≤N≤N* To
account for these differences in reporting of pollutants, three
different emission factors were considered, as denoted in
Table 2. These emission factors are highly dependent on the
quality of data, and the correctness of the reported emissions,
capacities, and production volumes were assumed as a prereq-
uisite for analysis. The first emission factor is based on the n

facilities reporting pollutant i in the NEI or TRI databases, the
second is based on the N facilities reporting any pollutant to
the NEI or TRI databases, and the third is based on the actual
production of the fuel from the N* facilities in the United
States. The production from N* facilities is represented as P,
the total production of a given fuel in the country as reported
in EIA. If a particular technology is used, as in this case dry
grind for corn ethanol, the fraction of technology is expressed
as fT. For ethanol, 86 % of the total production uses dry-grind
technology (Mueller 2010).

Emission factor based on production of facilities reporting
emissions of a given pollutant (FCn ) This emission factor rep-
resents the emission of a particular pollutant, i, from the n
facilities that report that pollutant. As represented in Table 2,
the emission factor is constructed from the emissions from n
facilities having a total capacity of Cn. For low reporting of
pollutants, i.e., n<<N, this assumption gives an upper esti-
mate of the value for the emission factor based on the values
available in the emission inventories.

Emission factor based on production of facilities reporting
emissions of any pollutant (FCN ) This emission factor repre-
sents the emission of a particular pollutant, i, from the N fa-
cilities reporting any pollutant in the dataset of NEI and TRI.
This assumes that only n facilities emit the chemical i, and the
N-n facilities do not report the chemical because the amount
produced is either zero, or negligible. In this case the EF
denominator should still include the capacities of the N-n fa-
cilities. For low reporting of pollutants, i.e., n<<N, this as-
sumption gives a lower representative estimate of the value for
the emission factor.

Emission factor based on an aggregate reported production of
the fuel (FPN� ) This emission factor represents the emission of

Table 2 Emission and activity assumptions for calculation of emission factors

Emission factor calculation options F ¼ M
A

� �
Calculation of
emission

Calculation of
activity

Assumption

Emission factor based on production of facilities reporting
emissions of a given pollutant

FCn;i ¼ Emission of Pollutant
Production from facilities reporting a given pollutant

Mi ¼ ∑
n

j
mi; j A ¼ Cn ¼ ∑

n

j
c j

cj=0 if mi,j=0
If mi,j is not available in dataset, then the capacity, cj
is not included in calculating Cn

Emission factor based on production of facilities reporting
emissions of any pollutant

FCN ;i ¼ Emission of Pollutant
Production from facilities reporting any pollutant

A ¼ CN ¼ ∑
N

j
c j

cj=cj if mi,j=0
If mi,j is not available in dataset, then the capacity, cj
is included in calculating CN

Emission factor based on an aggregate reported production
of the fuel

FPN� ;i ¼ Emission of Pollutant
Production of fuel

A=fT×PN* If mi,j not available in the dataset, then, mi,j=0, PN*

= total production from N* operating facilities

F emission factor, i pollutant, j facility, mi,jmass of emission of pollutant i from facility j,M total mass of pollutants, A activity rate in terms of reference
flow (capacity C or production P), fT fraction of reference flow produced using a particular technology, n number of facilities reporting pollutant i to NEI
or TRI, N number of facilities reporting any pollutant to NEI or TRI, N* number of facilities operating in the USA
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a particular pollutant i, from the N* facilities for which a total
annual production rate is available. This assumption takes into
account a frequently used method for computing emission fac-
tors, where the available emission data from one source is di-
vided by any available production data from another source,
often in an aggregated form to obtain an average value.

2.5 Impact assessment

The Tool for the Reduction and Assessment of Chemical and
Other Environmental Impacts (TRACI) is a widely used tool
for life cycle impact assessment (Bare 2013, 2002). The three
average emission factors described above were used to com-
pute a suite of impacts commonly reported in LCA studies
using the TRACI characterization factors.

3 Results

Two sets of findings from this research are presented. The first
compares total sector emissions and emission factors for two
fuels. The second is to use the emissions to calculate charac-
terized impact potentials of the emissions using the TRACI
characterization method.

In the first finding, the sector emissions from corn biorefining
and petroleum refining are compared to determine which sector
has higher emissions. Then, the allocated emission factors for
the products from the two sectors, ethanol and gasoline, are
compared to determine which fuel has higher emissions based
on a megajoule of the fuel produced. Finally, the reporting of a
particular chemical in the NEI database is discussed for its effect
on the emission factor. This reporting statistic is a key for a user
to decide on the choice of an emission factor for a given pollut-
ant as will be established from the results.

In the second finding, the impact potentials using TRACI
are calculated from the emission factors. Here, ratios have
been used to compare the impact potentials to determine
whether the use of an emission factor gives a higher impact
for a particular fuel. In addition, ratios of impact potentials
have been used to compare between the two fuels using a
particular set of emission factors.

3.1 Comparison of total emissions and allocated emission
factors

There were 92 air pollutants common to the corn and petro-
leum refining sectors in the NEI database. A subset of green-
house gases (GHGs) and criteria air pollutants (CAPs) is pre-
sented in Fig. 1. A comparison of all 92-air pollutants com-
mon to the two sectors is provided in the Supplementary
Information (see Table SI1 and Fig. SI1, Electronic
Supplementary Material).

The left axis represents the ratios of the two fuels from the
total sector emissions (MCorn/MPetroleum) and the emission fac-
tors (FCn;E=FCn;G, FCN ;E=FCN ;G and FPN�;E=FPN�;G) for the
ith chemical. The ratios are designed so that a value less than 1
denotes lower sector emissions and emission factors for the
corn biorefining and ethanol respectively. From Fig. 1, it can
be seen that MCorn/MPetroleum<1 for all of the pollutants
shown. From the corresponding Fig. SI1 (Electronic
Supplementary Material) for all 92 pollutants, MCorn/
MPetroleum<1 for 85 of them. From Fig. 1, for the selected
GHGs and CAPs, the ratios of emission factors are all greater
than one. This suggests that the allocated emissions from eth-
anol are higher than gasoline per megajoule of the fuel pro-
duced. From the corresponding Fig. SI1 (see ESM), FCn;E=

FCn;G < 1 for 25 of the pollutants, FCN ;E=FCN ;G < 1 for 29
of the pollutants, and FPN� ;E=FPN� ;G < 1 for 39 of the pollut-
ants. Thus, one can conclude that sector wide emissions for
corn biorefining are less than petroleum refining for more than
90 % of the common pollutants. However, when considering
the emission factors of the individual fuels, more than 50% of
the pollutants (including CAPs and GHGs) are higher for the
production of ethanol.

In Fig. 1, the circle (gasoline) and triangle (ethanol) data
points follow the right axis which shows the percentage of
facilities reporting the particular pollutant (n/N). For certain
greenhouse gases like carbon dioxide and methane, the per-
centage of facilities reporting is quite low (below 50 %). It is
not mandatory to report GHGs, and hence the percentage re-
flects all the facilities that have voluntarily reported their GHG
emissions. For other pollutants like VOC, nitrogen oxides,
sulfur dioxide, etc., a high percentage of reporting reflects
mandatory reporting requirements. In addition, certain pollut-
ants like ammonia, lead, etc., have high reporting percentages,
∼80 %. The percentage reporting for all the 92 common pol-
lutants is obtained from Fig. SI1 (see ESM). This value is
useful for deciding which emission factor to select for a certain
pollutant. When n<<N, FCn gives a higher estimate of emis-
sion per megajoule of fuel produced, and FCN gives a lower
estimate of emission per megajoule of fuel produced. When
n≈N either FCn or FCN can be used as an emission factor.
FPN� should be used only when N≈N*. In such a case, it is
advisable to use FPN� , where the actual production of the fuels
is used instead of capacity. Details on the number of facilities
reporting and operating in the USA are given in the
Supplementary Information Sheet “SI5 Facilities Reporting.”

3.2 Computing environmental and human health impacts
using emission factors

Comparing the common pollutants using the method in the
previous section is sufficient to conclude which pollutants are
released in greater quantity; however, different pollutants have
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varying impacts, and it is important to consider their relative
and cumulative environmental and human health impact poten-
tials. In addition, one needs to consider the impacts from the
pollutants which are not common to the two fuel production
stages in NEI, as well as the pollutants listed in the TRI. For
this, the TRACI impact characterization method was used to

determine the impacts from ethanol and gasoline. This compar-
ison is shown in Figs. 2 and 3. In the figures, the impacts are
expressed as a percentage of the impacts calculated as I FCn ;E

.
From the figures, one sees the impacts vary widely depending
on the choice of the emission factor in the calculation of impact.
Two studies are conducted from these results, the first is on the

Fig. 1 Comparison of select GHG and CAPs from NEI for ethanol (E) and gasoline (G) production. The left axis shows the ratios of the two fuels as
represented by the bars. The right axis shows the percentage of facilities reporting the particular pollutant. See Table 2 for notation

Fig. 2 Environmental impact potentials (I) calculated from ethanol (E) and gasoline (G) emission factors (F) for the three activity-based methods
(designated by Cn, CN, and PN*) expressed as a percentage of I FCn ;E

Int J Life Cycle Assess (2015) 20:597–607 603



effect of choice of activity rate of a particular sector on the
impact, and the second is on the comparison of impacts of
gate-to-gate production-related emissions for the two fuels.

3.2.1 Effect of activity rate assumptions in sector-average
emission factors on impact assessment

The choice of calculation method for determining emission
factors can have a significant effect on results. Calculating
an average emission factor based on the sum of emissions in
an inventory including many facilities within a sector divided
by the total production of that sector could lead to significantly
under estimating actual values. While further work is needed
to explore specific instances of variability across facilities,
findings from this work indicate that analysts should take care
in reporting results based on emission totals divided by pro-
duction totals.

The approach presented here provides a simplified means
of bounding the range of the average value without the use of
more sophisticated statistical analysis. Estimates obtained
using the three calculation options by using the potential im-
pact ratios I FCN ;E=I FCn ;E

and I FPN� ;E=I FCn ;E
for ethanol and

I FCN ;G=I FCn ;G
and I FPN� ;G=I FCn ;G

for gasoline are compared.
In Table 3 it can be seen that for ethanol production, the ratio
of the impact value calculated using the total capacity of all
reporting facilities to the impact value calculated using only
the capacities of facilities reporting emissions of a particular
chemical, I FCN ;E=I FCn ;E

, is 18 % for global warming, 12 % for
ozone depletion, 10 % for freshwater ecotoxicity, and 6 and
5% for human health cancer and non-cancer, respectively. For
gasoline, the corresponding ratio I FCN ;G=I FCn ;G

is 68 and 25 %
for human health cancer and non-cancer categories,

respectively. For the categories of acidification, eutrophica-
tion, smog, and human health criteria air pollutants I FCN ;E=

I FCn ;E
is at least 89 % and I FCN ;G=I FCn ;G

is at least 98 %. In
general, the ratios are closer to one for the impact categories of
acidification, eutrophication, smog, and human health criteria
air pollutants, all of which are closely related to criteria pol-
lutant emissions, suggesting actual values likely more tightly
bound by the range than is the case for other impact categories.
This is not surprising given that criteria pollutant emissions
have been the subject of much closer scrutiny over the years
than the wide variety of other toxic species reported in the NEI
and TRI. It is important to note that greenhouse gas reporting
in the NEI is voluntary, and so one would expect a lower
participation rate and perhaps lower data quality for this
category.

In the absence of facility-specific data forCn orCN, the only
possibility is to use aggregate production data, PN*, to approx-
imate the activity rate associated with facilities reporting emis-
sions. Results from this study provide some insight into cases
when this may or may not be appropriate. It was observed that
the capacity of gasoline production is more than the actual
quantity of gasoline produced in the USA, i.e., CN,G>PN*,G.
Thus, the ratios in Table 3 comparing impacts for gasoline
(both with a denominator of FCn;G) indicate that
I FCN ;G < I FPN� ;G . However, for ethanol, N<<N*, leading to

CN,E<PN*,E, and then the ratios in Table 3 comparing impacts
for ethanol (both with a denominator of FCN ;E) show more
complex behavior. Thus, based on the data, FPN� should be
used only: (1) when no emission and matching capacity data
are available from specific facilities and (2) when the capacity
of N facilities is comparable to the production from N* facili-
ties. In this example, it would be correct to use FPN�;G in place

Fig. 3 Human health impact potentials (I) calculated from ethanol (E) and gasoline (G) emission factors (F) for the three activity-based methods
(designated by Cn, CN, and PN*) expressed as a percentage of I FCn ;E
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of FCN ;G (for gasoline), but the impacts using FPN�;E in place
of FCN ;E (for ethanol) will give erroneous results and should
not be used.

3.2.2 Comparison of impacts from gate-to-gate
production-related air emissions for ethanol and gasoline

For comparing the impacts between the two fuels, the ratios,
I FCn ;G

=I FCn ;E
and I FCN ;G=I FCN ;E , are used. From the results in

Table 3, it is clear the choice of an emission factor can greatly
affect the conclusions regarding the impacts in the categories
of global warming, freshwater ecotoxicity, and human health
cancer from a particular fuel. For example, when FCn is used,
the freshwater ecotoxicity impacts from gasoline are only 9 %
of that from ethanol, but when FCN is used, the impacts from
gasoline are 38 % of that from ethanol. Revisiting the defini-
tions of emission factors earlier in this paper, one can conclude
the different assumptions related to the computation of the
emission factors are reflected in the impact calculation. Thus,
the user is presented with a range of possible impacts with the
use of these different emission factors. From Table 3 one can
conclude the gate-to-gate impact potentials due to gasoline
production are less compared to ethanol production for all
the impact categories when compared on a unit energy basis.

4 Discussion

From the above analysis, computing the different emission
factors gives a method for estimating the national average
emissions per unit energy of fuel produced. Using this method,
more than 200 pollutants could be characterized, and about
170 of these have been characterized using the TRACI impact
methods. From the cumulative impact potentials of the emis-
sions in the two fuel production stages, gasoline has lesser
impacts than ethanol when compared based on energy content

of the fuel produced. The following could be the reasons for
this observation, and can be explored for future research.

First, an order of magnitude analysis on the energy content
of the two fuels produced and the total sector emissions is
done. The total energy content of gasoline produced is higher
by two orders of magnitude compared to ethanol (3.75×1013

MJ of gasoline compared to 6.6×1011 MJ of ethanol produced
in 2008). The total sector emissions for the petroleum sector
are higher by two or more orders of magnitude for only 28 of
the 92 pollutants in NEI compared to the corn biorefining
sector. Thus, for the rest of the pollutants, the emission factor
for ethanol is expected to be higher than gasoline and this is
reflected in the results of Fig. SI1 (Electronic Supplementary
Material).

Secondly, from the data analysis almost all the petroleum
refineries operating in theUSA report to NEI and TRI databases,
while a smaller number of ethanol refineries report to the NEI
database, making a comparison based on all operating facilities
difficult. A comparable inclusion of nearly 100% of facilities for
the corn biorefining sector will help in accurately determining
the total emissions and impacts due to the two fuels.

The maturity of petroleum refineries have resulted in strin-
gent and tight control of their internal processes with emission
control equipment to comply with Title V permitting stan-
dards (U.S. EPA 1998). The rules for Prevention of
Significant Deterioration, Nonattainment New Source
Review, and Title V to establish and operate chemical process
plants were changed in 2007 to exclude facilities which pro-
duce ethanol through a natural fermentation process (U.S. EPA
2007). This rule holds regardless of whether the ethanol is
produced for human consumption, fuel or for an industrial
purpose, and this may be a possible reason for the high emis-
sion factors associated with ethanol production. One could
account for the size of the petroleum refineries, which are large
and concentrated facilities with different rules guiding their
operations compared to smaller, more distributed corn
biorefineries.

Table 3 Ratios of impacts calculated using emission factors, expressed as percentages

Impact category Comparing between impacts
for ethanol

Comparing between impacts
for gasoline

Comparing between ethanol
and gasoline impacts

I FCN ;E=I FCn ;E
I FPN� ;E=I FCn ;E

I FCN ;G=I FCn ;G
I FPN� ;G=I FCn ;G

I FCn ;G
=I FCn ;E

I FCN ;G=I FCN ;E

Global warming 18 % 43 % 6 % 116 % 46 % 14 %

Acidification 89 % 43 % 98 % 116 % 9 % 10 %

Eutrophication 92 % 43 % 98 % 116 % 18 % 19 %

Ozone depletion 12 % 43 % 11 % 117 % 36 % 32 %

Smog 94 % 43 % 99 % 116 % 18 % 19 %

Freshwater ecotoxicity 10 % 52 % 44 % 118 % 9 % 38 %

Human health criteria air pollutants 99 % 43 % 99 % 116 % 10 % 10 %

Human health cancer 6 % 59 % 68 % 117 % 5 % 57 %

Human health non cancer 5 % 62 % 25 % 118 % 1 % 6 %
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While the emissions per unit production are larger in corn
biorefineries, the facilities are more distributed and so have
less environmental justice related concerns. They may be lo-
cated in lower population areas or areas with less pronounced
environmental impacts at present and so may be of less con-
cern overall. Many air emission sources may not be covered or
are exempt from various emission controls, reporting, and
other requirements. In some cases, the number or stringency
of requirements is tiered according to source size or other
criteria, and hence not found in either of the databases.
Thus, the above factors can significantly affect the national
average emission factor calculations. This is possibly the
cause for the higher ethanol emission-factor environmental
and human health impact potentials compared to gasoline.

Results found here suggest that coordinating the reporting of
facility-level emissions and facility-level production would offer
important advantages for quality assurance of emission invento-
ries. These values would allow for the calculation of facility-
specific, activity-based emission factors at the time of reporting.
The results of this calculation could be used to identify instances
where a facility’s reported emissions highlight it as an outlier
from other facilities reporting emissions of a certain chemical
species in that or earlier years.While following up on differences
across facilities in detail could potentially be time-consuming
and therefore overly burdensome, the simple act of offering data
providers automated feedback indicating the percent difference
between their emission factors for the chemicals reported and
sector benchmarks would help prevent instances where errone-
ous data would otherwise be unknowingly reported.

A key finding of this analysis is that national emissions
calculated based on emission inventories and national produc-
tion totals have the potential to significantly underestimate
actual emission factors. The reason for this is bias related to
misreported or not reported emissions in national inventories
(Environmental Integrity Project 2004; Lombardi and Fuller
2013). This is especially important to consider in interpreting
the results of streamlined life cycle assessment or similar stud-
ies, which rely on national average emission factors to
characterize reference supply chains of products. This
is relevant for the development of economy-wide LCA
models based on combining input–output datasets with
national emission inventories (Suh 2005; Hendrickson
et al. 1998; Mazzanti and Montini 2010; Lenzen et al.
2013; Tukker et al. 2013; de Haan and Keuning 1996).
The reasons for potentiallymissing emissions include facility-
specific reporting requirements based on threshold production
or emission levels as well as data quality issues including
either intentional or unintentional misreporting. For example,
Bennear and colleagues have demonstrated instances where
industrial actors endeavor to remain just under thresholds in
order to avoid reporting requirements (Bennear 2008). The
analysis presented here offers one approach for addressing this
problem, which can be utilized by LCA practitioners. The

benefit of this approach is that it provides insight into the
potential for bias associated with the national average emis-
sion factors and allows for bounding the range of possible
emission factors using two different emission factor samples,
inclusive of all facilities for which matches were found (as-
suming zero emissions where the emission inventory does not
provide data) or limited to only instances where explicit emis-
sion values can be associated with production information.

5 Conclusions

A rigorous method of calculation of national average emission
factors for estimating environmental impacts of products from
industrial sectors has been presented in this paper. The key
finding from this work is the potential for underreporting in
national emission inventories results in significant potential
for underestimation of emission factors when calculated on a
sector average basis. This problem is especially acute for in-
put–output life cycle assessment (IO-LCA) techniques, where
often national emission inventories are “summed up” and di-
vided by national total activity rates to get average emission
factors. This analysis demonstrates an approach, which could
be used to improve the estimation of sector average emission
factors for use in process and IO-LCA studies. This paper
discusses when a particular emission factor should be used
based on appropriate assumptions and the situations where a
type of emission factor should be avoided.

The influence of emission factors on the computation of
environmental and human health impact potentials is
discussed, where the differences that arise from the data
choices are explained. Two fuel production sectors, corn
biorefining for ethanol using the dry grind technology and
petroleum refining for gasoline, are compared as a case study
to demonstrate the computation and use of the emission fac-
tors. More than 200 chemical species were available for char-
acterization and more than 170 chemical species were charac-
terized using the TRACI methodology, expanding the scope
of research on environmental impact assessment for ethanol
and gasoline. Using the TRACI characterization factors, this
analysis helped to determine the impact in six environmental
and three human health categories. Thus, this method of emis-
sion estimation can be used to develop the inventories for
products from a manufacturing sector. Such results can be
directly used in the LCA stage of production, especially for
the design of sustainable supply chains of products.
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