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ARTICLE INFO ABSTRACT

Handling editor: Yutao Wang Expanding the domestic bioeconomy can help diversify the use of national resources and reduce emissions.
Evaluating the sustainability of a growing bioeconomy, however, is inherently complex since it spans several
sectors and supply chains. It requires a comprehensive, integrated analysis framework to assess the developments
across the traditional sustainability dimensions. Further, the assessment of bioeconomy developments requires a

robust baseline of historic data and trends. In this paper, we analyze the evolution of the biofuel portion of the US
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Bioeconom; . . . .
Biofuels v bioeconomy, focusing on two fuels that had an exponential growth in the last two decades: corn ethanol and
Corn ethanol soybean biodiesel. For this purpose, we created a novel time series of harmonized environmentally-extended

input-output (EEIO) tables based on a publicly available model from the US Environmental Protection Agency
and expanded its disaggregation to reflect the main supply chains of the biofuels sectors. The EEIO time series
provides the historical evolution of these biofuels relative to the rest of the economy as well as on an energy-unit
basis. We find that, except for energy use, the broader US economy declined in both resource intensity and most
environmental impacts when normalized per one million dollars of gross domestic product. Deviating from this
trend are freshwater ecotoxicity and human toxicity, mainly attributable to the expansion of commodity crops
and the increase of domestic oil and gas extraction respectively. We also find that the biofuel industry’s total
socioeconomic, resource use and environmental impacts grew with their production increases over time. How-
ever, the industry’s maturation and scale-up, combined with higher feedstock yields, contributed to a reduction
of most impacts on an energy-unit basis over time.

Soybean biodiesel

inherently complex since it spans economic sectors and industries. It
requires a comprehensive, integrated analysis framework to assess its

1. Introduction

The bioeconomy can be defined as a set of economic activities related
to the invention, development, production, and use of biological prod-
ucts and/or processes for the production of renewable energy, materials,
and chemicals (Biofuture Platform, 2018). Many governments,
including the United States (US), encourage the expansion of a domestic
bioeconomy, among others to enable the use of local, abundant biomass
and waste resources for advanced biofuels, bioproducts, and biopower
(U.S. Department of Energy, 2019). Whereas the expansion of a US
bioeconomy is desired, the US Biomass Research and Development
Board has recently stressed the need for macroeconomic analyses of the
entire bioeconomy to allow adequate evaluation of its benefits and
tradeoffs (Biomass R&D Board, 2019). Evaluating the bioeconomy is

* Corresponding author.

development across the traditional sustainability dimensions of social,
environmental, and economic metrics. Here, we describe a framework
that integrates environmental and socioeconomic metrics via a life cycle
based environmentally-extended input-output (EEIO) model to quantify
the effects of an expanding US bioeconomy from a macro-level
perspective.

EEIO models have been used to evaluate the relationship between
economic activities and downstream environmental impacts since
Leontief (1970) (Malik et al., 2019). Multiple EEIO models exist for the
US (Tables SI-1), however their industrial classification, accounting
structure, and environmental indicators remain inconsistent, limiting
the possibility of intertemporal comparisons. In 2016, the US
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Environmental Protection Agency (EPA) developed the open source
coded, publicly available US Environmentally-Extended Input-Output
(USEEIO) model (Yang et al., 2017). The USEEIO is based on national
datasets including the 2007 benchmark Input-Output (IO) tables and
1873 environmental indicators encompassing air, water and soil pol-
lutants, energy use, mineral production, water withdrawals and release,
and land use. While it is the most comprehensive public EEIO model
available for the US, its economic and environmental datasets are not
temporally aligned and not available for multiple time steps. Thus, it is
rather unsuited for historical trend analysis. Building upon the public
USEEIO version, we temporally aligned the economic and environ-
mental accounts and created a novel time series of harmonized EEIO
datasets for the US. This consistent time series allows for an evolutionary
perspective of specific technologies, technology portfolios, and related
impacts. It also provides a comprehensive picture of economic and
environmental conditions at the most disaggregated, i.e., detailed level
for publicly available sectors and commodities.

We apply the framework to a historical impact analysis of the
expanding US bioeconomy, in the form of a retrospective case study for
first generation biofuel technologies including corn ethanol from dry-
milling and biodiesel from soybean oil. Both fuels play an integral role
within the current US bioeconomy, its exponential capacity expansion
during 2002-2017, and are well documented with publicly available
data on production volumes, technology evolution, practices, facilities,
and consumption patterns.' The case study also showcases and specifies
the methodological basis and data requirements to detail specific sectors
of the economy for a historical trend analysis, i.e., the disaggregation
and compilation of socioeconomic and environmental data related to the
bioeconomy, and can be used as a blueprint for other sectoral impact
analyses. Few integrated hybrid EEIO-LCAs have been conducted for
biofuel pathways, and none has yet described their evolution of impacts
for the US. Harto et al. (2010) evaluated the effects of US produced corn
ethanol and soybean biodiesel in a hybrid framework, but only related to
the water consumption profile per passenger vehicle mile traveled.
Strogen and Arpad (2013) compared environmental releases from the
construction, manufacturing, operation, and maintenance of the US
distribution infrastructure (and thus only a portion of the supply chain)
for petroleum and lignocellulosic ethanol. Liu et al. (2018) used a similar
approach as the one presented here, but evaluated fast pyrolysis and
hydro-processing biofuel pathways for a single timestep.

Hence, this paper’s contributions are twofold: (1) a novel time-series
of harmonized EEIO-LCA datasets for the US for 2002-2017 at five years
intervals, and (2) an integrated hybrid EEIO-LCA analysis for first gen-
eration biofuels (corn ethanol and soybean biodiesel) in terms of eco-
nomic, environmental and resource use contributions to the US in a
consistent framework. In the next section we summarize the method-
ology used to create the EEIO time series for the US, and the data sources
for the dry-mill corn ethanol and soybean biodiesel supply chains. Full
details are presented in the Methodological Appendix. The evolution of
the impacts for both biofuels in the US context is presented in section 3,
followed by discussion and conclusions.

2. Material and methods
2.1. EEIO time series

We developed a time series of national EEIO tables, composed of the
benchmark IO tables published by the US Bureau of Economic Analysis
(BEA), and fully harmonized them to 2012 North American Industry
Classification System (NAICS) codes. Then, we constructed a

! See e.g. datasets from the Renewable Fuels Association (https://ethanolrfa.
org/statistics/), National Biodiesel Board (https://www.biodiesel.org/pro
duction/production-statistics), EIA Monthly Energy Review (https://www.eia.
gov/totalenergy/data/monthly/).
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comprehensive set of temporally aligned physical accounts covering
employment, energy, water, mineral extraction, land occupation, and
emissions to air, water, and soil. In contrast to the public USEEIO
dataset, our physical accounts were constructed to match, or align
closely, to the BEA economic data vintages, providing an integrated
picture of production and environmental burdens for 2002, 2007, and
2012. Finally, we also expanded these physical accounts for 2017 and
linked them to the latest economic accounts of 2012. Once BEA releases
the 2017 IO accounts, this temporal misalignment can easily be
adjusted.

The economic accounts for each year include the Make, Use, and
Imports tables in current producer’s values before redefinitions (i.e.,
without adjustments to secondary commodities, see Horowitz and
Planting (2009) for specific details). To allow intertemporal compari-
sons, we created a common schema based on the 2012 NAICS denoted
Harmonized BEA (HBEA) that has 345 commodities and 346 industries.
This is the maximum level of detail that does not require further
disaggregation of commodities and sectors in the 2002 tables. In
developing the physical accounts, we used the HBEA disaggregation for
2002, and the original BEA disaggregation for 2007 and 2012; hence all
tables are harmonized to 2012 NAICS and offer the finest level of detail
publicly available.

In addition to the original tables in current prices, we also created
fully deflated tables in constant 2012 prices, which are essential when
comparing the economic structure across years as nominal price effects
can distort the observed change in technological relationships (Die-
tzenbacher and Los, 1998; Tukker et al., 2018). The deflation was per-
formed using the SUT-RAS algorithm (Temurshoev and Timmer, 2011)
based on price indexes for gross output by industry, value added by
industry, intermediate purchases by industry, final demand by compo-
nent, total exports and total imports from the National Product and In-
come Accounts.?

Most of the physical accounts were constructed following the same
methodologies used in the original USEEIO (Yang et al., 2017) and
encompass the same range of physical indicators. The USEEIO is freely
available as a dataset, requiring the use of a separate open-source code
to compile and transform the datasets.® Full details of our methodology
to create the time series EEIO datasets are detailed in the Methodological
Appendix. A summary of our data sources is provided in the Supple-
mentary Information to this paper (Tables SI-2).

The life cycle impact assessment (LCIA) characterization factors were
expanded to include additional chemicals from the physical accounts
that were not present in the original USEEIO model. These factors were
derived from the Tool for Reduction and Assessment of Chemicals and
Other Environmental Impacts (TRACI) (Bare, 2011) and reflect average
impact potentials for the entire US for each chemical. They are assumed
constant for the four years. The same number of impact categories were
maintained (Tables SI-3). The relationships between physical accounts
and impact categories are shown in Fig. 1.

2.2. Bioeconomy disaggregation

A key issue in analyzing biofuels, and more broadly bioeconomy
sectors, is the absence of specific classifications for most of them in
publicly available databases (Haggerty, 2012). This implies that several
bioeconomy sectors are usually aggregated into broader activities which
do not properly reflect their production/consumption structure. In our
case, both biofuel sectors and their feedstocks (corn and soybean

2 Data are from the National Income and Product Accounts (Bureau of Eco-
nomic Analysis, 2019) underlying tables of real gross output, real value added
and real intermediate inputs, and tables2.4.4, 3.9.4, 4.2.4 and 5.3.4.

3 USEEIO dataset: https://edg.epa.gov/metadata/catalog/main/home.page;
code repository to compile and transform the datasets: https://github.com/USE
PA/USEEIO.
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Primary Datasets
(Raw Data)

US GHG Inventory
(EPA)

Nat. Emissions Inv.
(EPA)

Ag. Chemical Prog.
(USDA)

Discharge Mon. Rep.
(EPA)

Toxic Release Inv. Toxic

(EPA)

Monthly Energy Rev.
(EIA)

Mineral Comm. Sum.
(USGS)

Farm & Ranch Irr.
(USDA)

Water Use Survey
(USGS)

Census of Agri.
(USDA)
Major Uses of Land
(USDA)

D Not reported

- Calculated and reported

*Both renewable and non-renewable energy
*CAPs: Criteria air pollutants;
*HAPs: Hazardous air pollutants

Physical Accounts
(Mass)
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Impact
Categories

CAPs* /

Pesticides

Nutrients

Releases

GWP: Global warming [kg CO, eq]
ACP: Acidification [kg SO, eq]

REP: Respiratory effects [kg PM, < eq]
FEP: Freshwater ecotoxicity [CTU eq]
SFP: Smog formation [kg O; eq]

ODP: Ozone depletion [kg CFC-11 eq]
EUP: Eutrophication [kg N eq]

HTP: Human toxicity [CTU h]

Fig. 1. Flows between environmental data sources, physical accounts and impact categories.

farming) are aggregated, requiring a disaggregation step.

Corn ethanol production (NAICS 325193) is included in the original
BEA tables as part of the Other Basic Organic Chemical Manufacturing
sector (NAICS 325190). However, simply using the latter sector to
represent the corn ethanol industry would generate incorrect results,
because the inputs, sales and environmental profiles of the aggregated
sector are significantly distinct” (Steen-Olsen et al., 2014). Therefore, we
disaggregated the main inputs to and outputs from the ethanol
manufacturing process across all time-steps, including, among others,

4 This sector includes the manufacturing of biofuels, calcium and carbon
organic compounds, enzymes, fatty acids, plasticizers, silicone, synthetic
sweeteners, etc.

corn (farming) and co-products from dry-mill ethanol production, i.e.,
distiller’s dried grains with solubles (DDGS), corn oil, and fermentation
CO,. Similarly, soybean biodiesel (32519A) was disaggregated from
sector 325190, and its main supply chain (soybean farming, crude
soybean oil processing, and soybean oil refining) and co-products
(glycerin) were disaggregated from other sectors. The disaggregation
procedure followed balancing constraints from the national accounting
framework, as well as aggregation constraints from the original in-
dustries. Tables SI-4 shows the original and disaggregated sectors and
commodities and Figure SI-1 shows the relationships among them. The
description of unit conventions used in this paper is available in
Tables SI-5.

Corn and soybean farming input uses were based on USDA’s Cost of
Production Surveys for 2002, 2007 and 2012 (U.S. Department of
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Agriculture, 2020a). Fuel and energy consumption for corn and soybean
was further disaggregated using physical breakdown from Foreman
(2014) and Pradhan et al. (2009), respectively, and prices from the US
Energy Information Administration. Purchasing prices were converted
to producer prices using BEA’s Margins Tables for each year. These
sectors were assumed to produce a single commodity each: corn and
soybean, and their sales structures (i.e., how much corn/soybean each
sector in the economy consumed in the year) followed the structure of
the aggregated commodity (1111B0 and 1111A0 respectively).

The dry-mill corn ethanol industry’s inputs were based on Shapouri
and Gallagher (2005), Hofstrand (2019) and Urbanchuk (2013),
adjusted for trade and transportation margins according to the Margins
Tables. The amount of fuel ethanol manufactured was based on the
dry-mill share of total fuel ethanol production in the year as shown in
Figure SI-2 (Chum et al., 2014; U.S. Energy Information Administration,
2019b). DDGS production and prices were obtained from USDA’s US
Bioenergy Statistics (U.S. Department of Agriculture, 2018), and corn oil
production was based on Hoffman and Baker (2010), U.S. Department of
Agriculture (2009), and Renewable Fuels Association (2013). Ethanol
sales structure followed the same structure as gasoline, maintaining the
existing economic flow constraints from the aggregated commodity
325190. DDGS consumption was allocated to cattle farming and animal
food manufacturing only, and corn oil sales were allocated according to
their respective aggregated commodities. Main parameters for the in-
dustry are shown in Table 1.

The soybean biodiesel industry production costs were based on
several studies (Table 2) covering the 2002-2007 period. The main in-
puts (soy oil and methanol) were assumed fixed at 12.89 kg/L and 0.82
kg/L as no significant variation was found between studies. Average
annual prices for methanol were obtained from Methanex (2020). The
amount of biodiesel from soybean oil manufactured was based on the
soy oil share of total biodiesel production in the respective year, as
shown in Figure SI-3 (International Grains Council, 2008; Korbitz et al.,
2003; U.S. Energy Information Administration, 2019a). Biodiesel sales
structure followed the same structure as diesel, maintaining the existing
economic flow constraints from the aggregated commodity 325190.

Soybean oil processing and refined soybean oil manufacturing yields
were estimated as 174.8 kg crude oil/tonne soybean and 0.98 L refined
oil/L crude oil, respectively, based on U.S. Department of Agriculture

Table 1
Main parameters for ethanol manufacturing (dry-mill only).

Unit 2002 2007 2012 Sources

Ethanol MM L 4,861 21,250 46,607 Chum et al. (2014)
Production

Outputs
Ethanol Yield  L/kg 0.40 0.41 0.42 Shapouri and

Gallagher (2005),
Gallagher et al. (2016)
Shapouri and
Gallagher (2005), Wu
(2008), Gallagher

et al. (2016)

DDGS Yield kg/kg  0.32 0.29 0.21

Corn Oil kg/kg  0.002  0.002 0.009 Mueller and Kwik
Yield (2013)
Inputs
Corn kg/L 2.50 2.43 2.38 Shapouri and
Gallagher (2005),
Gallagher et al. (2016)
Total Energy MJ/L 9.70 8.42 7.36 Shapouri and
Electricity kWh/ 0.31 0.18 0.20 Gallagher (2005), Wu
Use L (2008), Mueller and
Natural MJ/L 7.45 6.61 5.67 Kwik (2013), Graboski
Gas (2002)
Coal MJ/L 1.11 1.14 0.98
Water L/L 4.70 3.00 2.90 Shapouri and

Gallagher (2005), Wu
et al. (2009), Wu
(2019)

Journal of Cleaner Production 321 (2021) 128890

Table 2
Main parameters for biodiesel manufacturing (soybean oil only).

Unit 2002 2007 2012 Sources

Production MM L 36 1465 2033

EIA (2019b)
Outputs
Biodiesel L/kg 1.08 1.08 1.08 VanWechel et al. (2003),
Yield Fortenbery (2005), Haas
Glycerin kg/kg 0.10 0.13 0.13 et al. (2006), Paulson and
Yield Ginder (2007), Hofstrand
(2020)
Inputs
Soy Oil kg/L 0.90 0.90 0.90 VanWechel et al. (2003),
Methanol kg/L 0.02 0.02 0.02 Fortenbery (2005), Haas

Total Energy MJ/L 2.49 2.49 2.49
Electricity kwh/  1.81 1.81 1.81

et al. (2006), Paulson and
Ginder (2007), Van Gerpen

Use L (2008), Hofstrand (2020)
NaturalGas ~ MJ/L 0.16 0.16 0.16
Water L/L 2.00 2.00 2.00 Hofstrand (2020)

(2020b). Production volumes were estimated based on soybean oil
supply data from U.S. Department of Agriculture (2018). Their pro-
duction structures were based on sectors 311224 (Soybean and other
oilseed processing) and 311225 (Fats and oils refining and blending)
respectively by replacing their main feedstocks with the estimated data.
Main parameters for the industry are shown in Table 2.

The estimation of physical accounts which do not have point-source
data followed the same estimation procedure as for other sectors of the
economy. For ethanol manufacturing, facility-level data from EPA’s
Toxic Release Inventory, National Emissions Inventory, Discharge
Monitoring Report, and Greenhouse Gas Reporting Program Subpart C
were used to estimate national-level releases. However, not all dry-mill
ethanol plants report emissions and releases because several small fa-
cilities fall under the reporting requirement thresholds of these data-
bases. Therefore, we complemented the reported information at state-
level by assuming that the non-reporting ethanol dry-mills released
chemicals at the same rate per gallon as the weighted average of ethanol
facilities in the state. The states’ weighted averages were calculated by
chemical (kg emitted per million gallon of fuel ethanol), over the entire
distribution except outliers (defined as 1.5 times above/below the third/
second quartile). Because this is one possible estimation option, we
report the uncertainty in impacts in the results. The range reflects the
lower bound of using only the reported data, and the upper bound of
using a homogenous weighted average for the US for all facilities
(reporting or not). The largest uncertainty is found in ozone-related
emissions, due to limited data points available for all years, with a
variation of up to 6000% from the baseline emissions. However, due to
its relatively low impact in the economy, this variation is not significant
for the results. The most important uncertainty that can significantly
affect the results is in human toxicity (HTP).

Due to its small industry size, the variety of feedstocks used (different
vegetable oils, used cooking oils, and animal fats), and the limited
number of facilities reporting, soybean biodiesel is fairly underrepre-
sented in these databases (especially when compared to corn ethanol).
We narrowed down our soybean biodiesel sample to five facilities that
utilize soybean oil as feedstock and that consistently report across all the
aforementioned databases’: AC&S (WV, 3 MPGY), Deerfield Energy
(MO, 30 MGPY), Louis Dreyfus Agricultural Industries (IN, 90 MGPY),
Owensboro Grain Biodiesel (KY, 45 MGPY) and Stepan Co. (IL, 21
MGPY). Emissions were weighted averaged for these facilities for each
year and scaled up using the total national soybean biodiesel produc-
tion. The uncertainty range reflects the lower bound of using the lowest
plant emission factor, and the upper bound of using the highest plant

5 Only three facilities appear in the Greenhouse Gas Reporting Program
Subpart C (Louis Dreyfus Agricultural Industries, Owensboro Grain Biodiesel
and Stepan Co.).
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emission factor, both scaled up.

Combustion emissions of ethanol and biodiesel for use in vehicles
were derived from GREET (Argonne National Laboratory, 2019) and
represent releases from a theoretical (spark ignition) internal combus-
tion engine vehicle burning E100 and B100, respectively. Impacts from
fuel distribution, i.e., from plant gate to consumers’ vehicles tanks, are
calculated using the wholesale, retail and transportation margins from
the margins table for final demand based on consumption of petroleum
refinery products.

The final expanded harmonized model has 352 sectors and 355
commodities. We applied this model to perform an impact analysis to
quantify the contribution of fuel ethanol from dry-mills and soybean
biodiesel production to selected resource use and environmental im-
pacts from the whole US economy on a well-to-wheel (WTW) basis for
2002, 2007, 2012 and 2017. Given that the benchmark IO table for 2017
has not been released, 2017 uses the economic structure of 2012; hence
any technology change in the period will not be captured in terms of
interindustrial dependency. Nonetheless, changes in environmental
emissions will reflect changes in technology for 2017. The model applied
is a single-region domestic model: only economic impacts and emissions
occurring in the US are accounted for. Foreign impacts and feedback
effects from international trade are not captured.

Results are presented first as absolute effects, i.e., the contribution of
the total dry-mill corn ethanol/soybean biodiesel sectors to each US
socio-environmental impact category in the respective year, accounting
for all co-products and thus providing a ‘footprint’ of the entire in-
dustries (which forms a central part of the US bioeconomy). Secondly,
we illustrate the impacts of the commodities corn ethanol and soybean
biodiesel on a unit basis, accounting for co-products via economic value.

3. Results
3.1. National trends

We find that the national level absolute resource uses and environ-
mental releases by the US economy over the four years (Tables SI-6)
follow specific patterns. Total US employment, gross domestic product
and mineral extraction followed the overall economic trend of the
period with the 2008 economic crisis separating the series into two
distinct periods. The 2002, 2007 years reflect the economic expansion
phase with low unemployment and high construction activity, driving
domestic mining of sand, gravel, and stone. The 2008 financial crisis
drove the sharp decline between 2007 and 2012, with the 2012 and
2017 years reflecting the recovery period following the recession.

The declining trend of total water withdrawals is particularly linked
to significant structural changes in the energy sector and irrigation
technology in agriculture. Economic growth between 2000 and 2005
increased water consumption for electricity generation, following the
upward trend in the energy accounts (Table SI-2 in the Supplementary
Materials), but overall water use declined, especially due to a reduction
in irrigation withdrawals attributable to a continuous replacement of
traditional surface irrigation systems with more efficient sprinkler sys-
tems (Dieter et al., 2018). In the later years, the reduction in water
withdrawals was primarily driven by power generation, mainly due the
shift from coal to natural gas fired power plants that cut onsite water use
by more than 50% (Kondash et al., 2019).

Total land occupation increased over the period driven by all land
types, with a slight reduction in 2017, due primarily to a drop in oil and
gas non-competitive leases in Nevada. There is also an overall growth in
nitrogen (N) and phosphorus (P) consumption and related environ-
mental releases. These can largely be attributed to the increase in corn
and soybean acreages over the time span. Although most N and P re-
leases came from agricultural sectors, release from non-agricultural
sectors also increased between 2007 and 2017.

Fossil fuel combustion was the primary driver of CO; releases, with
emissions from the electricity sector consistently decreasing after the
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2008 financial crisis, and those from transportation following the overall
economic dynamics (sharp decline between 2007 and 2012 followed by
a rebound in the later period). The reduction in releases of ozone
depleting chemicals reflects the phaseout of class II Ozone-Depleting
Substances during the period: the significant decline in HCFC-141b
use from 2002 to 2012 was due to ceased production of this chemical
in 2003, while the reduction in HCFC-142b between 2007 and 2012 was
driven by its production ban in 2010 (U.S. Environmental Protection
Agency, 2019).

The reduction in criteria air emissions was mainly driven by fuel
switching (from coal to natural gas and from fossil to renewables, to a
lesser extent) for electricity generation leading to a significant reduction
in SO,, NOy and PM emissions. Also contributing to the overall reduction
in air emissions were mobile sources due to a combination of improve-
ments including the use of advanced emission controls to meet more
stringent emission standards, switching to low and ultra-low sulfur
diesel, and adoption of more efficient engines (U.S. Environmental
Protection Agency, 2014; 2020a). Soil and water emissions were pri-
marily driven by pesticide use in agriculture, and its evolution is
partially attributed to recent changes in the type of pesticides applied
(Hellerstein et al., 2019).

Normalizing the effects per one million US$2p12 of Gross Domestic
Product (GDP) (Figure SI-4), we observe an increase in labor produc-
tivity with a decline in resource intensity (except for energy use).
Moreover, for several environmental impact metrics, there is a reduction
in negative environmental effects per dollar of GDP: acidification (ACP),
global warming (GWP), ozone depletion (ODP), smog formation (SFP),
and respiratory effects (REP). Ecotoxicity (FEP) and human toxicity
(HTP) appear to exhibit an upward trend apart from a slight drop in
2007. While the former has been driven by crop farming, particularly
due to the expansion of soybeans, the latter has been driven by the
expansion of domestic oil and gas production (especially releases of
acrolein and formaldehyde). Eutrophication (EUP) displays a decreasing
trend despite a peak in 2012. Such peak was driven by a relative increase
(to GDP) in water releases of nitrogen and phosphorus in both sewage
systems and crops due to the slower economic growth from 2007 to
2012 and the 2012 drought that affected the agricultural sector.

3.2. Bioeconomy trends — absolute effects

Analyzing the contributions of the corn ethanol and soybean bio-
diesel industries to the US national totals for the years and metrics
evaluated (Figs. 2-4), we can determine total direct and indirect impacts
due to the production of ethanol/biodiesel and related co-products in
the respective years, as well as the combustion of fuel ethanol/biodiesel
consumed domestically. The national absolute trends are included in
each figure for comparison. Note that the 2017 results (highlighted in a
non-solid pattern) should be interpreted as the economy in 2012, pro-
ducing and emitting as in 2017 due to the temporal misalignment be-
tween environmental and economic datasets in that year.

The value added (GDP) and job contributions from dry-mill ethanol
production to the total US economy grew more than fivefold between
2002 and 2017 (Fig. 2). The upstream supply chains were a major
contributor accounting for more than 65% of GDP and 74% of jobs while
the ethanol conversion industry itself only accounted for 20% and 6%
respectively of the total sector contribution per year on average.

By comparison, due to the much smaller size of the industry, soybean
biodiesel contributed much less to the total US economy and environ-
mental impacts, with most metrics reporting below 1%. Nevertheless, in
relative terms, biodiesel had a significant increase in impacts from 2002
to 2007 due to a vast expansion of its production volume (from 9 to 387
million gallons), despite a change in many plant operations from batch
production to continuous (Paulson and Ginder, 2007). The relative GDP
and job contributions from soybean biodiesel production to the US
economy also grew significantly more than ethanol between 2002 and
2017 (Fig. 2). Similar to corn ethanol, the upstream supply chains were a
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Fig. 2. Trend in the share of value added and jobs by biofuel industry in relation to the total US economy in the respective year.

major contributor accounting for more than 75% of GDP and 87% of jobs
while the biodiesel conversion industry itself accounted for 22% of GDP
and 8% of jobs on average.

It is worth noting that total employment from both biofuel industries
grew despite the sharp drop in national employment levels between
2007 and 2012. The positive trend in these economic effects and in the
following environmental metrics is a direct reflection of the exponential
growth experienced by the sectors over the analysis period (Figures SI-2
and SI-3).

When evaluating resource use over the period, we can clearly discern
the impacts of the 2012 drought, particularly on water use, including
freshwater withdrawals (H20) and land occupation (LOC), manifested
in the increased irrigation and lower corn yields per acre planted
(Fig. 3). While minerals use (MIN) is not directly related to corn farming,
its impact stems from the production of fertilizer for corn farming (the
corn supply chain). The drought-related reduction in soybean yields in
2012 (roughly —4%) was relatively smaller than that for corn (—18%)
and dampened the impacts on crop-driven metrics. As expected, due to
the industry’s growth, resource use increased in the period (Fig. 3).
While minerals use (MIN) is not directly related to soybean farming, its
impact stems from the production of fertilizer for farming (the soybean
supply chain).

Both sectors’ releases to air, water, and soil, characterized via TRACI
showed an overall increase in impacts, relative to the total impacts from
the US economy (Fig. 4). This relative increase in eutrophication (EUP),
freshwater ecotoxicity (FEP), and respiratory effects (REP) was driven
by the exponential growth of both sectors, which increased at a faster
pace than the rest of the US economy on average across the period
evaluated. Except for ozone depletion (ODP) and human toxicity (HTP),
the observed increases from ethanol production were mainly driven by
environmental releases attributable to corn farming. Also, the peak in
contribution observed in EUP, ACP (almost same contribution as 2017),
FEP and REP in 2012 is directly related to lower corn yields due to the
drought that year. For most air-related metrics, soybean farming rep-
resented a significant portion of the biodiesel industry impacts. For both
fuels, most of the sharp decline in REP between 2012 and 2017 can be
attributed to a change in assumption in the number of passes for con-
ventional tilling in the 2017 NEI (reduced by two-thirds from the pre-
vious NEIs), which significantly reduced particulate matter emissions
for corn and soybean farming (U.S. Environmental Protection Agency,

2020b). For comparison, the trends without tilling emissions for REP for
ethanol and biodiesel are shown in Figure SI-5 and Figure SI-6,
respectively.

3.3. Bioeconomy trends — relative effects

The relative trend analysis shows how the impacts resulting from
producing one energy unit (1 MJ) of the respective fuel evolved over
time. This result is obtained by dividing the total effects from producing
the fuel (not considering other co-products) from each year by the total
US dry-mill ethanol/biodiesel production in the respective year. In
Figs. 5-7, for illustration purposes, the year with the higher impact per
metric is used as the respective benchmark (100%) for that metric. The
impacts of the other years are then shown as a relative comparison to
that benchmark. The impacts are broken down into supply chain steps
(stacked bars), including upstream supply chain activities, farming,
conversion, fuel distribution, and end-use combustion.

Across socioeconomic effects, value added remained relatively con-
stant, while jobs declined steeply per MJ of corn ethanol over the
2002-2017 period, primarily due to economies of scale and production
efficiency gains such as yield increases (Fig. 5). The direct contribution
of the ethanol industry for these impacts was relatively small, repre-
senting on average 19% of value added and 5% of jobs, with most of the
effect being indirect. On average, upstream sectors (excluding corn
farming) contributed 49% of value added and 57% of jobs, and down-
stream sectors (fuel distribution) contributed 16% and 19%
respectively.

For biodiesel, the steep reduction in jobs per MJ between 2002 and
2007 can be traced to significant structural changes in the industry be-
tween these two years: initially plants were generally small and designed
for batch fuel production, while later plants were designed to operate in
continuous flow, reducing operating costs and job requirements (Paul-
son and Ginder, 2007). The direct contribution of the biodiesel industry
for these impacts was relatively small (especially for jobs), representing
on average 21% of value added and 7% of jobs, with most of the effect
being indirect. On average, upstream sectors (excluding farming and oil
processing) contributed 44% of value added and 54% of jobs, and
downstream sectors (fuel distribution) contributed 3% and 4% respec-
tively (this low contribution is because most biodiesel is consumed by
industries instead of final demand, which is the opposite from corn
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Fig. 3. Trend in the share of resources used by biofuel industry in relation to the total US economy in the respective year.

ethanol).

Across most of the environmental metrics, the effects related to
biofuels production have, in general, improved over time with an almost
linear trend across resource use and impacts (Figs. 6 and 7). The year
2012 deviated from this general trend for metrics driven by crop farming
due to the 2012 drought. On the other hand, the yield increase in ethanol
conversion and thus the reduction of corn feedstock per MJ of fuel
produced has enabled the reduction in environmental and economic
effects across most metrics. This effect is particularly noticeable for
those metrics whose impacts are dominated by corn farming including

water (H20), land occupation (LOC), eutrophication (EUP), acidifica-
tion (ACP) and ecotoxicity (FEP). For biodiesel, increasing yields in
soybean farming drove most of these metrics.

Resource use in ethanol production was mainly driven by corn
farming, which was the largest contributor to ethanol’s lifecycle water
consumption at national level (Fig. 6). In terms of non-renewable (pri-
mary) energy use (NEU), ethanol’s requirements derived from the con-
sumption of natural gas, electricity, and fuel for farm equipment.
Moreover, fertilizer production was the main contributor to mineral use
(MIN).
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Fig. 4. Trend in the share of impacts by biofuel industry in relation to the total US economy in the respective year.

Regarding biodiesel, freshwater withdrawals (H20) and land occu- more favorable price ratio for the former (Ash and Dohlman, 2007).
pation (LOC) in 2017 have reduced 40% from their 2002 levels, mainly Despite lower production, soybean crushing expanded in 2007 with
due to farming improvements (Fig. 6). The 2012 drought impact on average oil production growing 10% between 2002 and 2007, driven by

water consumption is evident in the spike in H20 for that year. The higher demand for soybean meal and oil (the cost of other oilseed oils
lower soybean acreage in 2007 (down on average 12% from 2002) was increased faster than soybean’s). This increased domestic consumption
driven by Midwest farmers favoring corn instead of soybeans due to a and higher soybean prices in the year also impacted exports (Ash and
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Fig. 5. Trend value added and jobs per MJ of biofuel.

Dohlman, 2008), which grew modestly (8%) in relation to 2002. The
consumption of natural gas, electricity, and fuel for farm equipment
contributed the most to the non-renewable (primary) energy use (NEU).
The decline in non-renewable energy use was in part driven by the
increasing share of renewables in energy generation (Figure SI-4).
Moreover, like corn ethanol, fertilizer production was the main
contributor to mineral use (MIN).

Corn and soybean farming also contributed the most to GWP totals
(due to farm equipment use and nitrogen fertilizer application),
although contributions were more evenly spread across the supply chain
(Fig. 7). The smog formation potential (SFP) for both biofuels was
related to end-use combustion and corn farming emissions of nitrogen
oxides (from farm equipment) and volatile organic compounds (VOCs)

Journal of Cleaner Production 321 (2021) 128890

from pesticide applications, transportation, and electricity generation.
The reduction in emissions from transportation as well as the switch to
natural gas in the electric grid drove the reduction in SFP from ethanol.

Pesticide use in corn farming grew over time, particularly the
application of glyphosate herbicides (Osteen and Fernandez-Cornejo,
2016). The adoption of glyphosate in lieu of traditional herbicides
(such as atrazine, acetochlor and s-metolachlor) nonetheless reduced the
freshwater aquatic ecotoxicity (FEP) and human toxicity (HTP) due to its
lower characterization factor compared with other herbicides, in-line
with the finding from Yang and Suh (2015). Contributing to the
reduction in FEP was also a decline in corn acreage treated with in-
secticides (particularly chlorpyrifos and tefluthrin) from 24% in 2002 to
13% in 2018 (U.S. Department of Agriculture, 2019). Fertilizers
contributed the most for ACP (ammonia) and to EUP (due to nitrogen
and phosphorus runoffs and leaching). For total human toxicity poten-
tial (HTP), the main chemicals driving the impact from corn ethanol
were acrolein and formaldehyde (from farm equipment use, field
burning and pesticide application), and atrazine (from herbicide appli-
cation). Respiratory effects potentials (REP) were primarily driven by
particulate matter emissions (PM;o and PM3 5) from tilling (over 90%)
and harvesting in corn farming fields. Excluding tilling emissions, REP
decreased over the period, an effect attributable to increasing yields in
both corn farming and ethanol conversion (Figure SI-5). Releases of
acrolein to air at ethanol conversion facilities also contributed to HTP.

Despite a widespread adoption of herbicide resistant soybean and the
resulting substitution of traditional herbicides with glyphosate com-
pounds, freshwater ecotoxicity (FEP) has increased over time due to
increasing use of insecticides (particularly lambda-cyhalothrin and
cyfluthrin). This pest management choice was in response to the inva-
sion of soybean aphid that appeared in Wisconsin in 2000 and rapidly
spread in the Midwest (Yang and Suh, 2015). This FEP trend is the
opposite to the evolution of corn ethanol impacts.

Similar to corn ethanol, total human toxicity (HTP) impacts for
soybean biodiesel were driven by acrolein (from farm equipment use),
but more significantly due to an increase use of acephate-based in-
secticides for pest management.

The changes in the NEI methodology for estimating crop field
burning increased their uncertainty. Yet these represented less than 5%
of HTP and did not impact the overall trend observed.

Eutrophication (EUP) was driven by fertilizer applications in soy-
bean farming (nitrogen and phosphorous runoffs), following the evo-
lution in the number of planted acres treated, which varied in a V-
shaped fashion in the period. Differently from fuel ethanol (which
improvement in EUP was due to growing ethanol yields), the almost V-
shaped evolution for biodiesel was primarily due to an increased number
of soybean fields treated with fertilizers. In relation to corn farming,
soybean fertilizer applications were lower (8 times for nitrogen and 1.3
times for phosphorous) and less adopted than in corn farming (averaging
24% and 32% of planted acres treated with nitrogen and phosphorus
respectively, against 97% and 79% for corn) (U.S. Department of Agri-
culture, 2019).

REP were primarily due to particulate matter emissions (PM10 and
PM2.5) from tilling (over 90%) and harvesting in soybean farming
fields. Without tilling emissions, REP is decreasing over the period
(Figure SI-6). Ozone-related emissions were mainly indirect and the
ODP trend reflected the national phaseout of class II Ozone-Depleting
Substances during the period (U.S. Environmental Protection Agency,
2019).

Due to the uncertainty in ethanol conversion emissions, it is not
possible to derive an overall trend for HTP. Without ethanol conversion,
HTP remained mostly constant over the period. Previous LCA work from
Yang (2013) indicated a decrease in this metric between 2001 and 2010,
however that paper has a more limited scope (feedstock, conversion,
transportation and combustion only) and therefore did not consider
economy-wide indirect effects which in our analysis contributed in
excess of 20% of the results. GWP emissions from ethanol manufacturing
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Fig. 6. Trend in resource use per MJ of biofuel.

were constant over time due to limited facility level data on greenhouse
gases (2012 emission factors were used in all four years).

4. Discussion and conclusions

Apart from integrating socioeconomic and environmental sustain-
ability dimensions across more than a dozen related metrics into one
framework, an important contribution of this paper is that it builds a
harmonized time series of EEIO tables for the US economy, in whose
context the (retrospective) expansion of the US bioeconomy can be
evaluated with geospatial and temporal details. The framework thus
allows to trace and measure changes in the bioeconomy’s effect on
recognized economic indicators used by the US government, the public,
businesses, and state governments (Office of Management and Budget,
2018), among others. The increasing need of a system approach to

understand both economic and environmental impacts of an evolving
complex society, e.g., changing trade patterns, introduction of new
technologies, conservation policies, etc., has led to the development of
several EEIO databases in the last decade that widened the timeliness
and spatial extension of these analyses. However, these datasets have
not been developed to same extent in the US as abroad. This paper tries
to partially fill this gap by providing a harmonized time series of EEIO
tables for the country, and a roadmap for future updates of the US EEIO
databases, allowing US focused practitioners to expand EEIO and LCA
works.

The EEIO-LCA approach accounts for inter-industry effects within
the entire economy and does not require a subjective cutoff to define a
system boundary as is the case for process-based LCA. Consequently, the
broader scope typically leads to higher impacts. For example, a recent
LCA study review indicated that the central best estimate for current US
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Fig. 7. Trend in impacts per MJ of biofuel.

corn ethanol is 47.5 g CO2¢q/MJ (range of 36.6-56.4 g CO2¢q/MJ) when
land use change effect is not included (Scully et al., 2021). This is lower
than our calculated corn ethanol carbon intensity of 69 g CO2eq/MJ in
2017. The EEIO-LCA framework presented herein, relies on vetted,
federal-level, public datasets (many of which are US Census related with
3-5 years publication intervals). It is less suitable to analyze plant-level

11

technology changes or improvements and focuses more on the industry-
level portfolio of technologies and the impact of this portfolio on the
broader economic structure. Process-based LCA is designed to provide
plant-specific process-level details. It can thus also capture latest in-
dustry technologies, best-in-class process-designs, and/or optimized
systems (e.g., using waste heat from an adjoining process).
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Due to the time range and detail level of our datasets, an important
source of uncertainty is how the different environmental databases have
evolved in terms of quality and comprehensiveness, data availability,
and aggregation in the original sources. Although several steps were
taken in this paper to mitigate some of these issues (such as eliminating
sources and chemicals added between surveys), future work will
continue to address this topic. Another limitation of the current work is
the distinct scope of environmental and economic accounts: while
publicly available physical data follow the territorial principle, i.e. ac-
count for all emissions inside the US geographical territory, the national
accounts follow the residence principle, i.e., account for transactions
from all “residents” (agents whose center of economic interest is the US,
see Horowitz and Planting (2009)). For example, emissions from a truck
owned by a Canadian company transporting freight in the US are
recorded in the environmental data, but economic transactions are
considered foreign trade for the national accounts. This is a known issue
in constructing EEIO datasets (Usubiaga and Acosta-Fernandez, 2015)
and was not addressed in this work to follow as closely as possible the
construction methodology from USEEIO.

Future work will focus on adding more US bioeconomy products into
the framework, including several near-commercial biofuel pathways.
The framework will also be adapted for regionally-specific analyses,
building on several spatially explicit environmental accounts such as
Yang et al. (2018). We also plan to integrate this domestic model with
existing global multiregional environmentally extended input-output
databases such as EXIOBASE (Stadler et al., 2018) or Eora (Lenzen
et al., 2012) to account for non-US impacts due to imports. Finally, we
will expand the framework’s capability to model emerging technologies
and simulate cross-sectoral transitions for determining the impacts of
potential future expansion scenarios of the US bioeconomy.
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