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Abstract: Renewable fuel standards for biofuels have been written into policy in the U.S. to reduce
the greenhouse gas (GHG) intensity of transportation energy supply. Biofuel feedstocks sourced from
within a regional market have the potential to also address sustainability goals. The U.S. Mid-Atlantic
region could meet the advanced fuel designation specified in the Renewable Fuel Standard (RFS2),
which requires a 50% reduction in GHG emissions relative to a gasoline baseline fuel, through ethanol
produced from winter barley (Hordeum vulgare L.). We estimate technology configurations and
winter barley grown on available winter fallow agricultural land in six Mid-Atlantic states. Using
spatially weighted stochastic GHG emission estimates for winter barley supply from 374 counties and
biorefinery data from a commercial dry-grind facility design with multiple co-products, we conclude
that winter barley would meet RFS2 goals even with the U.S. EPA’s indirect land use change estimates.
Using a conservative threshold for soil GHG emissions sourced from barley produced on winter
fallow lands in the U.S. MidAtlantic, a biorefinery located near densely populated metropolitan areas
in the Eastern U.S. seaboard could economically meet the requirements of an advanced biofuel with
the co-production of CO2 for the soft drink industry.

Keywords: biofuel policy; life cycle assessment; GHG mitigation; energy security; indirect land
use change

1. Introduction

Much has been written, debated, and recast over what constitutes a “green” or environmentally
sustainable biofuel. The development of renewable and low carbon fuel standards has shaped the
way in which life cycle assessment (LCA) tools are used to judge a fuel’s “greenness,” specifically
for addressing greenhouse gas (GHG) mitigation [1]. For example, LCA methods dictate choice of
temporal, spatial, and process boundary selection [2,3], and treatment of co-products [4,5]. Crop-based
fuels such as ethanol derived from corn have come under scrutiny for disrupting food markets
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and for the risks they pose towards indirect deforestation and carbon emissions, known as indirect
land use change (iLUC) [6,7]. This is because the starch-based crops used to produce ethanol via
wet or dry milling processes are grown on prime agricultural lands that compete with food, and
thereby disrupt food prices. However, recent studies have shown the penalty of iLUC to be small
yet complex when grains like corn and soybean are traded in global markets [8]. Ways of lessening
or circumventing the iLUC CO2 “penalty” include using waste or growing energy crops, whether
starch or lignocellulosic, on marginal lands, or growing those crops when land has been historically
fallow. Winter double-cropping can make use of fallow land because in certain agricultural regions it
is seldom economical to grow winter crops (e.g., winter wheat) for food or feed, and historic records
show that farmers have left the land fallow.

If a winter crop used for energy does not disrupt summer crop yield in a rotation, the indirect
CO2 penalty may be minimized. Furthermore, when winter double crops are grown using best
management practices (BMP) such as conservation tillage and with optimized nitrogen fertilizer
application, they may provide water quality benefits through reducing the NO3 leaching and runoff

from agricultural fields [9] that contribute to seasonal hypoxic zones [10]. Jayasundara et al. [11]
reported improved fertilizer uptake efficiency and reduced gaseous and leached losses of NO3–N
through incorporating BMPs in corn–soybean–winter wheat rotations in Ontario, Canada. Therefore,
winter small grains such as barley could, in the interim while lignocellulose-based fuel technologies
mature, be promising agricultural feedstocks for low carbon fuels that promote energy security and
rural economic development—ingredients necessary for deeming a fuel “sustainable.”

A suite of biofuels derived from non-corn starch-based feedstocks converted to ethanol that
meet a 50% reduction in life cycle GHG emissions relative to gasoline could meet the advanced fuels
designation under the Renewable Fuel Standard (RFS2) of the Energy Independence and Security
(EISA) Act of 2007 [12]. Barley-to-ethanol produced under select operating conditions was proposed
by the U.S. Environmental Protection Agency (EPA) as a renewable and advanced biofuel [13] as was
grain sorghum-to-ethanol [14]. In the U.S. Mid-Atlantic region and surrounding states that could
support winter cropping (Virginia, North Carolina, Maryland, Delaware, Pennsylvania, and Kentucky),
barley (Hordeum vulgare L.) can be grown as a winter double-crop. Other double-crops like camelina
(Camelina sativa L.) and field pennycress (Thlaspi arvense L.) oilseeds have been proposed as feedstock
for biofuel that can provide ecosystem services if integrated into corn–soybean crop rotations [15].
For example, Krohn and Fripp [16] estimate that biodiesel made from spring camelina grown as a
double crop achieved a 40% to 60% reduction in life cycle GHGs, assuming no iLUC effects. Tabatabaie
et al. examined soil parameters affecting camelina as a winter crop for biodiesel production in Western
U.S. states to estimate multiple life cycle impact assessment (LCIA) metrics [17].

Starch-based cereal grains such as barley [18], wheat (Triticum aestivum L.) [19], and sorghum
(Sorghum bicolor (L.) Moench) [20] can be converted to ethanol using commercial technology. In most
cases, results from technoeconomic analyses (TEA) have concluded that stable or low feedstock costs
along with rising fossil fuel prices are needed to render grain alcohol competitive. Additionally,
value-added co-products can improve biorefinery economics. Environmental life cycle assessments
have been undertaken for agricultural commodities like barley grain [21] and straw [22], and for
ethanol produced from grain sorghum [23], wheat [24], and cellulosic feedstocks [25] to understand
the life cycle impacts related to global warming, eutrophication and acidification potential. To date,
LCA of winter barley grain as a feedstock to produce ethanol has not been studied.

Malca and Freire [24] examined uncertainties in life cycle GHG emissions for wheat-to-ethanol in
Europe, and showed that the highest and most variable GHG emissions related first to soil organic
carbon (SOC), and second to nitrous oxide emissions during crop production. The contribution of SOC
to the life cycle of crops strongly depends on the land use history of the growing region as noted in
previous biofuel research [23,26–28]; thus, it is best modeled using Tier 3 IPCC (Intergovernmental
Panel on Climate Change) biogeochemical or process models to predict the consequences of SOC and
N2O emissions when winter crops are introduced into a rotation. Tier 3 methods have been used to
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predict soil N2O emissions to understand policy compliance for barley in advanced biofuel and low
carbon fuel standard policy frameworks [29]. The biogeochemical models used in Tier 3 approaches
require many detailed input parameters that cannot be known precisely. To address this uncertainty,
Gao et al. [29] explored the use of a “margin of safety” approach in which emissions estimates are
based not on the central tendency of model results, but on plausible upper bounds, such that one
can have confidence that actual emissions will in all likelihood be lower than the estimated value
(see Springborn et al. [30] for a discussion of the theoretical basis of margin of safety approaches).

The overall objective of this paper is to evaluate the environmental conditions for meeting
advanced fuel designation for biofuels produced within the vicinity of high population centers on the
U.S. East Coast using regionally available winter barley and commercial dry-grind technology. Using a
life cycle modeling approach, we investigate alternative co-product scenarios and policy implications
for meeting the advanced fuel designation in the Mid-Atlantic region of the U.S. using winter barley
in corn (Zea mays L.)–soybean (Glycine max L.) rotations through examination of attributional and
consequential LCA approaches and uncertainty. Prior research has used LCA with Monte Carlo
simulation to understand the sources and effects of uncertain model parameters on GHG emissions in
grain [24,31] and lignocellulosic feedstocks and technology [32] used to produce ethanol transport
fuel. Moreover, LCA studies have demonstrated the importance of biomass logistics and scale [33–35],
spatial aspects [36], and uncertainty [37] in feedstock supply to biorefineries on life cycle environmental
impacts. We investigate the role of biorefinery proximity to end-markets for co-products in relation to
meeting RFS2 advanced biofuel policy requirements, while considering the uncertainty in soil GHG
emissions in the winter barley-to-ethanol (WBE) life cycle using Monte Carlo methods. We compare
WBE to grain sorghum-to-ethanol, also a starch-based fuel substitute for gasoline to compare each
pathway’s compliance with RFS2.

2. Materials and Methods

2.1. System Boundary Definition

We use life cycle assessment (LCA) following ISO standards [38] to evaluate scenarios for meeting
the advanced fuel designation under RFS2 policy in the U.S. Mid-Atlantic region. We focus on two
LCIA metrics, the 100-year global warming potential (GWP) to examine RFS2 policy compliance and
cumulative energy demand (CED), a metric that measures renewable and nonrenewable energy inputs
in a product life cycle and is relevant to evaluating proposed renewable fuel pathways as studied in
prior bioenergy systems [39,40]. Criteria specified by the U.S. EPA for meeting advanced fuel standing
require that a non-corn feedstock fuel’s life cycle GHG emissions be 50% lower than the 2005 gasoline
baseline, which is set to 93 g CO2e MJ−1. We evaluate winter barley grown in six states (Figure 1) that
could supply the Mid-Atlantic market under four biorefinery scenarios (Table 1) that include up to
four co-products. The system boundary (Figure 2) includes all processes for growing, harvesting, and
transporting winter barley grain to the biorefinery, conversion to ethanol and co-products, transporting,
and distributing the fuel, and consuming the fuel. The functional unit defined is 1 MJ of denatured
ethanol product (E98). We evaluate GHG emissions using the 100-year global warming potential
(GWP) where CO2, CH4, and N2O have a GWP of 1, 25, and 298 g CO2 equivalents (CO2e), respectively,
based on the IPCC’s fourth Assessment Report (AR4) [41].

Winter barley is typically planted in late October to early November and harvested in late May
to mid-June. In the Mid-Atlantic region, the most widely deployed acres are fallow during winter
of the two-year corn and soybean rotation. Farmers in the Chesapeake Bay watershed have grown
winter cover and double crops through incentive programs to reduce nutrient leaching for many years.
Moreover, agricultural crops, including winter double crops and lignocellulosic feedstocks have been
proposed as strategies for reducing nutrient and sediment runoff from farm fields, thereby improving
the water quality of the Chesapeake Bay [42]. Thus, winter double-crops such as winter barley may be
environmentally and socioeconomically attractive to growers in the Mid-Atlantic region since adding
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them to the agricultural landscape could improve water quality and create economic opportunities for
growers, while also meeting EISA policy objectives.

The technology used to convert winter barley to ethanol [18] is similar to commercial corn
dry-grind milling [43,44], which produces a fuel (ethanol), a protein co-product (barley protein), and in
the case of winter barley, energetic and chemical commodities from the barley hulls and fermentative
CO2, respectively. The ethanol biorefinery for this study was based on a 245 million liter per year facility
that was under construction between 2010 and 2011 by the company Osage Bio Energy in Hopewell,
Virginia, near the Richmond metropolitan area. In addition to fuel ethanol, the biorefinery was designed
to co-produce barley protein meal, process steam from barley hulls, and food-grade fermentative CO2

for the beverage industry, all value-added products that improve biorefinery economics and life cycle
environmental performance (Table 1).
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and Kentucky.

Table 1. Winter barley-to-ethanol (WBE) production scenarios with alternative co-product crediting
examined through attributional LCA (life cycle assessment) boundary.

Scenario Major Assumptions

WBE1

Biorefinery includes co-product crediting for:
fermentative CO2 capture for the beverage industry;

barley protein meal;
onsite steam production;

barley hull waste pelleting for cofiring with coal for power generation.

WBE2

Biorefinery includes co-product crediting for:
barley protein meal;

onsite steam production;
barley hull waste pelleting for cofiring with coal for power generation.

WBE3
Biorefinery includes the production of co-products (barley protein meal, onsite steam production,
and barley hull waste pelleting for coal cofiring). A co-product credit is only assigned to the barley

protein meal.

WBE4
Biorefinery includes the production of three co-products (barley protein meal, onsite steam
production, and barley hull waste pelleting for coal cofiring). No credits are applied for the

avoided co-products.
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2.2. Life Cycle Inventory Analysis

Data for constructing the life cycle inventory (LCI) model include crop production, transportation
of the feedstock to the biorefinery, fuel conversion, transportation and distribution of denatured ethanol,
and the combustive emissions for using the fuel. The LCI model was constructed using SimaPro
8.4 [45] with agronomic inputs specified by Thomason [46], nitrous oxide emissions and changes in
soil organic carbon (SOC) generated using the DayCent model [47], process–guarantee data from a
starch-based biorefinery completed in Hopewell, Virginia, in 2011, and vehicle in-use emissions from
the GREET 1 model [48]. Uncertainty in the most sensitive parameter inputs were considered and
integrated into the LCI model using Monte Carlo simulation.

2.2.1. Feedstock Production

To support a 245 million liter ethanol facility in the Mid-Atlantic U.S. winter barley can be grown
on available annual winter fallow land ranging from 158,000 to 195,000 ha in Virginia, North Carolina,
Maryland, and Delaware, and thus support 0.68 million dry metric tons year−1 (31.3 million bushels
year−1) of winter barley. We also consider available winter fallow land in Pennsylvania and Kentucky
(Figure 1). The winter crop is planted in October (following corn) and harvested in mid and late
June (prior to soybean) in a two-year rotation using reduced tillage methods. U.S. Department of
Agriculture (USDA) crop acreage data from 2008 [49] were evaluated to estimate fallow land available
within a 80 and 160 km radius of the proposed Hopewell, Virginia, biorefinery. Between 0.74 and
1.47 million dry metric tons of winter barley could be grown on winter fallow lands within the existing
corn, soybean, hay, and converted tobacco croplands.

The LCI includes addition of N, P, and K nutrients, and energy for field preparation and feedstock
harvesting. Preharvest nutrient additions described by Thomason [46] specify a winter barley yield of
5380 kg ha−1 and application of fertilizers in the following proportions: nitrogen (N), preplant urea
(12 kg N ha−1) and spring liquid urea ammonium nitrate (70 kg N ha−1); phosphate (P), diammonium
phosphate (23 kg N ha−1, 58 kg P ha−1); potassium, (52 kg K ha−1); and lime (0.74 metric tons ha−1).
Lubricant, oil, and diesel fuel inputs are applied in preharvest (12.7 L diesel ha−1) and in harvest (16.9 L
diesel ha−1) portions. Addition of herbicides are low and deemed to be outside of the cutoff criteria for
the system boundary and their respective emissions were not analyzed.
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2.2.2. Winter Barley Soil GHG Emissions

We estimate N2O and SOC GHG emissions resulting from the introduction of winter barley on
existing winter fallow land in six states (Virginia, North Carolina, Maryland, Delaware, Pennsylvania,
and Kentucky). These states represent a feedstock supply radius larger than the 80 to 160 km radius of
Hopewell, Virginia. The goal of selecting a wider winter barley growing region was to capture a larger
extent of soil and climate region, which influences N2O emissions and SOC. N2O is emitted from
agricultural soils directly to air through the process of nitrification/denitrification, and also indirectly
following leaching into nearby water sources and reaction of NOx, NH3, and water. With the exception
of a few studies [23,27,50,51], much prior grain-to-alcohol LCA literature (e.g., Hsu et al. [31] and
Wang et al. [52]) used Tier 1 IPCC [53] methods to estimate direct and indirect N2O emissions. Tier 1
approaches to N2O and SOC estimation do not distinguish among different soil types, which would
show variation in denitrification, and they do not integrate land use history, which impacts SOC.

We use the biogeochemical model DayCent, a Tier 3 IPCC method, to estimate incremental N2O
emissions and SOC associated with the incorporation of winter barley into the corn–soybean rotation.
We estimate changes to N2O emissions on 374 counties over 20 years resulting from integrating winter
barley into a four-year cycle that alternates between wheat (W), fallow (F), barley (B), fallow (F) winter
periods. The barley is planted following corn and harvested prior to soybean planting and growth
during summer months. The incremental changes to the four-year barley rotation are calculated by
taking the difference in N2O and SOC emissions between the barley case (WFBF) and the no-barley
case (WFFF). Total N2O emissions are the sum of direct and indirect sources. Direct N2O is an output
from DayCent, while indirect N2O is determined by applying IPCC [53] methods to DayCent output of
volatile (NH3, NO) and leached (NO3) nitrogen. Reduced tillage methods are common in this region
and we assume all introduced winter barley land is under this type of soil management. Land under
some type of tillage would have higher rates of soil carbon loss and consequently lower gains after
winter barley is added to the rotation. Barley straw is not harvested. If the barley straw were harvested,
the rate of soil carbon gain after winter barley addition to the rotation would also be lower. Currently,
the straw market in Virginia is small (15–20% of acres, down from 35% during high demand from the
construction industry), which supports the assumption of leaving the straw on the land, but large in
Pennsylvania (99% of acreage with demand from animal bedding, landscape mulch, and mushroom
compost). We estimate SOC as the average over 20 years. The rate and time of nitrogen fertilizer
application can affect N2O emissions. Nitrogen fertilizer rate and time of application for winter barley
are based on data from university experiment stations in the Mid-Atlantic region. This rate of N
application is about 0.454 kg N bu−1

± 40%; our analysis assumes 0.454 kg N bu−1 expected barley
yield. Farms using a higher rate of N application would have higher losses of N2O. We apply 25% of
N in the fall at planting and 75% in the spring with a one-time application, except in Virginia where
spring N is applied in two equal applications. As noted above, the base crop rotation is assumed to be
alternating years of corn followed by soybeans, with wheat planted after corn once every four years.
We use a geographically weighted estimate of N2O and change in soil organic carbon (SOC).

2.3. Barley Transport and Ethanol Conversion

The barley feedstock is transported from within a 120 km average one-way distance from farms
to the biorefinery; we assume a 120 km one-way biomass transport distance by a 40-ton truck, and
account for the return trip. A dry-grind process like the technology for converting corn to ethanol was
modified to adjust for yield of ethanol from the starches and protein in winter barley. The conversion
of barley to ethanol uses a cocktail of amylases, beta-glucanases, and beta-glucosidases to generate
fermentable sugars from both kernel starch and beta-glucans, which are then converted to ethanol at
high efficiency [18]. Steam is co-generated and recycled into the biorefinery operations, producing a
co-product credit, which is assumed to displace power generated from the local electricity grid and
natural gas heat needed for steam production. Carbon dioxide from fermentation can also be captured,
liquefied, and sold as a food-grade CO2 co-product at a significant additional investment. Distiller’s
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dried grains and solubles (DDGS), described here as barley protein meal, are co-produced and are
assumed to displace soybean meal on an equivalent protein value basis. The barley protein meal was
multiplied by the ratio of protein fraction between barley and soybean in a ratio of 33:48. Finally,
the barley hulls are pelleted and sold as fuel to a neighboring coal-powered utility, to displace an
energy equivalent quantity of coal. Proprietary data provided by Osage Bio Energy are used to model
the fuel conversion process using ecoinvent [54] data with SimaPro 8.4 LCA software [45]. Inputs to
fuel conversion include electricity and natural gas for process energy, chemical reactants, enzymes,
and process and cooling water. We assume a facility lifespan of 10 years, and thus account for 10% of
the physical infrastructure GHG emissions amortized per year. In total, the facility converts 680,000
dry metric tons of barley grain to 245 million liters of denatured ethanol annually.

Using system expansion described in ISO 14040 [38], the barley-to-ethanol product system was
credited with avoided GHG emissions from co-products. We evaluate four co-product scenarios
(Table 1) that include the following: the most optimistic case (WBE1) where animal protein feed, barley
hull residues, and fermentative CO2 displace products on the market; a scenario (WBE2) that does not
include investment in the fermentative CO2 product, given that it involves a high capital investment,
but includes the animal protein and fossil energy displacement due to barley hull residues; a scenario
(WBE3) that only includes animal protein meal displacement; and a scenario (WBE4) that includes
production of co-products in scenario WBE2, but does not include displacement credits to demonstrate
the most conservative attributional LCA operating conditions. The three scenarios are defined to reflect
the effect of uncertainty in avoided product (0% to 100%), substitution of liquefied CO2, DDGS, barley
hull incineration to displace coal at an industrial coal furnace, and onsite steam production through
combined heat and power (CHP) production. Table 2 summarizes the inputs of feedstock, chemicals,
and energy on a functional unit basis (1 MJ).

Table 2. Cradle-to-gate input of feedstock, chemicals, and energy and co-products in the biorefinery.
All data expressed per 1 MJ fuel produced.

Input Quantity Unit

Barley (feedstock) 59 kg
Enzymes 126 g

Liquid ammonia 65 g
Urea 65 g

Hydrous ammonia 122 g
Sulfuric acid 35 g

Inorganic chemicals 2.1 g
Lime 72.2 g
Yeast 0.71 g

Make-up water 167 L
Electrical utilities 7 kWh

Electricity for CO2 capture (WBE1 Scenario only) 3 kWh
Externally sourced steam 11 kg

Onsite steam 40 kg
Natural gas (drying) 112 MJ

Natural gas (onsite steam) 121 MJ
Co-products:

Barley hulls (coal and onsite steam displacement) 75 MJ
Barley protein meal (dry basis) 19 kg

CO2 14 kg

2.4. Ethanol Transport, Distribution and Use

The LCI model accounts for transportation and distribution (29 km) of the denatured ethanol fuel
(E98; 98% ethanol and 2% denaturant) separately from the barley hull (80 km), protein meal co-products
(420 km), and fermentative CO2 (80 km) by 40 ton trucks. The E98 fuel is assumed to be sold into
U.S. East Coast markets, in place of ethanol imported from the Midwest, and therefore reducing
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transportation and distribution costs, which at high volume can range from 0.29 to 0.62 USD L−1

(1.30–2.80 USD gallon−1) according to Wakeley et al. [55]. We model the emissions from combustion of
the E98 during motor vehicle operation using the GREET 1 [48]. GREET 1 is used to model the Osage
E98 fuel using a dedicated 2010 model-year ethanol vehicle (25 MPG, gasoline equivalent), with 2%
(by volume) gasoline as denaturant, which accounts for upstream gasoline emissions in addition to the
ethanol and vehicle in-use emissions.

2.5. LCA Model Uncertainty and Indirect Land Use Change Effects

We develop probability distributions from DayCent predictions of N2O emissions and SOC
change from the 30 year and 374 county data set. DayCent model simulations of N2O emissions and
SOC change are averaged over 30 years, and the county averages are fit to a normal distribution (see
Supplemental Materials for assessment of goodness-of-fit). The overall mean is based on a weighted
average of the 30 year county means with weights based on the estimated winter barley cropland
area within the 374 county dataset. Figures S1–S3 (in Supplemental Materials) show the histograms
and QQ–plots for N2O, SOC change, and net soil GHG emissions. Monte Carlo sampling with 10,000
iterations is used to estimate life cycle GHG emissions by summing stochastic soil GHG emissions
and foreground GHG emissions from all other life cycle inputs. A similar Monte Carlo sampling
approach to uncertainty estimation is implemented in [56]. Table S5 summarizes statistics for N2O
emissions, and SOC change and life cycle GHGs for WBE1 to WBE4 over a 99 percent confidence
interval. Scenarios described in Table 1 consider only the spatially weighted uncertainty from N2O
emissions and SOC change at the 99th percentile.

The LCA model we develop for winter barley assumes that the feedstock is grown on existing
fallow land that does not compete with food crops for prime agricultural land. Therefore, our
boundary definition examines the incremental effects of winter barley placed into the agricultural
landscape of the region supplying a Mid-Atlantic biorefinery. This idealized boundary assumes
no land competition and therefore does not include an estimate of iLUC CO2 impacts on the fuel
life cycle. There are two significant limitations to this assumption. The first assumption is that the
barley crops attain the yields necessary to sustain the biorefinery feedstock demand without delaying
the summer crop rotation. This assumption may not hold with the longer growing season in the
northern part of the feedstock geographic boundary we examine. The second assumption is that
there is no competition with other crops (e.g., winter wheat) for the fallow land in the growing region.
Our assumptions may not hold given that the introduction of a new barley market could cause shifts
in other commodities. Therefore, to understand possible iLUC effects of barley expansion, we compare
our analysis with that conducted by the U.S. EPA [13], which used consequential LCA to estimate
direct and indirect life cycle GHG emissions from expansion in domestic and international agricultural
sectors using the Forestry and Agricultural Sector Optimization Model with Greenhouse Gases
(FASOM-GHG) [57,58] and Food and Agricultural Policy Research Institute Center for Agricultural
and Rural Development (FAPRI–CARD) [59] models, respectively. The approach used by the EPA
includes co-product displacement crediting that is embedded within the economic models they use,
but also aggregates spring and winter barley produced in different U.S. growing regions. We discuss
our and the EPA’s barley-to-ethanol LCA models along with sorghum-to-ethanol, another small grain
whose conversion to ethanol also qualifies as a renewable fuel under RFS2, and the differences and
limitations of applying EPA consequential LCA results to winter barley due to aggregating spring and
winter barley. Table S5 (Supplemental Materials) summarizes the iLUC factors for the EPA cases for
winter barley and sorghum.
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3. Results and Discussion

3.1. Greenhouse Gas Emissions for Winter Barley-to-Ethanol

Winter barley-to-ethanol LCA results are presented in Table 3 and Figure 3. Table 3 reports the 99
percentile estimates for soil GHG emissions as these values incorporate a “margin of safety” that allows
for confidence in Tier 3 estimates despite the uncertainties inherent in the modeling approach. Figure 3,
which can more readily convey ranges, reports central tendencies, upper bounds, and lower bounds,
in keeping with governmental guidance for reporting the results of benefits–cost assessments [60].

Life cycle GHG emissions for the winter barley biorefinery configurations show that WBE can meet
the EPA’s advanced fuel standing only when co-product credits are included (Table 3). The scenarios
presented in Table 3 assume no variability in life cycle model parameters, but use the 99th percentile,
incorporating a significant margin of safety, from the 374-county geographically weighted range of
N2O and SOC emissions. Barley production accounts for most life cycle emissions, mainly attributable
to N fertilizer manufacturing. The CED fossil energy metric (Table S1) follows a similar pattern for all
winter barley scenarios in that the case with fermentative CO2 capture (WBE1) and full co-product
crediting for displacing fossil energy with energy recovery from combusted barley hulls yields requires
the least fossil energy input per unit of ethanol produced, 0.55 MJ MJ−1. Moreover, the scenario without
fermentative CO2 capture but with energy recovery from barley hulls (WBE2), also requires less fossil
energy input relative to each unit of ethanol produced 0.71 MJ MJ−1. Scenarios WBE3, with only
crediting of barley protein meal (1.05 MJ MJ−1), and WBE4, with no co-product crediting (1.18 MJ
MJ−1), with the WBE4 scenario approaching the fossil energy well-to-wheel performance of gasoline,
1.2 ± 0.1 MJ MJ−1 [61]. This finding underscores the importance of co-products as noted in prior biofuel
LCA studies [62] in reducing the environmental and resource demand impacts of biorefineries and it
further demonstrates the importance of market proximity for the case of fermentative CO2 capture.

Co-products greatly improve the carbon balance of WBE. Scenario WBE1 includes the maximum
co-product credits possible. With fermentative CO2 capture, 80% of the high volume of biogenic CO2

can be captured and liquefied onsite to be sold as a food-grade CO2 product. This CO2 condensation
recovery step requires an electrical input of 170 kWh ton−1 CO2, but this incremental energy input
favors both biorefinery economics and the GHG budget. The Osage biorefinery was designed to
purchase steam produced from waste heat from nearby/co-located industrial facilities. The credit
from steam amounts to approximately 6 g CO2e MJ−1 (128 million kg CO2e year−1) of avoided steam
that would otherwise be produced from natural gas. In addition to onsite steam, 57,700 metric tons
year−1 of barley hulls could substitute for coal use in a nearby industrial coal furnace. At 17 MJ kg−1,
these hulls account for an additional credit of 973 million MJ of heat. The barley protein meal (BPM)
co-product is evaluated as a protein substitute for soybean meal processed at an oil mill, and thus a
soybean meal credit is applied to the LC GHG emissions profile (Table 3). The avoided soybean meal
(48% protein) is adjusted to the fraction of protein in the BPM (33% protein). About 225,000 metric tons
of barley protein meal are produced each year, at 10% moisture. Thus, the 202,000 metric tons year−1

of barley protein meal is assumed to displace and avoid production of 139,000 metric tons year−1

soybean meal.
The results (Table 3) document the expected life cycle GHG emissions for each phase of ethanol

production. We assume the E98 fuel combusted in use emits the CO2 sequestered during growth
of harvested barley grain, and small quantities of CH4 and N2O, which are factored into life cycle
GHG emissions. Fertilizer addition during crop production accounts for high emissions and fossil
energy input (Table S1). However, the nitrous oxide reduction benefits of barley as a winter crop
offsets much of these emissions. Gao et al. [29] discuss differences between the Tier 3 approach we
apply and Tier 1 approaches, which are significant, particularly in regulatory standards that credit
incremental improvement (reduction) in GHG emissions, like California’s LCFS. Avoided product
credits reduce the field to wheel GHG emissions of the winter barley to ethanol process by displacing
steam generation, protein meal production, and adding a barley hull fuel to an industrial coal boiler.
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Table 3. Life cycle greenhouse gas (GHG) emissions (g CO2e MJ−1 fuel produced) for three winter
barley-to-ethanol scenarios. Nitrous oxide and soil organic carbon (SOC) change reflect the 99th
percentile of stochastic simulations from Figure 3.

(WBE1) (WBE2) (WBE3) (WBE4)

Feedstock Production, Collection, and
Transport:

Fertilizer (N) 11.6 11.6 11.6 11.6
Nitrous Oxide 7.0 7.0 7.0 7.0
SOC change −5.9 −5.9 −5.9 −5.9

Farm operations (diesel) 2.2 2.2 2.2 2.2
Fertilizer (P) 2.1 2.1 2.1 2.1

Feedstock transport 2.1 2.1 2.1 2.1
Fertilizer (K2O) 0.8 0.8 0.8 0.8

Lime 0.1 0.1 0.1 0.1
Ethanol Production and Distribution:

Natural Gas 32.3 32.3 32.3 32.3
Electricity 12.3 9.3 9.3 9.3

Chemicals and enzymes 2.3 2.3 2.3 2.3
Co-product transport 1.7 1.6 1.6 1.6

Barley protein meal credit −13.2 −13.2 −13.2 0
Barley hull coal substitution credit −19.9 −19.9 0 0

Onsite steam credit −5.9 −5.9 0 0
Liquid CO2 recovery credit −21.8 0 0 0

Fuel transport and distribution 0.4 0.4 0.4 0.4
Vehicle operation 2.0 2.0 2.0 2.0

Total 10 29 55 68

Energies 2020, 13, x FOR PEER REVIEW 11 of 15 

 

unlike spring barley, which increases more modestly in the year 2022 scenario with a smaller portion 

being used for biofuel. Although the EPA’s scenarios project little expansion of barley in Virginia, 

where winter barley would be grown (Table S4), it is difficult to assess the extent of winter barley’s 

impact alone on iLUC given that the EPA analysis aggregates the effects of iLUC, including when a 

commodity shifts in use, as it does for winter barley, from serving animal feed markets to producing 

biofuels, and make-up quantities may then lead to iLUC. 

Although the EPA sorghum case specifies a higher midpoint iLUC (28.4 g CO2e MJ−1) compared 

to the barley case (24.6 g CO2e MJ−1), with co-produced DDGS and use of renewable thermal energy, 

it meets the advanced fuel designation. Moreover, while both EPA pathways for sorghum and barley 

suggest conditions for meeting advanced fuel designation through incorporating renewable energy 

supply to the biorefinery, we argue here that both geographic growing conditions, in the case of 

certain winter fallow lands (Figure 1) and co-products that economically favor local markets, can 

render the winter barley crop suitable in meeting the advanced fuel designation. Even if applying the 

EPA’s iLUC emission to WBE1 (Figure 3), we estimate that a biorefinery that uses winter barley and 

co-produces fermentative CO2 for the local soft drink beverage industry would meet the advanced 

fuel designation and be economically beneficial for the region’s growers and local markets. 

 

Figure 3. Stochastic greenhouse gas emissions for nitrous oxide emissions (N2O) and soil organic 

carbon (SOC) change contributions to life cycle GHG emissions of winter barley-to-ethanol, net life 

cycle GHG emissions for WBE, and U.S. EPA barley- and sorghum-to-ethanol pathways. 

4. Conclusions 

Biorefinery co-product credits are essential for effectively meeting EISA and RFS2 policy. They 

are also critical to biorefinery economics as they increase revenue. For ethanol derived from winter 

barley to qualify as an advanced fuel under the RFS2, a life cycle assessment would need to show a 

50% reduction in life cycle greenhouse gas (GHG) emissions relative to gasoline. Relative to the 

baseline gasoline fuel, an advanced fuel would need to emit no more than 48 g CO2 e MJ−1 to meet 

this criterion. Our results for winter barley with co-product crediting demonstrate that winter barley 

would meet RFS2 advanced fuel requirements even when a substantial margin of safety is allowed 

and even when fermentative CO2 is not captured. Without any co-products WBE would not meet the 

standard since the GHG emissions at the 50th percentile are above the threshold (WBE4). Results 

from U.S. EPA models aggregate the emissions from all types of barley production and thus include 

aggregation-level errors even if a biorefinery can demonstrate sole-sourcing of winter barley. Our 

Figure 3. Stochastic greenhouse gas emissions for nitrous oxide emissions (N2O) and soil organic
carbon (SOC) change contributions to life cycle GHG emissions of winter barley-to-ethanol, net life
cycle GHG emissions for WBE, and U.S. EPA barley- and sorghum-to-ethanol pathways.

We summarize the life cycle GHG emissions disaggregated by major input and co-product credits
for the four WBE pathways (Table 3). The biorefinery has a net global warming potential that ranges
from 10 to 68 g CO2 eq MJ−1 for the maximum co-product crediting case to the no co-product crediting
case. Co-product credits are mainly attributable to the avoided energy from a coal and fossil fuel
powered grid needed to produce the avoided products. By converting all components of the feedstock
into marketable co-products that can displace existing products on the market that rely on fossil energy
throughout their production cycles (e.g., coal, food-grade CO2, etc.), the barley-to-ethanol product



Energies 2020, 13, 2236 11 of 15

reduces life cycle GHG emissions through avoided GHG emissions. Capture of biogenic CO2 adds a
credit of 21.8 g CO2e MJ−1, albeit with an increase in capital costs. In-use combustion emissions are
low (2 g CO2e MJ−1), as are the emissions from feedstock transportation (2.1 g CO2e MJ−1) and fuel
transportation and distribution (0.4 g CO2e MJ−1).

3.2. Implications of Stochastic Life Cycle Greenhouse Gas Emissions of Winter Barley and Other Starch
Pathways for Renewable Fuel Policy

Results presented in Table 3 summarize net life cycle emissions with contributions from the
most uncertain life cycle processes set to the 99th percentile, i.e., a high margin of safety. Stochastic
distributions (Figure 3) with uncertain contributions from the geographically weighted N2O and SOC
emissions show compliance with advanced fuel designation at the 99th percentile for WBE1 and
WBE2, and at the 50th percentile, the level applied in the RFS2 rule, for WBE1, WBE2, and WBE3.
Assuming no iLUC from winter barley feedstocks in the growing region we evaluate, a biorefinery that
invests in three major co-products would meet advanced fuel status. Comparing our stochastic WBE
scenarios with U.S. EPA pathways (Figure 3) for ethanol from barley and sorghum produced in dry
milling plants with DDGS co-products, EPA’s barley pathway falls below the advanced fuel threshold
if the biorefinery uses grid electricity and natural gas for thermal energy needs; however, as with the
sorghum-to-ethanol pathway, they specify conditions for meeting advanced biofuel designation if
using biogas for thermal energy needs and additionally using barley hulls for thermal energy needs
and off-grid electricity.

The EPA uses a consequential LCA framework, projecting expected expansion of barley and
sorghum to year 2022 relative to baseline production scenarios for each crop. The EPA barley case
assumes expansion of mostly spring barley land, change in import/export due to increase in domestic
production, increase in domestic use of barley feedstock, and replacement of livestock feed with DDGS
byproduct. These conditions render a midpoint barley-to-ethanol iLUC and life cycle GHG emissions
of 25 and 49 g CO2e MJ−1, respectively, placing barley above the advanced fuel threshold unless a
barley biorefinery uses renewable thermal energy and co-produces DDGS. Although the EPA assumes
winter barley will comprise 227 million L (60 million gal) compared to 303 million L (80 million gal) of
spring barley, approximately 95% of land expansion is from spring barley. In the EPA’s 2022 scenario,
winter barley increases modestly, but most of it is used for biofuel (Table S2), unlike spring barley,
which increases more modestly in the year 2022 scenario with a smaller portion being used for biofuel.
Although the EPA’s scenarios project little expansion of barley in Virginia, where winter barley would
be grown (Table S4), it is difficult to assess the extent of winter barley’s impact alone on iLUC given that
the EPA analysis aggregates the effects of iLUC, including when a commodity shifts in use, as it does
for winter barley, from serving animal feed markets to producing biofuels, and make-up quantities
may then lead to iLUC.

Although the EPA sorghum case specifies a higher midpoint iLUC (28.4 g CO2e MJ−1) compared
to the barley case (24.6 g CO2e MJ−1), with co-produced DDGS and use of renewable thermal energy,
it meets the advanced fuel designation. Moreover, while both EPA pathways for sorghum and barley
suggest conditions for meeting advanced fuel designation through incorporating renewable energy
supply to the biorefinery, we argue here that both geographic growing conditions, in the case of certain
winter fallow lands (Figure 1) and co-products that economically favor local markets, can render the
winter barley crop suitable in meeting the advanced fuel designation. Even if applying the EPA’s iLUC
emission to WBE1 (Figure 3), we estimate that a biorefinery that uses winter barley and co-produces
fermentative CO2 for the local soft drink beverage industry would meet the advanced fuel designation
and be economically beneficial for the region’s growers and local markets.

4. Conclusions

Biorefinery co-product credits are essential for effectively meeting EISA and RFS2 policy. They are
also critical to biorefinery economics as they increase revenue. For ethanol derived from winter barley
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to qualify as an advanced fuel under the RFS2, a life cycle assessment would need to show a 50%
reduction in life cycle greenhouse gas (GHG) emissions relative to gasoline. Relative to the baseline
gasoline fuel, an advanced fuel would need to emit no more than 48 g CO2 e MJ−1 to meet this criterion.
Our results for winter barley with co-product crediting demonstrate that winter barley would meet
RFS2 advanced fuel requirements even when a substantial margin of safety is allowed and even when
fermentative CO2 is not captured. Without any co-products WBE would not meet the standard since
the GHG emissions at the 50th percentile are above the threshold (WBE4). Results from U.S. EPA
models aggregate the emissions from all types of barley production and thus include aggregation-level
errors even if a biorefinery can demonstrate sole-sourcing of winter barley. Our analysis demonstrates
that winter barley feedstocks would effectively meet national energy policy goals for East Coast U.S.
population centers and potentially for other regions of the country where climatic and agronomic
conditions are similar. Additional research on the socioeconomic and water quality impacts using
LCIA metrics like eutrophication potential in agricultural growing regions of the Mid-Atlantic would
need to be undertaken to fully understand the sustainability benefits of adopting those crops for biofuel
production. Based on our analysis, winter barley demonstrates beneficial GHG emission reduction
outcomes for the Mid-Atlantic U.S.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/9/2236/s1,
Table S1: Fossil Energy Input in Cumulative Energy Demand (MJ/MJ); Table S2: Projected Changes in Barley
Production in the United States (Millions of Bushels); Table S3: Projected Changes in Barley Uses in the United
States, U.S. EPA’s Barley Biofuel Scenario; Table S4: Projected Change in Barley Production (million bushels) by
State; Figure S1: A (a) histogram and a (b) Q–Q plot of spatially varying soil N2O emissions (gCO2e MJ−1) for the
studied counties. Total 284 counties are identified with cropland available for growing winter barley. Visual study
of the plots suggest we assume data to be normally distributed; Figure S2: A (a) histogram and a (b) Q–Q plot of
spatially changing soil SOC (gCO2e MJ−1) for the studied counties. The positive value represents net soil carbon
increase from WB. A total 284 counties are identified with cropland available for growing winter barley. Visual
study of the plots suggest we assume data to be normally distributed; Figure S3: A (a) histogram and a (b) Q–Q
plot of spatially varying total (N2O + SOC) emissions (gCO2e MJ−1) for the studied counties. Visual study of the
plots suggest we assume data to be normally distributed. Negative gCO2e MJ−1 represents carbon sequestration
to soil. A total 284 counties are identified with cropland available for growing winter barley.
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