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Abstract A biorefinery may produce multiple fuels from
more than one feedstock. The ability of these fuels to qualify
as one of the four types of biofuels under the US Renewable
Fuel Standard and to achieve a low carbon intensity score
under California’s Low Carbon Fuel Standard can be strongly
influenced by the approach taken to their life cycle analysis
(LCA). For example, in facilities that may co-produce corn
grain and corn stover ethanol, the ethanol production process-
es can share the combined heat and power (CHP) that is pro-
duced from the lignin and liquid residues from stover ethanol
production. We examine different LCA approaches to comn
grain and stover ethanol production considering different ap-
proaches to CHP treatment. In the baseline scenario, CHP
meets the energy demands of stover ethanol production first,
with additional heat and electricity generated sent to grain
ethanol production. The resulting greenhouse gas (GHQG)
emissions for grain and stover ethanol are 57 and 25 g-
CO,eq/M], respectively, corresponding to a 40 and 74 %
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reduction compared to the GHG emissions of gasoline. We
illustrate that emissions depend on allocation of burdens of
CHP production and corn farming, along with the facility
capacities. Co-product handling techniques can strongly influ-
ence LCA results and should therefore be transparently
documented.

Keywords Ethanol - Corn - Corn stover - GHG emissions -
Integrated facility - Life cycle analysis

Introduction

In 2014, the USA produced 54 billion liters of ethanol [1]. The
country exported 3.0 billion liters and imported 2.7 billion
liters. Two hundred ten ethanol biorefineries in 28 states con-
tributed to ethanol production [2]. Iowa has the largest ethanol
production capacity at over 15 billion liters per year (BLY),
followed by Nebraska at almost 7.6 BLY [3]. Production oc-
curs as far west as California and as far south as Louisiana.
The predominant feedstock is corn grain, but some ethanol
plants use a corn/sorghum blend, sugar cane bagasse, cheese
whey, and various waste biomass as feedstocks. Plants have
been built in the past few years to convert corn stover to
ethanol. Since 2012, 1.4 million gallons of cellulosic ethanol
has come onto the US market [4]. This volume is expected to
increase as two cellulosic ethanol projects move towards
capacity-level production. Construction is nearly complete at
a DuPont facility in lowa projected to use 340,000 tonnes of
corn stover a year to produce 100 million liters per year
(MLY) of ethanol [5]. An operational Abengoa plant that con-
verts cellulosic biomass to ethanol in Hugoton, Kansas, has a
capacity of 95 MLY [6]. Approximately 80 % of the biomass
will be corn stover [7]. The remaining 20 % will come from
wheat straw, milo stubble, and switchgrass [6]. Another
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facility in Iowa, built by POET, was completed in the late
2014 and uses approximately 250,000 tonnes of corn stover
per year to produce 75 MLY of ethanol [3, 8].

One interesting aspect that POET has pursued is to co-
locate production of cellulosic ethanol next to a corn grain
ethanol plant. One objective of this strategy is to increase total
ethanol output from the biorefinery to 3.8 BLY [8]. Another
advantage of the co-location of ethanol production from the
two feedstocks is that the heat and power available from com-
bustion of the lignin fraction of the stover and other liquid
residues could be shared between the two ethanol production
trains [9]. While this co-location and subsequent heat integra-
tion could save energy and reduce costs (besides cost savings
from sharing ethanol storage and transportation logistics), it
raises interesting life cycle analysis (LCA) questions as to how
to allocate conversion process greenhouse gas (GHG) intensi-
ties to the corn grain ethanol and corn stover ethanol. Further-
more, the feedstock production stage of ethanol’s life cycle
can be revisited with an eye towards viewing corn grain and
stover harvest as an integrated system rather than as two inde-
pendent systems. Decisions about how to treat feedstock pro-
duction stage and conversion stage GHG emissions will influ-
ence corn grain and corn stover ethanol’s life cycle GHG
emissions.

The Renewable Fuel Standard (the so-called RFS2), in-
cluded in the Energy Policy Act of 2007, defined four types
of biofuels and outlined the volume of renewable fuels that
would be used in the country [10, 11]. This legislation set
volumetric targets for four biofuel categories with associated
life cycle greenhouse gas (GHG) reduction thresholds when
compared with a 2005 petroleum fuel baseline. RFS2 man-
dates that by 2022, 136 BLY of biofuels should be produced,
with a maximum of 57 BLY coming from corn grain ethanol
[12]. Corn ethanol must have life cycle greenhouse gas (GHG)
emissions at least 20 % below that of conventional gasoline.
The RFS2 also mandates production of another biofuel cate-
gory, called advanced biofuels, which must achieve a 50 %
reduction in GHG emissions compared to baseline fossil fuels.
By 2022, 80 BLY of advanced biofuels should be produced.
Cellulosic biofuels, another biofuel category, must have a
60 % reduction in GHG emissions. Their target production
by 2022 is 61 BLY. Cellulosic biofuels are made from cellu-
lose, hemicellulose, or lignin. Ethanol produced from the fer-
mentation of corn stover falls in this category [13]. Another
biofuel category is biomass-based diesel. By 2022, 4 BLY of
fuel that is 50 % less GHG intensive that conventional diesel is
the volumetric target and it has already been met [12].

The US Environmental Protection Agency (EPA) deter-
mines whether a given biofuel falls into any of the four cate-
gories established in the RFS2. To determine life cycle GHG
emissions of biofuel pathways, which include GHG emissions
from feedstock production and transportation, land-use
change (LUC), feedstock conversion to fuel, fuel
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transportation, and fuel combustion, the EPA conducts life
cycle analyses (LCA) that are specific to a certain feedstock
(e.g., corn stover) and final fuel (e.g., ethanol) [14]. The EPA
requires that each pathway subject to analysis has a single
feedstock and single final fuel.

The estimation of life cycle GHG emissions of biofuel
pathways also affects their attractiveness under California’s
Low Carbon Fuel Standard (LCFS), a performance-based
standard that aims for a 10 % reduction in GHG emission
intensity of transportation fuels by 2020 relative to the 2010
level [15]. Similar to the EPA’s approach, biofuel LCAs con-
ducted to establish eligibility for the LCFS must consider a
single feedstock’s conversion to a single final fuel [16]. Ore-
gon has recently adopted an LCFS that targets a 10 % reduc-
tion in transportation fuel GHG intensity by 2025 [17]. Wash-
ington is also looking to adopt similar legislation [18]. Anoth-
er piece of legislation in development for 11 other states is the
Northeast and Mid-Atlantic LCFS.

In the case of the RFS2, each feedstock (or feedstock
blend) must be converted to a single fuel product that would
qualify as either a conventional, renewable, advanced, or cel-
lulosic biofuel. (Corn ethanol is considered a “conventional”
biofuel, essentially a subcategory within the renewable cate-
gory because production of corn ethanol is capped at 15 bil-
lion gallons per year whereas production of other biofuels that
could be classified as renewable is not capped.) This require-
ment forces allocation of GHG emissions from a single con-
version facility processing more than one feedstock among the
final fuel products and has significant implications for inte-
grated production scenarios such as those pursued by POET.
These biorefineries could produce a single biofuel stream con-
taining some fuel molecules that could qualify as cellulosic
biofuels and some that could qualify only as renewable (in the
case of corn ethanol, conventional) biofuels. In the case of the
LCFS, these different fuel molecules would contribute differ-
ing levels of emission reductions. It is an open question as to
how to treat this blended fuel stream in biofuel LCA for reg-
ulation purposes, especially with the RFS2 biofuel categories.

Some previous studies have considered one or both of the
life cycle GHG emissions and techno-economic aspects of
combined processing of corn stover and corn grain. Murphy
and Kendal [19], for example, examined the influence of dif-
ferent co-product handling techniques on the GHG intensity
of co-produced corn and corn stover but did not examine the
full life cycle of biofuels produced from these feedstocks com-
bined. Several studies [20-22] examined how corn stover
might be integrated as a source of biopower at corn ethanol
plants, but two of these studies were limited to a techno-
economic perspective and did not consider life cycle GHG
emissions. In addition, Ou et al. [23] examined the economic
performance of co-located corn grain and stover ethanol
plants. Finally, Kauffman et al. [24] consider converting corn
grain and corn stover produced on the same hectare of land to
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ethanol and gasoline (via pyrolysis), respectively, and calcu-
late the life cycle GHG emissions of these fuels. The analysis
does not consider co-location of the pyrolysis and ethanol
plants and how they might share utilities. None of these stud-
ies consider the sensitivity of life cycle GHG emissions of co-
produced fuels to co-product handling techniques and the en-
suing renewable fuel policy (RFS, LCFS) implications.

In this paper, we examine the implications of different ap-
proaches to estimating life cycle GHG emissions of corn grain
ethanol and corn stover ethanol produced at an integrated
biorefinery. We develop results for a single ethanol stream
and for separate ethanol streams produced either from corn
grain or corn stover. In the latter case, we examine the influ-
ence of treatment of feedstock production as separate or inte-
grated and of the treatment of combined heat and power
(CHP)-produced energy at the conversion facility. The objec-
tive of this analysis is to illuminate challenges in applying the
RFS2 and LCFS frameworks to biorefineries integrating corn
grain and corn stover ethanol production. Conclusions of this
work could also apply to integrated biorefineries that use mul-
tiple feedstocks to produce other biofuels besides ethanol.

Methods

The life cycle GHG emissions of biofuels can be estimated
through LCA using a model such as Argonne National
Laboratory’s Greenhouse gases, Regulated Emissions and En-
ergy use in Transportation (GREET™). The US EPA used
GREET, along with several other models, in developing life
cycle GHG estimates for biofuels addressed in the RFS2 [14].
CARB uses a California-specific version of GREET (CA-
GREET) to develop estimates of the life cycle GHG intensity
of biofuel pathways for its LCFS legislation [25]. In this anal-
ysis, we use the GREET version released in October 2014.

Goal and Scope

This study evaluates integrated ethanol production from both
corn grain and corn stover. To conduct this analysis, the
GREET model has been updated to model this integrated sys-
tem in addition to the existing, separate corn grain and corn
stover-to-ethanol pathways [9, 26]. The unit processes and
energy flows for the integrated scenario are presented in
Fig. 1 and are based on Wang et al. (2012) and Humbird
etal. (2011). Corn grain is farmed, harvested, and transported
first to a collection location (i.e., grain elevator), then to the
biorefinery, while corn stover is collected and transported to
the same facility. Ethanol is produced from fermentation of the
corn grain, along with a distiller grains solubles (DGS) co-
product, an animal feed. The corn stover, after pretreatment,
is also fermented to produce ethanol, along with a liquid res-
idue and lignin. The liquid residue is sent to anaerobic

digestion to produce biogas, which is then sent to CHP along
with the lignin. The CHP section of the facility produces both
steam and electricity, which are then used in both corn and
stover ethanol productions. Any excess electricity is exported
to the grid.

The functional unit for this analysis is 1 MJ of ethanol. Life
cycle GHG emissions were calculated for corn grain and sto-
ver ethanol separately and for a single ethanol stream pro-
duced from both feedstocks. Figure 1 shows the boundary
diagram for the integrated scenario. We treat CO, emissions
from ethanol combustion during vehicle operation as offset by
carbon uptake during feedstock growth, which in the case of
corn grain and corn stover occurred in the recent past. The net
GHG emissions from ethanol combustion and carbon uptake
are minimal and are estimated to be about 0.4 g-CO,eq/MJ
depending on the CH4 and N,O emission factors of ethanol
combustion. We include land-use change (LUC) GHG emis-
sions. We describe our development of LUC GHG emissions
that are used in this analysis in a separate publication [27].

Baseline Scenario

For corn farming, energy and material inputs were taken from
a survey of 19 states which produced 95 % of the total corn
grain in the USA [28]. Material use includes fertilizers like
nitrogen, phosphorus as P,Os, and potassium as K,O. Herbi-
cides and insecticides are also applied to corn fields. Corn
farming consumes energy in the forms of diesel, gasoline,
natural gas, liquefied petroleum gas, and electricity [29]. The-
se fuels are used for both onsite activities and upstream in the
production of fertilizers, herbicides, and insecticides. After
harvest, the corn is transported by truck to grain elevators
and later to the refinery. Additional parameters we use to
model corn farming and transport are summarized in Table 1.

In the baseline scenario, corn stover is burdened only with
the additional materials and energy consumed as a result of its
collection as a biofuel feedstock. In this treatment, corn grain
and corn stover are harvested with a multi-pass system which
first harvests the corn grain and then the corn stover. The
energy consumed during the second pass is assigned to only
the corn stover. The consumption of supplemental fertilizers
that replace the nutrients in the removed stover is attributed to
the stover. If this stover remained on the field, these nutrients
would have entered the soil. Material and energy inputs asso-
ciated with corn stover are summarized in Table 2.

In this analysis, we consider co-located facilities to convert
the grain and stover to ethanol. We assume a typical facility
would produce 210 and 76 MGY of grain and stover ethanol,
respectively [9]. These volumes are based on the POET facil-
ity. Other biorefineries that co-produce ethanol from corn
grain and corn stover will likely have different capacities that
do the POET facility. In the USA, wet and dry mills convert
corn to ethanol by fermentation. For this analysis, we consider
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Fig. 1 System boundary for
ethanol production from an
integrated corn and corn stover
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and electricity flows, respectively

Land-Use

Change

Stover Collection
and Transport

corn conversion to ethanol via dry milling with natural gas
providing process energy. Dry mill ethanol plants produce
distiller grains solubles (DGS) as a co-product. Energy de-
mands for dry mill ethanol plants derive from [30]. Corn sto-
ver is also converted to ethanol by fermentation, but the type
and amounts of enzymes and process chemicals differ from
the corn grain conversion process. Furthermore, conversion of
corn stover produces ethanol, lignin, and liquid residue. As
mentioned previously, the liquid residues are sent to anaerobic
digestion to produce biogas, which is combusted along with
the lignin to produce heat and electricity with CHP. Energy
and material flow data for real-world corn stover ethanol
plants remain unavailable at this time, so the material and
energy use for different portions of corn stover ethanol pro-
duction and the amounts of energy available from CHP were

Table 1 Materials and energy consumed during corn farming, corn
transportation and the production of ethanol from corn grain for the
baseline scenario (Argonne National Laboratory, 2014)

Parameter Unit Value
Grain yield® dry tonne/ha 7.9
Grain harvest energy L diesel/ha 12
Farming energy MJ/ha 4400
Corn grain transportation MJ/tonne 71
Nitrogen use kg/ha 180
P,Os5 use kg/ha 61
K50 use kg/ha 86
CaCOj; use kg/ha 440
Herbicide use kg/ha 2.7
Insecticide use kg/ha 0.02
Grain ethanol yield L ethanol/dry tonne 360
Dry DGS produced dry kg/L 0.67

# Corresponds to a grain yield of 390 bushels per ha with a 15.5 % moisture
content
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estimated based upon Humbird et al. (2011) and are summa-
rized in Table 3. It is important to note that real-world corn
stover ethanol plants may have different configurations and
will certainly have different material and energy flows than
the process as designed by Humbird et al. This peer-reviewed
design case, however, enables analysis of this emerging
biorefinery design.

When corn stover ethanol is considered to be produced at
an isolated facility, surplus electricity could be available from
the CHP plant and exported to the grid [9, 31]. In that case, the
corn stover ethanol receives a fairly large GHG emission re-
duction credit (as much as 18 g-CO,eq/MJ) for displacing
conventional electricity. At an integrated facility, both corn
grain and corn stover ethanol production could rely on the
heat and electricity CHP produces, which reduces electricity
and NG consumption in corn ethanol production. The impact
of the internal displacement could be addressed properly by a
process-level allocation. With a process-level allocation, the
heat and electricity from CHP is considered a co-product of
stover ethanol since they are derived from stover ethanol res-
idues. Thus, the energy use and GHG emissions from corn
stover harvesting, conversion, and LUC are allocated between

Table2  Materials and energy consumed during corn stover collection,
corn stover transportation, and the production of ethanol from corn stover
(Argonne National Laboratory, 2014)

Parameter Unit Value
Stover removal rate dry tonne/ha 2.2
Stover harvest energy M diesel/ha 470
Stover transportation energy MJ/dry tonne 70
Additional nitrogen kg/dry tonne stover 8.8
Additional P,Os kg/dry tonne stover 2.5
Additional K,O kg/dry tonne stover 15
Stover ethanol yield L ethanol/dry tonne 32
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Table 3 Energy and materials

consumed and energy produced Parameters

Grain ethanol Stover ethanol Integrated ethanol

during ethanol production at an
integrated corn grain and corn
stover plant. Amounts are
presented for 1 L of grain, stover,
and total ethanol production
(from both feedstocks)

Stover ethanol yield (L/dry tonne)

Natural gas (MJ/L)

CHP electricity generated (MJ/L)
CHP heat generated (MJ/L)
Alpha amylase (g/L)

Gluco amylase (g/L)
Cellulase (g/L)

Yeast (g/L)

Sulfuric acid (g/L)
Ammonia (g/L)

Corn steep liquor (g/L)
DAP (g/L)

NaOH (g/L)

CaO (g/L)

Urea (g/L)

Grain ethanol yield (L ethanol/tonne grain) 430

32
7.5 0 55
0 2.6 0.7
0 0.47 0.13
0.67 0.49
1.4 1.1
30 8.0
0.73 7.5 2.5
4.8 91 28
4.8 11 6.4
35 9.3
3.7 0.98
6.0 31 13
29 20 7.5
5.5 1.5

stover ethanol and generated electricity and heat by their en-
ergy content.

In the baseline scenario, the energy demands for stover
ethanol production are met first; and any additional energy
from CHP is applied to grain ethanol production. The DGS
co-product of corn ethanol displaces conventional animal feed
(com and soybean meal); corn ethanol is assigned as the cor-
responding displacement credit 15 g-CO,eq/MJ-corn ethanol
[26]. It would also be possible to treat the corn grain ethanol
and its dry DGS (DDGS) co-product with energy or market
value allocation techniques [32], but those methods were not
evaluated in this analysis.

Alternative Allocation Scenarios

Within an LCA of integrated corn grain and corn stover eth-
anol production, options exist as to how to allocate energy and
environmental burdens among products and co-products of
both the farming stage and the conversion stage. Certainly, it
is worthwhile to examine these options because co-product
allocation choices can influence LCA results [32]. Decisions
about co-product allocation must be clearly documented so
that LCA results are transparent. In the base case farming
scenario, we apply an attributional approach to allocation
and the only energy consumption and emission burdens tied
to corn stover are those associated with stover collection and
supplemental fertilizer application. Alternatively, energy and
emission burdens of corn agriculture (including LUC) could
be allocated between the grain and stover on a mass or energy
basis (or market revenue based). In the case of mass alloca-
tion, GHG emissions are allocated based on the total mass of
feedstock harvested from each unit area. The approach to

allocating burdens on an energy basis is similar but replaces
the mass of feedstock with its energy content. We investigated
each of these alternative allocation scenarios.

In the conversion stage of the baseline scenario, the CHP
energy is used to meet the demands of stover ethanol produc-
tion first and any additional energy is sent to grain ethanol
production. Two additional allocation methods for the CHP
energy are evaluated in this paper and are summarized in
Table 4. For scenario 1, CHP energy is split between the two
feedstocks based on their percent contribution to the total eth-
anol produced. In this analysis, for the grain and stover facil-
ities production 210 and 76 MLY, respectively, 73 % of the
CHP energy is assigned to grain ethanol production and the
remaining 27 % goes to stover ethanol production. In scenario
2, CHP energy is first used to meet the corn grain energy
demands, with any additional energy going to stover ethanol
production. Scenario 2 is probably not an appropriate alloca-
tion method because the CHP energy is generated from stover
and the ethanol produced from that feed should benefit from
that generation. Even though this scenario will reduce grain
ethanol’s GHG emissions, it is still investigated to highlight
the effect of this approach.

Results and Discussion
Baseline GHG Emissions
The GHG emissions for corn grain and corn stover ethanol,
separate and combined, for the baseline scenario in which the

energy demands of the stover ethanol process are met first and
are summarized in Fig. 2. All of the CHP heat is consumed,
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Table 4 CHP allocation scenarios as compared to the baseline. The
demands for external energy are given for 1 L of grain, stover, and
combined ethanol (from both feedstocks) after CHP heat and electricity

are applied. The electricity demand for both feedstocks is met by CHP, so
no additional electricity is required

Corn Stover Integrated
Scenario Corn farming allocation CHP energy share Natural gas (MJ/L) Natural gas (MJ/L) Natural gas (MJ/L)
Baseline Attributional Fulfill corn stover demand 7.5 0 5.5
1 Attributional Ethanol production allocation® 2.8 13 5.5
2 Attributional Fulfill corn grain demand 1.1 18 5.5

 Heat and electricity are allocated based on the total amount of ethanol produced. For the integrated scenario, 73 and 27 % of the ethanol come from corn

grain and corn stover, respectively

and 5.5 MJ natural gas/liter of combined ethanol is imported.
Corn grain and stover ethanol productions use 31.4 and
58.1 % of CHP-generated electricity, respectively. The total
electricity demand of both feedstocks is met, and 10.5 % of the
CHP electricity is surplus. This generated electricity is consid-
ered a co-product with a GHG burden of 25 g-CO,eq/MJ-
electricity. For the baseline scenario, the net life cycle GHG
emissions of corn grain ethanol are 57 g-CO,eq/MJ. The larg-
est portion of these emissions comes from corn farming and
transportation at 35 g-CO,eq/MJ, followed by ethanol produc-
tion at 26 g-CO,eq/MJ. The displacement of animal feed with
DGS provides a 15 g-CO,eq/MJ credit. The net GHG emis-
sions for stover ethanol are 25 g-CO,eq/MJ. The largest con-
tribution of these is from ethanol production (e.g., consump-
tion of process chemicals and enzymes, imported energy) at
13 g-CO,eq/MJ, followed by stover collection and transport at
11 g-CO,eq/MJ. Corn grain ethanol and corn stover ethanol

LUC GHG emissions are 7.6 and —0.6 g-CO,eq/MJ, respec-
tively, based on previous analysis [27].

Also presented in Fig. 2 are the combined ethanol GHG
emissions, which are the total emissions of a single ethanol
stream coming out of the integrated plant. Results are present-
ed as a combined liter of ethanol, of which 73 and 27 % come
from corn grain and corn stover, respectively. The total GHG
emissions of ethanol produced at the integrated plant are 48 g-
CO,eq/MJ, with the largest portion of the emissions coming
from corn farming and transportation at 26 g-CO,eq/MJ, then
ethanol production at 23 g-CO,eq/MJ. When the integrated
scenario results are compared to gasoline, the combined etha-
nol liter achieves a 49 % reduction assuming the GHG inten-
sity of gasoline is 94 g-CO,eq/MJ [33]. When corn grain and
corn stover ethanol are treated in isolation, the associated
GHG emission reductions are 40 and 74 %, respectively.
The result of corn stover ethanol when based on integrated

Fig. 2 GHG emissions for the 80
baseline scenario when gramn L2 2 T T T T D
ethanol and stover ethanol are 70
considered as separate and —
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ethanol production is similar to previous studies with the
GHG emissions of this fuel showing a marked emission re-
duction as compared to gasoline (>60 %)[13, 26, 34].

Alternative Allocation Scenarios

Figure 3 contains corn grain and stover ethanol life cycle
GHG emission results for the baseline and two CHP allo-
cation scenarios (Table 4). In scenario 1, ethanol produc-
tion allocation, the stover ethanol GHG emissions in-
creased from 24 to 43 g-CO,eq/MJ and the grain ethanol
GHG emissions decreased from 57 to 50 g-CO,eq/MJ as
compared to the baseline. Scenario 2 results mirror this
trend with similar changes in results compared to the base-
line. In this scenario, the life cycle GHG emissions of corn
grain and corn stover ethanol are both 48 g-CO,eq/MJ.
The GHG emissions for the combined liter from the inte-
grated facility for scenarios 1 and 2 remain the same as the
baseline. This result is expected because these scenarios
only affect how the CHP-produced heat and electricity
are shared between the grain and stover ethanol and the
amount of materials and energy entering the total system
remains the same.

For the baseline, farming energy is allocated based on
attribution, meaning the only operations assigned to the
corn stover are the energy to collect and transport the sto-
ver to the biorefinery and burdens associated with supple-
mental fertilizer production, application, and fugitive N,O
emissions. Allocating the total farming emissions based on
the energy content of the feedstocks results in a decrease of
the grain ethanol GHG emissions from 57 to 55 g-CO,eq/
MJ and an increase in the stover emissions from 25 to 40
g-CO,eq/MIJ. The change in the emissions for each feed-
stock stems from a change in the farming emissions. When
energy allocation is applied to corn farming with stover
harvest, the GHG intensity of corn grain ethanol decreases
by 9 %, while it increases by 140 % for corn stover etha-
nol. With the energy allocation scenario, both fuels provid-
ed a life cycle GHG emission reduction compared to gas-
oline of 42 and 57 % for grain and stover ethanol, respec-
tively. If mass rather than energy allocation is applied to
feedstock production, similar values, 55 and 38 g-COjeq/
MJ, result for grain and stover ethanol, respectively. It is
important to note, however, that this treatment of the col-
lection of corn grain and corn stover as an integrated sys-
tem may not accurately represent the feedstock production
stage. At present, farmers may view stover harvest less as a
means to produce an additional product from their land, but
rather as a technique to manage rising crop residue levels
as corn yields increase. This viewpoint is likely more prev-
alent in areas with high corn yields with a corresponding
substantial stover resource.

Treating CHP-Produced Heat and Electricity
by Displacement

In this paper, CHP-produced heat and electricity are consid-
ered as a co-product of corn stover ethanol production with
associated energy and emission burdens. When corn stover
ethanol is produced in an individual plant, a common ap-
proach to handle CHP-produced heat and electricity is a dis-
placement method where all GHG emissions are allocated to
the ethanol and additional electricity is exported to the grid
with the ethanol receiving a displacement credit [9, 33]. This
methodology can also be applied to the integrated scenario.

When CHP-produced electricity and heat are treated with
the displacement method, no GHG emissions are associated
with the CHP-produced heat and electricity that is used inter-
nally in corn ethanol and corn stover ethanol production. As a
result, when corn grain ethanol production consumes the
CHP-produced energy, the ethanol receives the benefit of an
emission-free energy source. All of the GHG emission burden
associated with corn stover that serves as the CHP energy
feedstock are assigned to corn stover ethanol production, re-
gardless of the final fate of the CHP energy. In our analysis,
we assume that the displaced electricity is produced from the
national average grid mix, which is 0.5, 26.1, 41.5, 19.5, 0.3,
and 12.2 % from residual oil, natural gas, coal, nuclear power,
biomass, and others (e.g., hydro, geothermal), respectively
[33]. The displacement credits are assigned to corn stover
ethanol. We generated results for when this displacement
method along with the attributional approach to corn grain
and stover agriculture is applied to calculation of the GHG
emissions for the baseline scenario. Corn stover receives the
CHP-produced energy first. Compared to a scenario with the
same assumptions except the energy allocation method ap-
plied to co-produced CHP, the GHG emissions for stover eth-
anol increase from 25 to 27 g-CO,eq/MJ, while those for grain
ethanol decrease from 57 to 54 g-CO,eq/MJ. The change in
emissions is relatively small because 88 % of the heat and
electricity is utilized by corn stover ethanol, meaning most
of the emissions of the CHP co-product are assigned to the
stover ethanol production in the baseline scenario. For this
scenario, the GHG emission reduction is increased for corn
grain from 40 to 42 % but decreased for stover from 74 to
71 %. These results would leave the status of corn grain eth-
anol and corn stover ethanol as conventional and cellulosic
biofuels, respectively. The GHG emissions for the combined
liter decrease when CHP is considered a byproduct from 48 to
47 g-COzeq/MJ. Unlike when CHP-generated electricity is
considered a co-product, a displacement credit can be taken
for the generated electricity that goes unused at the
biorefinery.

The effects of treating CHP as a co-product rather than a
byproduct have a greater effect when we consider scenario 1,
in which CHP energy is allocated based on ethanol
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production. It is important to note that burdening corn stover
ethanol production with the energy consumption and emis-
sions associated with converting corn stover to CHP-
produced energy that is subsequently used by the corn grain
ethanol process is likely not an appropriate allocation method
for an integrated plant. We present this scenario, however, to
highlight the pronounced effect on results that these types of
choices in LCA can have. In this case, which essentially ties
the burden associated with CHP-produced energy to corn sto-
ver ethanol, the GHG emissions in this scenario decrease for
grain ethanol from 48 to 40 g-CO,eq/MJ, while they increase
for stover ethanol from 48 to 69 g-CO,eq/MJ. The effect of
the assumption about CHP energy is much greater because, in
this scenario, stover ethanol only utilizes 57 % of the heat and
electricity produced by CHP. Under these conditions, corn
grain ethanol achieves a GHG emission reduction of 17 %.
On the other hand, stover ethanol would only offer a 25 %
GHG reduction compared to gasoline and would only qualify
as a renewable fuel under RFS2.

Effect of Plant Size on GHG Emissions

We selected corn grain and stover ethanol plant capacities
based on information about commercial facilities [9]. As the
industry expands and matures, plant capacities may change.
We investigated the influence of plant capacity assumptions
on integrated ethanol GHG emissions. In Fig. 4, we present
GHG emissions of grain and stover ethanol as well as inte-
grated ethanol when the stover ethanol plant size ranged from
0-210 MLY and the grain ethanol plant size was held constant

@ Springer

Grain Stover Grain Stover

Scenario 1 Scenario 2

at 210 MLY. The integrated and grain ethanol GHG emis-
sions decrease with increasing plant size, but the emissions
for stover ethanol are consistently 25 g-CO,eq/MJ. The re-
sult makes sense because, in the baseline scenario, energy
and material use for stover ethanol production are indepen-
dent of corn grain ethanol production. On the other hand,
grain ethanol GHG emissions show the increasing benefits
of heat and electricity integration with an increasing stover
ethanol plant size. Figure 4 shows two slopes for grain eth-
anol GHG emissions. Between stover ethanol plant sizes of
0 and 60 MLY, the GHG emissions for grain ethanol de-
crease from 62-57 g-CO,eq/MJ. In this range, the corn grain
ethanol plant benefits from CHP-produced electricity that
increases as the stover ethanol plant capacity grows. Beyond
a stover ethanol plant size of 60 MLY, corn grain ethanol
GHG emissions see only a minor decrease from 57-56 g-
CO,eq/MJ because, beyond this threshold, electricity con-
sumption during grain ethanol production can be completely
met by CHP-produced electricity. As corn stover ethanol
plant capacity increases beyond 15 MLY, corn grain ethanol
continues to benefit from increasing amounts of CHP-
produced heat, which is reflected in the slow decline of corn
grain ethanol GHG emissions beyond this point. The heat
demand for grain ethanol (7.8 MJ/L) is more than ten times
as large as the electricity demand (0.7 MJ/L). To produce
enough energy to meet the heat and electricity demands for
both grain and stover ethanol (with large amount of excess
electricity), the corn stover ethanol production facility would
need to be larger than 2700 MLY, an unrealistic size for a
grain ethanol plant sized at 210 MLY.
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Comparison of Life Cycle GHG Emissions
from Integrated Versus Separate Analysis of Co-Produced
Corn Grain and Corn Stover Ethanol

Figure 5 summarizes life cycle GHG emission results for corn
grain and corn stover ethanol co-produced at one facility from
integrated and separate analytical perspectives. The figure

includes results for the baseline and the two alternative CHP
scenarios (meeting the grain energy demands first and allocat-
ing CHP energy based on the share of the total ethanol pro-
duced). Included in this figure are lines that indicate the life
cycle GHG emissions for corn grain ethanol and corn stover
ethanol when they are produced at separate facilities [26]. The
corn grain ethanol GHG emissions are for a dry mill facility
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that produces only DDGS as a co-product, with natural gas as
the process fuel. Additionally, the figure indicates the level of
GHG emissions that would qualify biofuels as meeting the
REFS standards for 20, 50, and 60 % reduction as compared
to gasoline.

It is clear that regardless of whether analysis of corn ethanol
considers it apart from or together with corn stover ethanol as
an integrated liter of ethanol or as a separate liter of ethanol,
this biofuel can achieve a 20 % reduction in GHG emissions
as compared to baseline gasoline and qualify as a conventional
biofuel under the RFS2. (Corn ethanol is not eligible for clas-
sification as an advanced or cellulosic biofuel, even if it
achieves the GHG emission targets for these fuel categories.)
Decisions about LCA methodology, however, strongly affect
life cycle GHG results for corn stover ethanol, currently con-
sidered to be one of the most promising cellulosic biofuels in
the USA. For the alternative CHP scenarios, created solely
from changes in accounting technique rather than any physi-
cal, on-the-ground change in the life cycle of this biofuel, it no
longer offers GHG emissions at a 50 or 60 % GHG reduction
compared to gasoline to be classified as an advanced or cellu-
losic biofuel, respectively.

Conclusions and Policy Implications

One objective of biofuel policies like the RFS2 and LCFS is to
increase production volumes of biofuels with large reductions
in life cycle GHG emissions as compared to baseline fossil
fuels (gasoline, diesel). In this analysis, we examine different
LCA scenarios that could influence the volume of high-GHG
reduction fuels that integrated corn grain-corn stover ethanol
facilities produce. The LCA methodology applied to these
facilities can have a direct bearing on the success of biofuel
policies. On the one hand, if corn grain ethanol and corn stover
ethanol continue to be treated separately as required by RFS2
although they are produced at one facility, LCA methodology
choices could increase or decrease volumes of conventional
(20 % GHG reduction), advanced (50 % GHG reduction), and
cellulosic (60 % GHG reduction) ethanol the facility pro-
duces. While the treatment we adopted as the baseline scenar-
i0 maintains corn stover ethanol as a biofuel that achieves a
greater than 60 % reduction as compared to gasoline, the treat-
ments we adopted for scenarios 1 and 2 cause corn stover
ethanol to qualify only as a renewable fuel or maybe an ad-
vanced biofuel under RFS2 if certain process improvements
were realized. Just a 3 % reduction in the ethanol facility
energy requirement for scenario 1 and a 10 % reduction for
scenario 2 allow stover ethanol to qualify as an advanced
biofuel. Under all scenarios, corn grain ethanol remains in
the category of conventional biofuel, but the GHG emission
reductions are very close to advanced biofuel emission levels
(50 % GHG reduction). However, RFS2 prohibits grain
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ethanol from consideration as an advanced biofuel, even if it
meets the GHG emission reduction target.

Even though corn grain ethanol is excluded from the ad-
vanced biofuel classification, the integrated scenario still pro-
duces ethanol with lower GHG emissions than from an indi-
vidual plant. In theory, the integrated ethanol pathway is
allowed in LCFS certification. Thus, this reduction can help
states implementing an LCFS to meet their GHG emission
reduction targets for transportation fuels. It is important to
note that co-product handling techniques applied to corn grain
and stover harvest and CHP-produced energy have a strong
influence on results. These techniques raise allocation and
crediting issues and can cause LCA to become convoluted
and out of touch with the physical system under analysis.
Co-product handling techniques that are adopted in biofuel
LCA must be documented transparently for the results to be
interpreted, especially if they will be applied in a policy
context.

In conclusion, as biorefineries expand and mature, they
may well use more than one feedstock and produce more than
one product. LCAs of these products could adopt many dif-
ferent approaches that will influence the output of different
categories of biofuels from these refineries. LCA methodolo-
gy choices should reflect to the extent possible the physical
system subject to analysis and should be transparent. Current-
ly, biofuel policies force separate treatment of fuels that may
be co-produced at integrated facilities, which moves the anal-
ysis away from this desired reflection of the physical reality of
the biorefinery. This construct influences the ability of policies
to meet their intended outcomes, and an open dialogue is
necessary to examine the influence of LCA requirements of
these policies and the application of these policies in the
broader community.
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