Renewable and Sustainable Energy Reviews 110 (2019) 1-12

Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

journal homepage: www.elsevier.com/locate/rser

Comparison of biofuel life-cycle GHG emissions assessment tools: The case
studies of ethanol produced from sugarcane, corn, and wheat

Check for
updates

L.G. Pereira®™", O. Cavalett”, A. Bonomi™‘, Y. Zhang", E. Warner, H.L. Chum*

2 Bragzilian Bioethanol Science and Technology Laboratory, Brazilian Center of Research in Energy and Materials, Campinas, SP, Brazil
Y Department of Civil and Mineral Engineering, University of Toronto, Toronto, ON, Canada

€ School of Chemical Engineering, University of Campinas, Campinas, SP, Brazil

9 National Renewable Energy Laboratory, Golden, CO, USA

ARTICLE INFO ABSTRACT

Keywords: The use of alternative fuels, particularly bio-based fuels, has been an important strategy to achieve greenhouse
LCA gas (GHG) emission reductions compared to petroleum-based fuels. However, discrepancies between results

GREET_ obtained by using different attributional life-cycle assessment (LCA) tools have challenged the credibility of the
](;Hgmms individual assessments, and as result, the progress towards or compliance with GHG mitigation targets. The
10Grace

objective of this study was to identify the main differences and commonalities in methodological structures,
calculation procedures, and assumptions for the major commercial biofuel, ethanol, across three public LCA
tools, BioGrace (EU), GHGenius (Canada), and GREET (U.S.), and a research-oriented fourth, the Virtual
Sugarcane Biorefinery (VSB), a Brazilian platform for sugarcane ethanol assessments.

The calculated emissions across models ranged from 16 to 45 for sugarcane, 43-62 for corn, and 45-68 g
CO.eq MJ ™! for wheat ethanol. Harmonizing the three public models with VSB assumptions for sugarcane
ethanol produced in Brazil, the range was reduced to 16-17 g CO,eq MJ ~ for sugarcane ethanol. Agricultural
production (e.g., N>O emissions from fertilizers; energy and fuel use; straw field-burning; and limestone ap-
plication) and ethanol shipping were found to be the major causes for variations for differences calculated for
sugarcane ethanol. Similarly, harmonizing BioGrace and GHGenius calculations using GREET assumptions for
U.S. corn ethanol generated nearly identical results (models varied within a 3% range). The coproduct treatment
method was found to be the most influential parameter in the variations calculated for both corn and wheat
ethanol. The application of the tools as part of GHG emissions accounting requirements is often defined via
regulations and differences and/or conflicting assumptions set-forth in these models lead to most differences
observed. Our study provides recommendations for promoting transparency in LCA calculations and assump-
tions across the tools used in research and development or for regulatory tools regarding biofuels.

Greenhouse gas emissions
Commercial ethanol
Harmonization

1. Background

The use of bio-based alternative fuels has been considered an im-
portant strategy to achieve reductions in greenhouse gas (GHG) emis-
sions from the transportation sector dominated by petroleum fuels,
promote rural economy and improve energy security. Government
agencies around the world have developed initiatives and policies to
encourage the production and use of biofuels, which could contribute to
multiple sustainability goals. Increasingly the growing variety of bio-
fuels, including high energy density hydrocarbon fuels, makes the issue
of reducing GHG emissions of increased importance [1-6].

To measure the progress towards one of the primary goals of biofuel
policies, i.e., GHG emission reductions, several models have been
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developed to quantify life-cycle GHG emissions of biofuels and their
reference fuels (typically petroleum gasoline, diesel, and jet fuels).
Some models were designed to comply with regulatory requirements,
whereas others were adopted and/or modified from existing research
and development tools investigating multiple pathways for fuels cou-
pled to vehicle life-cycle systems.

This study examined three publicly available life-cycle GHG emis-
sions models for transportation fuels: GHGenius [7,8] used in some
Canadian provinces to determine the carbon intensity of fuels under the
Low Carbon Fuel Standards (LCFS); GREET (Greenhouse Gases, Regu-
lated Emissions, and Energy use in Transportation Model) [9], used by
the U.S. Environmental Protection Agency (EPA) along with other
models for the rulemaking of the Renewable Fuel Standard 2 (RFS2).
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Abbreviations

CARB California Air Resources Board

CCLUB Carbon Calculator for Land Use Change from Biofuels
Production, sub-model of GREET

CH,4 methane

CNPEM Brazilian Center for Research in Energy and Materials

CO, carbon dioxide

COzeq  carbon dioxide equivalent

CONCAWE Conservation of Clean Air and Water in Europe

CRC Coordinating Research Council, Inc.

CTBE Brazilian Bioethanol Science and Technology Laboratory

EPA U.S. Environmental Protection Agency

EU European Union

EU-CAR European Council for Automotive Research and
Development

EU-RED European Union Renewable - Energy Directive

FQD Fuel Quality Directive, EU

GHG greenhouse gas

GREET Greenhouse Gases, Regulated Emissions, and Energy Use

in Transportation, by Argonne National Laboratory, ANL,
u.s.

GWP global warming potential — 100-year

IPCC Intergovernmental Panel on Climate Change

ISO specific standard from the International Organization of
Standards

JEC Joint European Commission

km kilometer

LCA life-cycle assessment (GHGenius); life-cycle analysis
(GREET)

LCFS Low Carbon Fuel Standard

MJ megajoule

N,O nitrous oxide

RFS2 U.S. Renewable Fuel Standard 2

RSB Roundtable on Sustainable Biomaterials

UK-RTFO United Kingdom Renewable Fuels

Obligation

Transportation

VSB Virtual Sugarcane Biorefinery, CBTE, CNPEM, Brazil
WTT well-to-tank
WTW well-to-wheel

Derived GREET versions are used by the California Air Resources Board
(CARB) LCFS (U.S.); and BioGrace (BIOfuel GReenhouse gas emissions
Alignment of Calculations in Europe) [10], simplified for use in com-
pliance with the European Union Renewable Energy Directive (EU-
RED) and the Fuel Quality Directive (FQD), with harmonized data for
EU nations.

Because the LCA models were designed for different purposes, sig-
nificant variations have been observed in GHG emissions estimates,
especially for biofuels [11-22]. Many factors, including assumptions,
input data, treatment of coproducts, level of details built in the calcu-
lation structure, and specific attributes of the Life-cycle Assessment
(LCA) approach utilized could influence the estimates of carbon in-
tensity per functional unit of biofuel used in the transportation sector.
In addition, much of the literature does not identify the specific model
version used nor the level of maturity of the technology, making
meaningful comparisons of results difficult, and, at times misleading.
The inconsistency among these GHG modeling tools and their use has
led to a great variability in GHG emissions results for the same biofuel
pathway such as ethanol from sugar or starch crops, biodiesel from
soybean or rapeseed which are commercial and bagasse or corn stover
to ethanol which are in demonstration or initial commercialization
phase. Macedo et al. [6] pointed out technical challenges in the eva-
luation of biofuels, including the need for reliable data (i.e. both at
agronomic and conversion stages) and for a higher level of scientific
consensus on a series of aspects, such as the treatment of coproducts,
land use change, and reference systems [11,12,15,16].

One of the most debated pathways is ethanol produced from corn
grown in the U.S.: some studies concluded that its GHG emissions
would be nearly twice as high as those from gasoline [16,17], mainly
driven by the (direct and indirect) land use changes induced by di-
verting corn to produce ethanol. Other studies found that corn ethanol
offers advantageous GHG reductions of up to 40% in comparison with
gasoline in scenarios which maintain the reference land use as con-
tinuing to be productive or improved agricultural land [11,18-20]. In

Standardization
of categories (2)

I

the case of Brazilian sugarcane ethanol, Cavalett et al. [21], Seabra
et al. [22], Wang et al. [13] reported GHG emissions savings between
67% and 86% relative to the baseline gasoline. Khatiwada et al. [14]
assessed GHG emissions for Brazilian sugarcane ethanol under North
American (i.e., EPA's RSF2 and California Air Resources Board CARB
LCFS) and European Directives and regulatory schemes (i.e., EU-RED
and United Kingdom Renewable Transportation Fuels Obligation (UK-
RTFO)). The authors found that GHG emissions savings at that time
could vary as much as 30% within the same method (e.g., the EPA RFS2
approach can range between 61% and 91%) and more than 40% using
the methods required by different regulations (e.g., CARB LCFS ap-
proach 31% and EU-RED approach showed 72%). Agricultural practices
(especially soil carbon and nitrogen dynamics), coproduct credits from
surplus electricity, and uncertainties around economic modeling ap-
proaches for indirect land use change were the major drivers of meth-
odological divergences.

The discrepancy in GHG emissions estimates from the application of
different LCA models noted in the previous analyses affected the ac-
ceptance of LCA results and their use in the biofuel policy context and
the reported progress towards meeting the established GHG emissions
reduction targets. A few studies on the comparison of LCA models used
for regulatory purposes investigated methodological differences.
Hennecke et al. [23] compared BioGrace versus the RSB (Roundtable on
Sustainable Biomaterials) version approved under the EU-RED. Chum
and Warner [24] performed a harmonization study for dry-mill corn
ethanol production based on natural gas energy source using GHGenius
and BioGrace models with GREET 2015 data as model inputs. Harmo-
nized model results agreed well with each other within 2.5%. O'Connor
[25] and Unnasch et al. [26] evaluated a broader range of LCA models
for the Coordinating Research Council, Inc. (CRC) of petroleum and
automotive equipment.

In this paper, in addition to the three publicly available LCA models
(i.e. GREET, BioGrace and GHGenius) the Virtual Sugarcane Biorefinery
(VSB) [27], developed by the Brazilian Bioethanol Science and

Fig. 1. Schematic representation of the main meth-
odological steps for the comparison of LCA models.
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Technology Laboratory (CTBE) served as reference for the sugarcane
ethanol production in Brazil and its parameters served to harmonize the
three public models. The primary objective of this study was to quantify
the main differences and identify commonalities in methodological
structures, calculation procedures, and assumptions, to understand how
and why the models generate different GHG emissions results. In ad-
dition, this comparative analysis provides recommendations for more
consistent and transparent LCA methodologies and best practices re-
porting results of GHG emissions for biofuel pathways used globally.

2. Methods

The general aspects of the LCA methodology are provided in section
2.1 since it is the common methodological framework to all of the
models considered in our study. Fig. 1 depicts the methodological steps
used to compare LCA models. Step (1) of the analysis compares the
main characteristics, parameters, and assumptions of the models. Step
(2) extracts the life-cycle inventories from the models and converts to
common units (e.g., mass and energy per tonne of feedstock, kilometers
(km) of transportation). This step generates preliminary numerical
comparison among models which use their own inputs and categories in
different units, thus making direct comparison more difficult. Step (3)
standardizes activity categories (e.g., fertilizer manufacture, diesel use,
and natural gas use) associated with the life cycle of ethanol production
and use. The categories were standardized across the models when the
values were extracted from each model for each category. For instance,
GHGenius presents a category named “land use changes, cultivation”,
which aggregates a series of items such as limestone application, N
fertilizer use, and field-burning of sugarcane straw with manual har-
vest, among others. This definition of land use changes associated with
cultivation used in GHGenius is different than that in the other models.
The standardization process, in this case, was not straightforward; the
intricate calculation mechanisms of the models had to be analyzed for
each specific case in the models. Step (4) is the comparison of the re-
sults calculated for the GHG emissions of ethanol followed using the
default calculation mechanisms of each LCA model. This part of the
analysis was intrinsically linked to the other steps, given that the dif-
ferences observed in the calculated results were discussed based on
information obtained in the previous steps. In Step (5), a harmonization
procedure utilizing modified steps to select parameters and assumptions
within the models was performed using one of the models as “default”
for harmonizing the other methods parameters and assumptions.

2.1. Life cycle assessment

The LCA methodology is often used to assess the environmental
impacts associated with a product, process or activity, by the identifi-
cation and quantification of energy and materials flows used, as well as
waste and emissions released. The approach has been utilized as a
standard to estimate life-cycle GHG emissions of biofuels. The general
framework for conducting the assessment can be found in the
International Organization for Standardization (ISO) documents

Fertilizers

Fuels
l/ Other agrochemicals r Fuels l»
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[28,29]. The general procedure includes the following steps: defining
scope, system boundaries, functional unit, and reference systems; de-
termining mass and energy flows; and treating coproducts; and as-
signing impacts to energy and material flows.

Fig. 2 shows a schematic overview of the typical life cycle (well-to-
wheel or WTW) of ethanol produced from biomass. The scope of the
LCA approach usually takes into consideration the agricultural (in-
cluding cropping, harvesting, and other relevant operations), transport,
industrial (conversion of feedstock to biofuel), transport of the fuel
through distribution, and fuel use stages. Inputs and outputs from each
stage may vary depending on the type of feedstock considered, any
preprocessing conducted, type of conversion plant, the location of these
different activities, the considered system boundaries, and the LCA
assumptions utilized.

2.2. Considered LCA models

In this section, the LCA models utilized for the comparison carried
out in this paper are briefly described. Detailed assumptions and cal-
culation mechanisms based on selected characteristics summarized in
Table 1, including key drivers of differences among modeling (e.g.,
geography, LCA approach and treatment of coproducts, and upstream
life-cycle data). These aspects are further discussed in section 3.

2.2.1. GREET

The GREET model [9] was developed in 1996 by the Argonne Na-
tional Laboratory (ANL) for the U.S. Department of Energy and spon-
sored by the U.S. Department of Energy's Office of Energy Efficiency
and Renewable Energy. It was originally designed to be a simple-to-use
tool through which researchers could evaluate fuel-cycle energy and
emission impacts of various transportation technologies. Since its in-
ception, the model continues to be updated and expanded by the ANL.
The most recent versions are the GREET1 2017 for fuel-cycle analysis,
GREET2 2017 for vehicle-cycle analysis, and a graphic interface named
GREET.net 2017. The model includes more than 100 fuel pathways
such as petroleum fuels, natural gas fuels, biofuels, hydrogen, and
electricity produced from various energy feedstock sources. Three
classes of vehicles and various technologies are addressed. GREET
version 2016 was used in this study.

In 2007, GREET version 1.8b was modified by Lifecycle Associates
for CARB to quantify GHG emissions for implementing LCFS in
California, where it is used for regulatory purposes and updated peri-
odically.

2.2.2. GHGenius

GHGenius [7,8] is a model developed for Natural Resources Canada
by (S&T)? Consultants based on the 1998 version of Lifecycle Emissions
Model by Delucchi [30]. The model calculates energy and emissions
associated with conventional and alternative fuel production starting
with the input from the past years (beginning with 1995) and uses
projections into the future (2050). This study made use of GHGenius
version 4.03 of 2013, which is capable of modeling multiple geographic

Chemicals
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Fig. 2. Schematic overview of the life cycle of ethanol fuel and the main inputs and emissions from each stage.
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Table 1
Selected characteristics of the LCA models investigated in this study.
Parameters GREET GHGenius BioGrace VSB
Model version 2016 4.03a 4d 2015
Developed for regulatory use? No No Yes No
Type of LCA Attributional Attributional Attributional Attributional
Functional unit Service (km, mile) Service (km) Energy (MJ) Service (km)
Energy (Btu, MJ) Energy (MJ) Energy (MJ)
Life cycle data Internal calculation Internal calculation JRC database Ecoinvent v2.2
Default treatment of coproducts Substitution (corn and wheat) Substitution Energy Economic
Energy (sugarcane)
Heating value LHV or HHV HHV or LHV LHV LHV
Domestic and international land-use change CCLUB model C stocks C stocks -
Geography U.S. Canada, U.S., Mexico, India Europe Brazil
Gasoline baseline (g CO,eq per MJ) 90.2 95.0 83.8 87.5
Impact categories GHG, GHG, GHG GHG,
Energy, Energy, Energy,
Water use, Cost effectiveness Ozone depletion and others

Air pollutants

regions, including not only country-level analyses for Canada, U.S.,
Mexico, and India, but also accounting for regional specificities. The
public model version 5.0a is currently used as the basis for regulations;
it was released in 2018, after this study was completed.

2.2.3. BioGrace

BioGrace [10] is a spreadsheet model used for the calculation of
biofuel GHG emissions originated from the European cooperative har-
monization effort, in which country model owners from Germany, the
Netherlands, Spain, and the United Kingdom developed the calculator
to implement the EU-RED and the FQD. The current model manager is
the Institute for Energy and Environmental Research (IFEU) from Ger-
many (BioGrace 4d version was used).

The calculation is based on a database with default values (EU
averages) of 22 commercial feedstock/biofuels pathways elaborated by
a joint group of experts, including the Joint European Commission
(JEC) from the Joint Research Center (JRC), the European Council for
Automotive Research and Development (EUCAR), and the Conservation
of Clean Air and Water in Europe (CONCAWE). The complete and up-
dated database and their models are not public, although results from
multiple fuels are published periodically. BioGrace 4d uses a set of
default values from 2011 that is accessible to users [31]. The model also
allows users to input their own data as an approved voluntary scheme
to demonstrate compliance with the EU-RED.

2.2.4. Virtual Sugarcane Biorefinery

The VSB was developed by the Sustainability Division of the CTBE
from the Brazilian Center for Research in Energy and Materials. The
tool evaluates sugarcane biorefinery configurations, combining che-
mical engineering computer simulation software (e.g., Aspen Plus),
mathematical modeling, and sustainability assessment methods with
the objective of identifying and evaluating technical parameters and
sustainability impacts related to novel and existing biorefinery config-
urations. Sustainability impacts calculated in this tool include en-
vironmental (e.g., climate change, human toxicity, ecotoxicity, parti-
culates, acidification, eutrophication, energy, land, and water use),
economic (e.g. internal rate of return, net present value, and levelized
production cost) and social (e.g. number of jobs, occupational acci-
dents, wages, educational level, and gender distribution) aspects
[27,32-47].

2.3. Approach for comparison of the LCA models

All four models were used to estimate GHG emissions impacts for
sugarcane ethanol produced in Brazil. GREET and GHGenius were
utilized for assessing the impact of corn ethanol produced in the U.S.,
whereas BioGrace calculated the impact of corn ethanol produced in the

EU. GHGenius and BioGrace were used to assess wheat ethanol pro-
duction, the first with data from the U.S. and the latter from the EU. For
the sake of consistency, modeling was performed for the same year,
when possible. For GREET and GHGenius, the year was set to 2015; VSB
already utilizes average values for sugarcane ethanol in 2015 as default.
The BioGrace 4d version, however, does not support changes to the
default model year (2011).

2.3.1. Harmonization procedure

The objective of the harmonization procedure was to assess to what
extent a difference in specific steps would affect the results and how
close final figures obtained would be in relation to each other, after
models are harmonized having one of the models as “default”.

In summary, the modification steps described for sugarcane ethanol
in Brazil and corn ethanol in the U.S. accomplished the following: (1)
applying consistent approaches for coproducts treatment (i.e., eco-
nomic allocation for sugarcane ethanol and substitution for corn
ethanol); (2) removing overseas transportation (for sugarcane ethanol
only), equaling and harmonizing ground transportation distances and
GHG emissions from ethanol used in vehicles; (3) harmonizing ni-
trogen, limestone (for both ethanol cases), and field-straw burning GHG
emissions (for sugarcane ethanol only); (4) harmonizing energy use in
agricultural operations; and (5) harmonizing GHG emissions from the
ethanol production processes (industrial conversion stage) and yields to
those of VSB for sugarcane ethanol in Brazil and of GREET for corn
ethanol in the U.S.

3. Results and discussion
3.1. General comparison of the models

Table 1 introduced some of the key drivers of differences among
modeling results are discussed. Although GREET and GHGenius are
used by policymakers for regulatory compliance in the U.S. and Canada,
respectively, BioGrace is the only model developed to assess com-
pliance of biofuels in the EU. Modified versions of GREET are used for
compliance in the CARB LCFS.

The LCA scope is consistent mostly among GREET, GHGenius, and
VSB. BioGrace, however, it is a well-to-tank (WTT) calculation fol-
lowing the EU-RED legislation specified values of various parameters.
The model includes a threshold value or cut-off criterion of 0.1 g CO.eq
per MJ of fuel for inclusion of component inputs or processes in the
accounting of the total GHG emissions of the biofuel pathway. The JEC
model is capable of modeling both WTT and tank-to-wheel emissions,
making use of specific values for the chosen propulsion system [31].
GREET and GHGenius have coupling choices of WTT with several types
of vehicle cycle modeling tools to obtain overall WTW results in public
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models. VSB also accounts for the vehicle emissions and provides
multiple functional units such as CO,eq emissions in terms of km tra-
veled and include the exhaust emissions from the use of fuel in vehicles,
as well as the emissions from the whole supply chain.

All four models provide life-cycle GHG emissions inventories;
however, only VSB applies a structured life cycle impact assessment
method and assesses other local and global environmental impacts.
Life-cycle GHG emissions associated with gasoline (in g CO,eq per MJ
of fuel) are used as the fossil fuel reference system to estimate the GHG
emissions reductions obtained by biofuels. The fossil fuel reference
emission between the models can differ as much as 12% across models
(95.0g CO,eq per MJ for GHGenius and 83.8g COseq per MJ for
BioGrace). The 12% difference includes producing, transporting and
refining the various crude oils and alternative sources (tar sands or
shale oil) used to produce the fossil fuel in the countries or states that
are using the fossil and renewable fuels. Differences in the fossil fuels
reference systems are expected between models, because they are de-
signed to model different oil refineries with different technologies,
petroleum quality and mix of products in the different regions of the
world.

Climate impacts are typically expressed in terms of global warming
potentials using a time horizon of 100 years (GWP1q0), although the
GWP values are updated over time with improvements from climate
science. BioGrace utilizes GWPyoo from the IPCC 2001 report [48] as
default [10]. It provides, however, the option of switching the factors to
those from the IPCC 2007 report [49]. GREET and VSB use GWPqq
from the IPCC 2013 report [50] as default. GREET allows users to select
values among all five IPCC reports [48-52]. GHGenius uses factors from
the IPCC 2007 [49] report as default; however enabling the use of
factors from IPCC 1995 and 2001 reports [48,52]. For the sake of
comparison, characterization factors for all models were harmonized to
use GWP; o values in the IPCC 2007 report [49].

3.1.1. LCA approach and treatment of coproducts

All four models use an attributional LCA approach as default,
meaning that the focus of the models is on describing the en-
vironmentally relevant physical flows (e.g., materials and energy) to
and from the environment for the biofuel production at defined system
boundaries [53-57]. This differs from a consequential LCA approach,
which aims to describe how environmentally relevant flows will change
in response to possible substitution of products’ decisions [54].

The choice of the procedure used to treat coproducts is one of the
most controversial topics in LCA. The issue arises when a system pro-
duces more than one valuable output, as in a multi-functional system.
The concern is associated with biofuels production systems because
other useful products are often coproduced with the fuel of interest. The
ISO 14040 and 14044 documents recommend avoiding allocation
whenever possible either through subdivision of processes or by ex-
panding the system boundaries to include the functions associated with
the coproducts generated. This includes displacement or substitution
methods that are intrinsically more complex as their implementation
requires significant amount of market data in laborious levels of detail
[56]. For instance, in the case of corn ethanol, a major coproduct is
dried distillers’ grains with soluble materials (DDGS), a protein rich
animal feed, for beef, dairy, swine, and poultry. DGS (wet form) is also
sold to closely located beef and dairy animals farms. DDGS substitutes
corn, soy meal, and urea at specific displacement ratios determined,
which is one example of the expansion of the boundaries. The aggregate
amounts of the various displaced conventional products would have
generated GHG emissions that are offset by the displacement ratios and
amounts of the corresponding nonfuel product output. The emissions
displaced are the credits for production of fuel products from the total
system GHG emissions [56]. This example also includes another level of
expansion of the system given by the amount of methane generation
credit for avoided methane in dairy production. Current dry mills
(70%) also extract corn oil (non-edible) for the production of biodiesel
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and thus the boundaries are further increased with this additional en-
ergy coproduct. In summary, multi-functionality here is treated by
subtracting from the product system the impacts from reference pro-
ducts (in the example corn, soy meal and urea) that may be displaced by
the coproducts in the market. The substitution method can be con-
sidered a step into the consequential LCA approach.

When it is not possible to avoid allocation, the main recommenda-
tion by ISO is to use methods that reflect the physical properties or
other relevant variables [55]. The most recent ISO document on this
matter is the Sustainability Criteria for Bioenergy [58], which provides
further guidance on the treatment of coproducts. Documentation of the
selected procedures for coproducts treatment is needed and justified,
including sensitivity analysis to illustrate the consequences of using
alternative procedures.

The models investigated in this study made use of different copro-
duct treatment approaches as default: the VSB considers economic al-
location while BioGrace makes use of energy for partitioning as per
regulation, although JEC [31] suggests substitution as the most ap-
propriate approach. GHGenius utilizes the substitution method,
whereas GREET allows the user to calculate multiple approaches de-
pending on the biofuel pathway. For instance, the impacts of sugarcane
ethanol and surplus electricity produced in Brazil are allocated ac-
cording to energy as default, whereas the impacts of corn ethanol in the
U.S. can be calculated by substitution or other allocation methods.

3.1.2. Upstream life-cycle data

The life-cycle stages of a process or product include extraction,
manufacture, logistics, and use; a product used as an input to a process
carries the impact load from the previous stages. To account for these
impacts in the assessment, GREET and GHGenius use internal calcula-
tion mechanisms based on sector inventories: power, transportation,
industrial, and resource extraction. BioGrace and VSB utilize the JRC-
EUCAR-CONCAWE database v4.a [31] and the Ecoinvent database v2.2
[59], respectively.

Main relevant items in terms of GHG impacts include fertilizers,
diesel, and natural gas, among others, accounting for their manufacture
and use. Table 3 presents the upstream life-cycle data for selected in-
puts. The impacts can vary significantly across the models. For instance,
regarding diesel, the impact can vary as much as 30% with 116.4g
CO-eq per MJ estimated by GHGenius (with 75% of the total impact
associated with the combustion stage) and 81.6 g CO.eq per MJ by the
VSB (with 55% of the total impact associated with the combustion
stage); for the nitrogen fertilizer manufacture, variation can be as much
as 43% with 5.88 g COxeq per kg of nitrogen for BioGrace and 3.35g
COeq per kg of nitrogen for the VSB.

3.1.3. Nitrous oxide (N,O) emissions

The contribution of N,O is an important variable in the calculation
of climate impacts, magnified by its high characterization factor that
can be as much as 300 times greater than that of CO, depending on the
IPCC GWP method chosen. N,O emissions on biofuel pathways come
mainly from nitrogen fertilizer application and organic matter decom-
position [60], depending on soil type, climate, crop, tillage method, and
fertilizer and agricultural residues application rates.

LCA studies accounting for N,O emissions often utilize the default
emissions factors published by IPCC, which present estimates from
several sources [61]: direct soil emissions of N as N20, at 1% of syn-
thetic N fertilizer application and 2% for manure; volatilization of N as
NH; at a rate of 10% of total N in the case of synthetic N application or
20% of total N in the case of manure application, with 1% of the N in
the NH; converted to N»O; and runoff and leaching to groundwater as
nitrate at 30% of total N applied, with 0.75% of it converted to N,O.
The total resulting effect is that 1.325% of N in synthetic fertilizer is
emitted as N,O (due to direct emissions of N>O plus indirect N,O
emissions from the conversion of emissions of NH3 and nitrate to N,O).

Table 2 presents the emissions factors for direct and indirect N>O
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Table 2
Emissions factors for direct and indirect N,O emission from fertilizers and
agricultural residues.

Emission factors” GREET GHGenius BioGrace VSB
Direct N,O emissions” 1.00%
Sugarcane 0.895% 1.25% - 1.00%
Corn 0.900% 1.25% - -
Wheat - 1.00% - -
Indirect N,O emissions®
Volatilization of N as NH3 10% 10% 10% 30%
N in NH3 converted to N,O 1.00% 1.00% 1.00% 1.00%
Runoff/leaching as nitrate 30% 30% 30% 5%
Nitrate converted to N,O 0.75% 0.75% 0.75% 0.75%
Total N,O emitted
Sugarcane 1.220% 1.575% 1.325% 1.460%
Corn 1.225% 1.575% -
Wheat - 1.325% -

? GHG models utilize as basis default Tier 1 emission factors published by
IPCC, which estimates emissions from several sources [66]: volatilization of N
as NHs, at a rate of 10% of total N in the case of synthetic N application
(ranging from 3% to 30%) or 20% of total N in the case of manure application;
direct soil emissions of N,O, at 1% in case of synthetic N and 2% in case of
manure; runoff and leaching to groundwater as nitrate at a rate of 30% of total
N applied (ranging from 10% to 80%) with 0.75% of it converted to N,O; de-
fault resulting effect is that 1.325% of N in synthetic fertilizer is emitted as N in
N,O.

b BioGrace and the VSB utilize the default IPCC values for the direct N,O
emissions, whereas GHGenius and GREET consider differentiated values for the
crops.

¢ BioGrace, GHGenius, and GREET models utilize the default IPPC values for
the indirect N,O emissions, whereas the VSB considers specificities of the soil
used for sugarcane production in Brazil with a higher value for volatilization of
N as NH;3 (30%) and lower for runoff/leaching as nitrate (5%), according to
recommendations from experts.

Table 3

Upstream life cycle data for selected inputs.
Input GREET" GHGenius” BioGrace® VSB*
kg CO,eq per kg of nutrient (manufacture)
Nitrogen (N) 4.48 3.51 5.88 3.35
Phosphate (P»0s) 1.51 0.73 1.01 2.16
Potassium (K,0) 0.66 0.47 0.58 0.55
g COxeq per kg of input (manufacture + use)
Limestone (CaO) 236.0 790.0 129.5 131.6
g COzeq per MJ of fuel (production + combustion)
Diesel 90.2 116.4 87.6 81.6
Coal 96.0 103.7 111.3 -
Natural gas 66.7 83.1 67.6 -

b The European life cycle database v4.a.
2 Internal calculation.
¢ Ecoinvent database v2.2.

emissions from fertilizers and agricultural residues assumed by each
model. Although the GHG models investigated in this study make use of
the IPCC 2006 method as a basis to account for field emissions, small
differences in the assumptions may lead to significant variability in the
obtained results.

For instance, regarding direct N,O emissions associated with the use
of N-fertilizer, BioGrace and the VSB use the default IPCC values for the
direct N,O emissions (equivalent to 1%), whereas the others consider
different values for the crops (GHGenius uses 1% for wheat and 1.25%
for corn and sugarcane, whereas GREET assumes 0.895% for Brazilian
sugarcane and 0.9% for corn).

3.1.4. Land use changes

GREET allows for the inclusion of GHG emissions associated with
direct land use change (LUC) due to corn crop management and soil
carbon data from the CENTURY model, Carbon Online Estimator (Tier
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3) for the U.S. and induced land use change based on its Carbon
Calculator for Land Use Change from Biofuels Production (CCLUB)
module [62]. The CCLUB model combines land conversion (area and
type) data from Purdue University's Global Trade Analysis Project
model and the CENTURY model for estimates of U.S. soil carbon and
Winrock International for international land use [63-66]. BioGrace and
GHGenius also present the option of calculating land use changes based
on the carbon stocks change method for various biomass feedstocks as
an additional feature of the models. The assumptions and treatment of
the LUC issue obviously varies across considered GHG emission models,
however we did not assess the influence of land use change parameters
and assumptions in GHG emissions associated with ethanol production
in this paper. It is because our study focus on the attributional value
chain GHG emissions of ethanol fuel pathways. Several issues on LUC
modeling regarding biofuel pathways have been recently addressed in
the scientific community (e.g. Refs. [67-73]). LUC results are especially
dependent on the modeling assumptions and normally gain robustness
when site-specific information is taken into account. Therefore, the
analysis of LUC parameters and assumptions present in the LCA models
deserves specific further analysis.

3.2. Life-cycle inventories

Tables 4-6 present the main agricultural and industrial inputs and
products logistics and transportation parameters for ethanol from su-
garcane, corn, and wheat, respectively, considered in each LCA model.
Detailed lists of all the agricultural and industrial inputs and yields used
for ethanol produced from the three types of biomass can be found in
Tables 1S-4S of the supplementary material.

3.2.1. Sugarcane ethanol production in Brazil

The differences observed for most of the agricultural and industrial
inputs reflect the sources of data selected: GHGenius uses average va-
lues from three studies [22,74,75] with the exception of diesel used in
agricultural machinery. GREET uses data documented in Wang et al.
[19] including the same references as GHGenius, and BioGrace derives
data from Macedo et al. [75] in 2008, whereas the data for VSB are
based on recent agriculture and industrial sectorial data, re-
commendations from experts, literature, and process simulations [27].

A key driver, the application of limestone, triggers CO, emissions
due to its degradation: GHGenius assumes an application rate of more
than double the values used by the other models. GHGenius uses the
value reported by Macedo et al. [75] in the estimate, which considers
an application rate of 1900 kg CaO per ha. In comparison, Seabra et al.
[22] and Macedo et al. [74] reported a field application rate of 450 kg
and 366 kg CaO per ha, respectively, in 2011 and 2008, from agronomic
best practices at these times, and the 2011 publication projected rates
to 2020.

Another important parameter is the proportion of mechanized
harvested sugarcane versus the manual harvesting of field-burned straw,
an old practice of the ethanol and sugar industry. However, since 2002,
a series of state and federal laws have gradually reduced sugarcane field
burning practices in face of concerns with climate change and health
effects [76]. The models investigated in this study give the user a choice
of the percentage of manual sugarcane harvesting. Changing the default
values can be tricky and complex, given that models are not designed
for non-LCA designers as users. Original default values of the models
were maintained for this comparative assessment prior to harmoniza-
tion. GREET assumes a time series for straw burning with values ran-
ging from 95% of manual harvesting in 1995 to 14% in 2015. The value
for 2015, which was used in this study, is close to the default value of
VSB tool of 18.4%. BioGrace, on the other hand, considers that 100% of
the straw is field-burned as default. GHGenius assumes no field burning
as default; this value, however, may be manually set by the user.

All four models assume that sugarcane ethanol is produced in Brazil.
VSB uses domestic transportation by truck from the producer through
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Table 4

Main agricultural, industrial and transportation parameters for sugarcane ethanol.
Parameters Unit GREET GHGenius BioGrace® VSB
Per tonne of sugarcane
N fertilizer kg 0.80 1.08 0.91 1.23
P,0s fertilizer kg 0.30 0.58 0.41 0.14
K0 fertilizer kg 1.00 1.47 1.08 1.31
Limestone kg 5.20 11.54 5.34 5.00
Diesel for machinery L 1.1 2.9 0.8 1.9
Sugarcane transportation km 19.3 20.0 20.0 27.3
Default straw burning % 14% 0% 100% 18.4%
Per liter of ethanol
Sulfuric acid g - 7.40 16.06 4.94
Lime g 10.85 11.00 17.97 7.48
Cyclohexane g - - 1.06 0.71
Ethanol transportation in Brazil =~ km 692 (truck 100%) 400 (truck 100%) additional 63 (rail 2%) and 137 (barge 34%) 700 (truck 100%) 345 (truck 100%)
overseas from Brazil km 11,934 (ship 100%) 12,558 (ship 100%) 10,186 (ship 100%) -
in destination country km 208 (truck 100%) - 150 (truck 100%) -

@ A factor of +40% is applied to industrial inputs for BioGrace to encourage voluntary data disclosure contribution from the private sector.

Table 5
Primary agricultural, industrial and transportation parameters for corn ethanol
in the U.S.

Table 6
Primary agricultural, industrial and transportation parameters for wheat
ethanol.

Unit GREET" GHGenius BioGrace” Unit  GHGenius BioGrace®
Per tonne of corn Inputs per tonne of wheat
N fertilizer kg 16.7 17.2 13.3 N fertilizer kg 18.0 21.0
P,0s fertilizer kg 5.7 5.0 8.9 P,0s fertilizer kg 10.3 4.2
K,O fertilizer kg 6.0 6.9 6.6 K5O fertilizer kg 0.8 3.1
Limestone kg 45.3 - 412.0 Diesel (machinery L 8.5 19.8
Diesel (machinery L 4.2 4.8 26.3 operation)
operation) Wheat transportation km 100 50
Corn transportation km 80.5 100 50 Inputs per L of ethanol
Per L of ethanol Electricity MJ 10.8 -5.6
Electricity MJ 0.7 0.9 -8.0 Natural gas MJ 13.4 20.2
Natural gas MJ 6.1 7.9 27.1 Ethanol transportation km 121 (truck 100%) 150 (truck
Coal MJ 0.5 1.8 - additional 802 (rail 22%) 100%)
Ethanol transportation ~ km 837 (barge 121 (truck 150 (truck
13.2%) 100%) 100%) @ A factor of +40% is applied to industrial inputs for BioGrace to encourage
1287 (rail additional 802 voluntary data disclosure contribution from the private sector. Industrial inputs
78.9%) (rail 22%) considering a configuration with steam production from a natural gas CHP
128 (truck system.
7.9%)

additional 48
(truck 100%)

2 GREET considers three types of corn mills existent in the U.S. for the
production of ethanol: dry mill without corn oil extraction (17.72%); dry mill
with corn oil extraction (70.88%); and wet mill (11.40%) based on Wang et al.
[70].

" A factor of +40% is applied to industrial inputs for BioGrace to encourage
voluntary data disclosure contribution from the private sector; electricity pro-
duced with required steam is accounted as a credit to the product system.

the distribution system to tank whereas the other models include not
only Brazilian ground distribution but also overseas shipping from
Brazil to the destination country.

3.2.2. Corn ethanol

The GREET model uses as default weighted-average values of the
three types of corn mills: dry mills without corn oil extraction (17.7%);
dry mills with corn oil extraction (70.9%); and wet mills (11.4%) [18].
Therefore, the values presented in Table 5 for the industrial stage in the
GREET model are, in fact, of the amounts of inputs and outputs used by
the different types of existing mills. Detailed industrial inputs for
ethanol produced from the three types of mills can be found in Table 5S
of the supplementary material. In terms of agricultural inputs, GREET
makes use of the study by Wang et al. [77] as a basis to project values
for 2014. The same values are used in the following years. Other con-
figurations can be selected.

By using GHGenius, it was possible to model an average U.S. dry-

mill corn ethanol facility in 2015 by selecting the U.S. as the modeling
location. In GHGenius, the base year for which default data for corn
agricultural production and the amount of inputs was originally de-
veloped is 1994. The model adjusts these inputs for 2015 according to
trends from 1964 to 2011 [78].

BioGrace models an average EU dry-mill corn ethanol facility
powered by a natural gas combined heat and power (CHP) system using
the default 2008/2009 dataset derived from Neeft [10]. Table 5 com-
pares the primary model parameters used in the three models for corn
and ethanol production and transportation.

3.2.3. Wheat ethanol

Only GHGenius and BioGrace include a wheat ethanol pathway. The
GHGenius model assumes an average-wheat ethanol facility using
natural gas CHP for steam and power production, with on-site elec-
tricity generation. Similar to the corn ethanol pathway, the base year
for wheat agricultural production and the amount of inputs used in the
U.S. is 1994 extrapolated to 2015. BioGrace models five types of wheat
ethanol plants: four with on-site electricity generation (unspecified
process fuel, steam from lignite CHP, steam from straw CHP, and steam
from natural gas CHP) and one with electricity consumption from the
grid (steam from natural gas boiler). For comparative reasons, steam
from CHP was selected for evaluation in this study using the default
2008/2009 dataset based on Neeft [10]. Data for wheat and ethanol
production is summarized in Table 6. The different locations in part
explain the variations in model inputs, such as fertilizer application
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rates and electricity usage.

3.3. Comparison of calculated GHG emissions

Differences in net life-cycle GHG emissions impacts across the
models are shown in Fig. 3. Impacts values for the various categories
are found in Table 6S of the supplementary material.

Brazilian sugarcane ethanol estimated life-cycle GHG emissions vary
as much as 65% across models, with GHGenius presenting the highest
value at 45.1 g COseq per MJ of ethanol compared to 16-24 g CO»eq
per MJ obtained with the other models. For GHGenius, the main dif-
ferences observed in comparison to the other models result from data
on fuel and energy use, limestone, and fertilizer GHG emissions at the
agricultural stage (farming), as well as low energy efficiency bagasse
combustion at the industrial stage. GHG emissions from the use of
diesel are responsible for 7.8 g CO,eq per MJ of ethanol according to
GHGenius, while GREET, BioGrace, and VSB estimate 4.3, 1.3, and 2.2 g
CO.eq per MJ of ethanol, respectively. As expected, the GHGenius
model results for limestone application are 4.9g CO,eq per MJ of
ethanol, which is 12 times compared to BioGrace (0.4 g CO»eq per MJ),
with GREET (1.3 g CO»eq per MJ) and VSB (0.9 g CO,eq per MJ) having
intermediate values. Fertilizer and soil N,O emissions are estimated at
10.8 g CO.eq per MJ of ethanol by GHGenius in comparison to 1.7 by
GREET, 3.3 by BioGrace, and 7.9g by VSB (in g CO,eq per MJ).
GHGenius also includes GHG emissions from sugarcane bagasse com-
bustion (5.1 g CO,eq per MJ of ethanol), whereas the other models
consider carbon emissions from bagasse combustion as biogenic and,
therefore, do not include them in the life-cycle results; GREET calcu-
lates them.

The amount of diesel used in machinery operation (in L per tonne of

110
90
- 10
o
C
@©
E=
2 50
S) =S
=
2 30
g — e
S 10
D
-10
-30
o 3 8 a
. = o >
5 8 ¢
Q 39
G} [aa]
Sugarcane
Farming

Ethanol production
m Ethanol ground transportation
Co-product credit

Renewable and Sustainable Energy Reviews 110 (2019) 1-12

sugarcane) was estimated as 2.9 by GHGenius, which was higher than
the 1.1 by GREET or 0.8 by BioGrace, and 1.9 by VSB, as shown in
Table 4. In addition to the amount used, GHGenius estimated a higher
life-cycle GHG emissions factor for diesel (production and combustion
in agricultural machinery) when compared to GREET, BioGrace, and
VSB: 116.4 in GHGenius, 90.2 in GREET, 87.6 in BioGrace, and 81.6 in
VSB, all in g CO»eq per MJ of diesel fuel, as shown in Table 3. In the
case of limestone, a similar explanation is valid. The discrepancy ob-
served for the impact calculated by GHGenius in comparison to the
other models may be attributable to two main factors, such as the
higher application rate of lime (Table 4) and the much larger upstream
life-cycle impact value associated with limestone (Table 3).

Ethanol shipping is also a very important category for sugarcane
ethanol; values calculated through GREET, BioGrace, and VSB would be
similar with a maximum variation of 15%: (in g COseq per MJ of
ethanol) 16.8 for GREET, 18.9 for BioGrace, and 16.1 for VSB.

The influence of the approach for the treatment of coproducts uti-
lized by the models when evaluating sugarcane ethanol is minor, as
shown in Table 7S of the supplementary material. Excess electricity
generated in the production of sugarcane ethanol corresponds to 5% of
the total impact in GREET (energy allocation), 0% in BioGrace (energy
allocation), 9% in GHGenius (substitution method), and 4% in VSB
(economic allocation). Results from the impact of excess electricity
production in this paper are specifically linked to the default assump-
tions considered in the investigated models. Khatiwada et al. [14]
stated that, if the system expansion method (substitution method) were
adopted, the credits associated with electricity generated could even
offset all the GHG emissions resulting from ethanol production in
Brazil. However, the calculation of such credits depends on the selec-
tion of several factors and assumptions (e.g. average electricity
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Fig. 3. Greenhouse gas emissions impacts of ethanol produced from sugarcane, corn, and wheat in g CO,eq per MJ of ethanol calculated by GREET, GHGenius,

BioGrace, and VSB models.
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generation by biorefineries, type of biomass used as feedstock (su-
garcane bagasse and/or straw), electricity mix considered, and GHG
emissions related to the sources of electricity considered), which are
associated with uncertainties and variabilities, and whether it sub-
stitutes base or marginal electricity production. In addition to the
electricity generated as a coproduct, the majority of sugarcane bior-
efineries in Brazil coproduce ethanol and sugar [32] — considering this
fact could also lead to variability in the partition of the GHG emissions
impacts obtained. The VSB model can account for variations in the
portfolio of the products of a sugarcane biorefinery, as well as for the
use of additional feedstocks for electricity production (in field me-
chanized sugarcane harvest) [39].

For corn ethanol, life-cycle GHG emissions obtained vary as much as
30% across models, with BioGrace estimating 43.4 (specific process),
GHGenius 61.9 (average) and GREET 57.7 (country average) g CO.eq
per MJ of ethanol, respectively. The main differences observed in this
case are due to the treatment of the coproducts utilized. The default
method used by BioGrace (energy) led to a 50% partitioning of GHG
emissions between ethanol and its coproducts, whereas the substitution
method used by GREET and GHGenius provides a credit of 12.8 and
16.7 g CO2eq per MJ, respectively, for non-energy products to ethanol
(Fig. 3 and Table 6S). GHGenius estimates GHG emissions from ferti-
lizers at 20.2 g CO»eq per MJ of ethanol in comparison to 16.2g by
GREET and 4.3 g by BioGrace. The use of off-site electricity, coal, and
other inputs required for corn ethanol production resulted in a total of
18.1 g COeq per MJ of ethanol by GREET, 15.9 g by GHGenius, and 0 g
by BioGrace (electricity from a natural gas steam plant generates corn
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ethanol power needs without crediting excess electricity produced).
Table 5 shows the differences in fertilizers, limestone, and diesel inputs
at the agricultural stage, as well as the demand for electricity and fuels
in the industrial stage between BioGrace and the other two models.

The same observations made for corn are valid for wheat ethanol:
BioGrace presented the lowest GHG emissions impacts due to the
treatment of the coproducts utilized. Additionally, the discrepancy
presented in terms of the inputs considered by BioGrace and GHGenius,
in this case, may be explained by the fact that BioGrace contemplates
the production of wheat in the EU, whereas GHGenius considers wheat
produced in the U.S.

3.4. Harmonization

The procedure to harmonize parameters and assumptions generated
similar impact values calculated by the models (Fig. 4). Note that all
following numbers are presented in g COseq per MJ of ethanol. Upon
harmonization, default impacts for sugarcane ethanol (24.0 by GREET,
23.0 by BioGrace, and 43.9 by GHGenius) changed to values close to
16.1 calculated with VSB assumptions (17.5 by GREET, 17.3 by Bio-
Grace, and 17.2 by GHGenius) for ethanol produced in Brazil, re-
presenting a maximum variation of 8%. In terms of corn ethanol,
considering the average of dry and wet corn milling facilities, the re-
sults obtained with default parameters (43.4 by BioGrace and 61.9 by
GHGenius) changed to values close to 57.7 calculated by GREET (57.0
by BioGrace and 56.2 by GHGenius), achieving a maximum variation of
3%.
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from sugarcane (using VSB as a basis) in Brazil (top) and corn ethanol (using GREET
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The results obtained in this work are in line with the previous
harmonization study by Chum and Warner [24]. In that study, impacts
for corn ethanol produced in dry milling facilities (43.4 by BioGrace
and 62.8 by GHGenius) changed to 54.1 by BioGrace and 53.7 by
GHGenius within a maximum variation of results of 2.5% in comparison
with the value of 52.5 by GREET.

3.5. Methodology comments

Although few LCA models and feedstocks were investigated to
produce ethanol, the conclusions from this study are broadly applicable
to LCA work carried out in a regulatory/policy context. The feedstocks
selected for ethanol currently provide more than 90% of the ethanol
produced and used globally [79].

Results of the harmonization emphasize that to understand the
comparisons of LCA results from commercial biofuels one must re-
cognize: the geographic and temporal context for feedstock agronomic
production and of the performance of the industrial sector as technol-
ogies used for biofuel production improved over time (as it is the case
for the two major feedstocks addressed here, as also shown by Chum
et al. [80,81]; the product slate of the biorefinery evolves; the approach
for modeling land use and coproduct credits; broad differences (e.g.,
uses natural gas instead of coal) or gaps (e.g., no pesticide or adoption
of different country agricultural production data for lack of specific
country data) in inventories; the scope and geographic context of the
supply chain for chemicals, infrastructure, and biofuel transport and
use (can be different than the production).

Some models have been continually improved (e.g., GREET), in-
cluding relevant commercial pathways, while others lag, for instance,
from 2013 GHGenius (used in the study) was updated in 2018. Default
data in BioGrace is out of date and may not reflect the current com-
mercial practices. However, BioGrace has a different purpose as it en-
courage users to provide their own data.

Regarding sugarcane ethanol production in Brazil, for instance, the
amount of surplus electricity generated as a coproduct in a number of
biorefineries could be included in the calculation; however, it is not an
option in BioGrace as the EU regulation does not consider this aspect.
This is an example of the tool following a directive that is not a research
tool. This distinction could be clearer for researchers in the model
documentation.

Significant progress has been accomplished with the GREET.net
improved graphic interface that makes navigation easier for these
complex models with intricately linked spreadsheets. Continual up-
dating is needed to decrease inconsistencies in comparing web and
spreadsheet results (e.g., field-burned straw). User-friendly interfaces
for non-LCA experts would allow users to choose among options
(treatment of coproducts, transportation distances, type of vehicles,
etc.) to interpret results. Results obtained by the models presented by
life-cycle stages, for instance, would make visualization of the influence
of specific inputs on results more informative. This is just an example of
presentation of results to facilitate the comparison across models/con-
ditions to identify most critical inputs to GHG impacts.

4. Conclusions

Our work shows that LCA tools calculate similar results when har-
monized to the maximum possible extent. The results of the harmoni-
zation procedure appear encouraging in the context of policies dealing
with GHG emissions reduction targets, given that relatively few mod-
ification steps of identified parameters and assumptions were used to
generate similar GHG emissions results for ethanol. On the other hand,
the same fact shows that the models are highly sensitive to these as-
sumptions and methodological choices, which may be interpreted as a
risk factor in the policy arena.

The elaboration and application of the life-cycle GHG emissions
assessment tools ultimately align with the biofuels regulations or

10

Renewable and Sustainable Energy Reviews 110 (2019) 1-12

directives defined by governments individually or regionally, which
vary and may have different and/or conflicting requirements.
Meanwhile, different results obtained by using such models suggest that
modeling tools should provide transparent data sources and assump-
tions used in LCA calculations, to facilitate the understanding of results
in terms of geographical locations of production of biomass and biofuels
consumption. Regional directive requirements have harmonized data
for specific regions (EU); states have set specific tools for their use
(California); or Canadian provinces similarly have set up requirements
as they implement and measure progress against stated objectives.
Requirements change as more scientific information emerges that jus-
tifies changes. BioGrace is a public tool specifically designed for as-
sessment of commercial bioenergy systems in the European Union. The
other three tools used started and continue to be used as research tools,
able to assess technology improvements (or feedstock supply im-
provements), or to compare biofuel pathways in scenario analyses.

Review papers discussing biofuels GHG emission reductions must
consider data sources and clarify the models utilized, because their
results depend on the purpose of the LCA, the boundaries of the systems
investigated, the stage of technology development, the source of bio-
mass production data (from small plots, field trial or commercial pro-
duction), the locations across the supply chain of biomass, and the use
of resulting fuels.

5. Recommendations

This study recommends strengthened efforts to strive for transpar-
ency about the structures and underlying assumptions of LCA models,
their calculation mechanisms, and in the reporting of results. To this
end, around the world efforts should be redoubled within stakeholder
industries, the LCA/GHG modeler community, governmental entities,
and multi-lateral governmental and non-governmental organizations
(e.g., CRC, Inc.) to work together to increase transparency of models as
well as to reach consensus on key areas such as treatment of coproducts.
Similarly, efforts to increase the understanding of climate effects on
emissions must continue to improve these tools (and many organiza-
tions are working towards this end). This study mainly expresses the
perspective of the LCA model user community, oppose to the view of a
model developer.

It would facilitate comparisons if the structure of the models and
their presentation followed consolidated instructions for LCA studies
(or well defined), providing clear definitions of study scope and major
functional unit metrics being assessed (e.g., GHG emissions as CO.eq
per MJ and/or per km) as well as explicit detail about the life-cycle
dataset and inventories used. This would also facilitate the under-
standing of the main assumptions of the models. Similarly, built-in
conversion of results from the individual model units to some common
functional unit to facilitate mutual understanding of results across
models and regions, not just by modelers but by the entire user and
stakeholder communities.

Life-cycle inventories should be continually updated and improved
to incorporate the most data on biomass feedstock productivity, taking
into account location-specific agricultural practices as well as the vin-
tage of industrial technologies being used. Research communities, the
other hand, should provide clear indication on the technology stage of
development (and thus level of confidence/uncertainty in data used),
and biomass feedstock development stage (for studies examining pro-
spective future scenarios).
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