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Abstract: Renewable fuel from the hydroprocessed esters and fatty acids (HEFA) pathway represents

a promising short-term option for reducing fossil fuel use in transportation. However, some life-cycle
assessments (LCAs) have shown that HEFA diesel and jet fuel may have higher life-cycle greenhouse gas
(GHG) emissions than the fossil fuels they replace. Many of these studies examined HEFA fuel derived
from oilseed feedstocks. Here, results and methodology from 20 LCAs of HEFA fuel from oilseeds are
reviewed in an effort to determine the sources of variability in the reported life-cycle GHG emissions of
HEFA fuels. Although there was a 61-63% reduction in median life cycle GHG emissions of HEFA biojet
and renewable diesel compared to conventional petroleum fuels, this review highlights the importance
of standardized methodologies for life-cycle assessment (e.g., CORSIA, RSB) and indicates the need
to prevent the conversion of forest land for biofuel production, as well as the potential opportunity for
alternative oilseeds such as camelina and carinata as feedstocks to produce HEFA fuels with lower life-
cycle GHG emissions. © 2020 Society of Chemical Industry and John Wiley & Sons, Ltd
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Introduction the emissions intensity of the production and use of a drop-in
fuel, in grams of carbon dioxide equivalent emissions
n the past decade, there has been an increasing number (g CO,eq) per megajoule of biofuel delivered, to provide a
of life-cycle assessments (LCAs) that focus on the life- comparison to that of a petroleum fuel over an equivalent life
cycle greenhouse gas (GHG) emissions of drop-in cycle.
renewable fuels. Drop-in renewable fuels are alternatives to Hydroprocessed esters and fatty acids (HEFA) are one of
petroleum fuel that can be used in an existing engine without the most promising short-term pathways for drop-in fuel
modification. Life-cycle assessments can be used to quantify production.! However, uncertainty in life-cycle scope and
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methodology and in the values of life-cycle parameters

has led to a large variability in the reported life-cycle GHG
emissions of HEFA fuels, especially from rapeseed and
canola.? Greater confidence in the life-cycle GHG emissions
of HEFA fuel, along with a host of economic and political
factors, may aid the adoption of HEFA fuel in Canada, one of
the world’s top producers of canola.’ Between 2008 and 2016,
there were at least 13 LCAs published on HEFA fuels derived
from canola, camelina, or carinata.*'¢

This review attempts to identify how variability in the
reported emissions intensity of HEFA fuels can be attributed
to four aspects of LCA methodology and scope: feedstock,
the inclusion of emissions from land-use change, co-product
allocation method, and refining technology.

In a previous review of biofuel LCAs, the inclusion of
emissions from land-use change and co-product allocation
methods were identified as dominant sources of variability
in the reported life-cycle GHG emissions of biofuels.”
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Figure 1. Number of LCAs of HEFA jet or diesel from crop-
based oilseeds by year of publication.
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The life-cycle GHG emissions of biofuels across different
feedstocks and production pathway assumptions has also
been reviewed,'” but with a focus on biodiesel and ethanol.
Another study'® reviewed the methodological assumptions
and data sources from some HEFA LCAs, but included a very
limited number of publications. A literature search from 2000
to 2018 identified at least 15 LCAs of HEFA from oilseeds
that have not been included in any HEFA LCA to date.

To address these gaps, this study reviews 20 LCAs of HEFA
diesel and jet fuel from oilseeds, over half of which have been
published since 2012 (Fig. 1). Life-cycle GHG emissions
are reported and compared across choice of feedstock,
co-product allocation method, inclusion of land-use change
emissions, and refining technology. A better understanding of
both intra- and inter-study variability across aspects of LCA
methodology and scope will help guide further research on
the LCA of biofuels from oilseeds, and may support better
uptake of drop-in fuels in the future.

Review methodology

Scope

This review was restricted to LCAs of HEFA from crop-based
oilseeds that can be grown in Canada: soybean, rapeseed /
canola (Brassica napus/rapa/juncea), camelina (Camelina
sativa, sunflower (Glycine max), carinata (Brassica carinata),
and pennycress (Thlaspi arvense). All LCAs of HEFA fuels
from these crops were analyzed, including studies where the
geographic region of the study was outside of Canada. Canola
and rapeseed are grouped together due to the chemical
similarity of their oil,'” although the range of yields reported
for rapeseed is up to 50% higher than that of canola.**

All LCAs reviewed had a similar scope, beginning with the
farming of raw feedstock and ending with the combustion
of fuel. This scope, called Well-to-Wheels (WTW) for
road fuels and Well-to-Wake (WTWa) for aviation fuels,
is shown in Fig. 2. When combustion emissions are not

Well-to-Wake
Farming Oil Extraction Refining Distribution Combustion
Well-to-Pump | | Pump-to-Wake |

Figure 2. Well-to-wake scope and associated life-cycle stages of HEFA LCAs. The WTW scope can be subdivided into well-
to-pump and pump-to-wake stages. Adapted from Elgowainy et al.?!
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included in an LCA, the scope is referred to as well-to-tank
(WTT). Life-cycle assessments with both WTT and WTW/
WTWa scopes were included in this review because most
WTW LCAs assume that GHG emissions at the combustion
stage are negligible. Carbon dioxide makes up the majority
of combustion emissions and is considered to be carbon
neutral for biofuels, as this GHG is sequestered from the
atmosphere during crop growth. However, some LCAs have
considered the effect of non-CO, combustion emissions,
namely NO, and particulate matter, on radiative forcing.
Life-cycle assessments of both diesel and jet fuel were
included because the potential sources of methodological
variability affect both fuels equally, and the life cycles are
very similar up to final use.

13,22

Analysis

To examine methodological variability, 76 scenarios were
selected from the 20 studies reviewed. Selected scenarios were
defined as sub-analyses within a study where one or more
aspects of LCA methodology or scope were varied: feedstock,
co-product allocation method, the inclusion of land-use
change emissions, or HEFA refining technology.

A number of studies included sensitivity analyses where the
value of life-cycle parameters such as nitrogen fertilization
rate or crop yield were varied; only the baseline scenario
was included in this analysis. A quantitative analysis of the
relationship between these parameters and reported life-
cycle GHG emissions was beyond the scope of this review,
but the results of these scenarios are included in Table 1. The
importance of certain parameters to life-cycle GHG emissions
is discussed in the results and discussion section.

The distribution of life-cycle GHG emissions for HEFA
fuels is reported herein (a) across all scenarios, grouped
by HEFA product; and (b) across scenario analyses in
the literature, grouped by publication and aspect of LCA
methodology and scope. Where applicable, results are
reported across the range of the other variables to remove
possible confounding factors. For example, if a study applied
four co-product allocation methods for both biojet and HEFA
diesel, two sets of four data-points each are plotted, one each
for biojet and HEFA diesel.

A statistical analysis of the difference between the mean
life-cycle GHG emissions published for biojet and renewable
diesel was performed. No statistical analysis was performed
on results across other variables because the number of
comparable scenarios was small, and because LCA is a
relative approach where results are absolute calculations with
inherent uncertainty and not samples of a larger population.®
For a discussion of quantitative methods in LCA, see Beltran

et al. and Grant et al.>®*’

D Zemanek et al.

Reported life-cycle GHG emissions were compared in
grams of CO, equivalent emissions per MJ of fuel. If results
were reported in an alternative functional unit, such as
distance (kg-km or passenger-km)°® or mass (kg),® they were
converted to MJ based on the energy density of the fuel or
average fuel consumption of a vehicle. If numerical results
were not reported for a scenario, results were estimated to the
nearest half integer from available figures.

Aspects of LCA methodology and scope
Feedstock

Feedstock was analyzed as a potential source of variability
in the LCA of HEFA fuels because the production system,
and thus GHG emissions of every feedstock is different.
However, all the feedstocks examined in this study were
oilseeds, most of which share certain agronomic and
physical characteristics. Seed oil content by weight ranges
from 34 to 46% for all oilseeds except soy, which has a lower
oil content (18-21%).%'®'® Inputs required in the farming
stage are typically nitrogen, phosphorus, and potassium
fertilizer, diesel (farming equipment), and occasionally
pesticides; N,O emissions from applied nitrogen fertilizer
and from crop residues are also accounted for. Five studies
compared life-cycle GHG emissions across different
feedstocks.*” 1

Land-use change

Land-use change emissions have long been identified as

an important factor when considering the sustainable
production of biofuels.**** Land-use change emissions
refer to the release of GHGs, namely CO,, that can occur

as vegetation and exposed soil naturally decompose when
land is converted from one use to another. Land-use change
emissions can be modeled as direct or indirect emissions.
Direct emissions occur when land conversion takes place

in the geographic region where a product system is located;
indirect emissions occur when the production of a material
within a product system results in land conversion elsewhere,
and are related to economic signals.”****® Whether land-
use change emissions are modeled as direct or indirect, the
initial or reference land use is an important assumption
when estimating land-use change emissions related to
biofuel production, as some land uses have larger initial
carbon stocks than others. There is a high level of uncertainty
associated with land-use change estimates, as most
accounting methodology relies on general assumptions that
do not take into account soil carbon dynamics, soil texture,
or crop type.*® Five studies included an estimate of land-use
change emissions.*¢"163?
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Co-product allocation

Co-product allocation is the method by which GHG
emissions are allocated between multiple outputs of a product
system. The allocation of GHG emissions between the main
product and any co-products of a product system can occur
based on an allocation ratio or a displacement credit. An
allocation ratio is based on properties of the products, such
as mass, energy content, or market value. A displacement
credit subtracts GHG emissions from the life cycle of the
main product, assuming that a co-product displaces a similar
product in the global market (Fig. 3). The GHG emissions
subtracted are equivalent to the life-cycle GHG emissions of
the displaced product.

The two main HEFA life-cycle stages where co-products
are generated are oil extraction and refining. The co-product
from oil extraction is oilseed meal, which is typically sold as
animal feed. Refining of HEFA co-produces other renewable
fuels, the amounts of which vary depending on the refining
technology and on whether the main fuel product is diesel
or jet fuel. Although the feedstock production stage also
co-produces straw, this is rarely treated as a co-product
due to uncertainty surrounding its use.'® Oilseed straw is
typically generated in low volumes and is usually left on the
field to decompose and replenish soil nutrients. Field studies
have linked the removal of straw to direct land-use change
GHG emissions through the loss of soil carbon.”

There are advantages and disadvantages to all
co-product allocation methods, and different allocation
methods can generate different estimates of life-cycle
GHG emissions. To increase transparency, many LCAs
perform a sensitivity analysis on the co-product allocation
methods used. Ten studies reviewed herein compared the
GHG emissions of HEFA fuels under different allocation

methods.7’10’14‘16’26

Refining technology

Four companies have patented HEFA refining technologies
that have been licensed by commercial fuel producers:
UOP Honeywell, Neste, Haldor Topsoe, and Axens. Natural
Resources Canada (NRCan) also developed a process

for HEFA diesel production called Super Cetane, but

this process has yet to be commercialized. Super Cetane
technology was modeled by one study in this review.?® Three
studies presented Neste process data,”'>'®?? and all other
studies used UOP process data. UOP is the most widely
licensed HEFA refining technology. Parameters that vary
between hydroprocessing technologies include spread of
final products (product slate), consumption of hydrogen
gas, and consumption and source of energy (typically
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natural gas). Two studies compared the GHG emissions of P =0.98), the median is a more appropriate characterization
HEFA fuels from different refining technologies.”*® of the center of the two datasets as the inclusion of land-use
change scenarios lends a right skew to the data. There is a
Results and discussion 63% reduction in median life-cycle GHG emissions of biojet
(37.5 g CO,eq/MJ) compared with conventional low sulfur

Distribution of results across all scenarios  jet fuel (101.5 g COeq/M))," and a 61% reduction in median
life-cycle GHG emissions of renewable diesel (37.5 g CO,eq/

The median life-cycle GHG emissions of HEFA fuel reported MJ) compared with conventional diesel (105.6 g CO,eq/M]).*°
in the literature was 40.8 g CO,eq/M] from 66 scenarios for

renewable diesel, and 37.5 g CO,eq/M] from 55 scenarios

for biojet (Fig. 4). The range of reported results for both fuel Feedstock

products was large, between —28.4 and 433.2 g CO,eq/M] for Five studies compared the life-cycle GHG emissions of HEFA
diesel and between —18.3 and 564.2 g CO,eq/M] for biojet. fuel across different oilseed feedstocks. Results from inter-
Although there was no significant difference between the study feedstock analyses are compared in Fig. 5. Separate
mean life-cycle GHG emissions reported for bio jet (u = 55.8) results from Miler and Kumar” are presented each for market-
and renewable diesel (u = 55.5) in the literature (t = 0.02, based allocation ($/$) and mass-based allocation (M/M), to

Emissions from
Process|

Emissions from
Process 1

Emissions to Product B: 40%

Allocation ratio (%) Displacement LESS Emissions from Product C

Figure 3. An example of the application of ratio allocation and displacement allocation to the flow of process GHG emissions
between multiple outputs of a life cycle.

+ +
+ +
+ +
200 R L L T
+ Outlier
150
5
+
=
g P Diesel = 105.6 g CO, eq/MJ
o e e F T T P Uet=101.59CO, eq/MJ
O
> |

=

+

diesel jet
HEFA fuel product

Figure 4. The distribution of reported life-cycle GHG emissions for HEFA diesel (n = 66) and HEFA biojet (n = 55) from
scenarios that were reviewed within the literature. A data limit was set at 200g CO, eq/MJ beyond which any outliers appear
evenly distributed. Lines labeled P. Jet and P. Diesel provide a comparison with life-cycle GHG emissions of conventional
petroleum fuels.
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separate the effect of a co-product allocation analysis from
the feedstock analysis. All studies that compared HEFA
fuels derived from different oilseeds included canola, likely
because it is one of the most commercially available oilseeds
for HEFA production. In all cases, HEFA fuel from canola
had higher GHG emissions than fuel from other feedstocks.
No conclusive ranking of fuel from other feedstocks could

75T @ canola (6)

O soy (3)

O sunflower (2)
@ camelina (4)

@ carinata (1)

701

65

60

55

50

45+
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Figure 5. Studies comparing the life-cycle GHG emissions
of HEFA fuels from different feedstocks. The number in
parentheses indicates the number of studies that included a
scenario with that feedstock.

Perspective: Life-cycle greenhouse-gas emissions assessments of HEFA

be drawn, as no non-canola feedstock pairs were analyzed in
more than one study.

The production and application of nitrogen fertilizer and
the associated nitrous oxide (N,O) emissions are major
contributors to the life-cycle GHG emissions of fuel from
oilseeds,*”"'* and may contribute to the higher GHG emissions
reported for fuels from canola. Nitrogen-related emissions can
represent as much as 40% of total life-cycle emissions.” Other
parameters that differ between feedstocks include crop yield,
oil yield, and other chemical inputs, N,O is emitted naturally
from soil through the microbial and abiotic oxidation of
organic nitrogen compounds, but the application of nitrogen
fertilizer results in increased N,O emissions. The highest
nitrogen application rates of any feedstock were reported for
canola. Soybean requires little added nitrogen as legumes can
convert atmospheric nitrogen gas (N,) into plant-usable forms.
Camelina, pennycress, and carinata all reportedly require less
added nitrogen than canola, although the low production
levels of these alternative oilseeds in North America means
that the nitrogen application rates are subject to uncertainty.'*
Sensitivity analyses in the studies reviewed have shown that
nitrogen application rate and crop yield are significant sources
of variability in reported GHG emissions.'>"*

Co-product allocation method

Fourteen different combinations of co-production allocation
methods were applied in the studies reviewed. The
co-products to which GHG emissions were allocated were

Table 2. The 14 different co-product allocation methods applied in the studies reviewed to each stage of

the product system where a co-product is produced: farming (straw), oil extraction (meal), and refining

(other fuels).

Co-product allocation method

Number of studies applied

Method applied to each co-product

Straw Meal Other fuels
$/$ 6 None Market Market
$/E 3 None Market Energy
D/D 10 None Displacement Displacement
D/E 5 None Displacement Energy
E/$ 8 None Energy Market
E/D 1 None Energy Displacement
E/E 12 None Energy Energy
E/M 1 None Energy Mass
M/E 8 None Mass Energy
M/M 7 None Mass Mass
None/$ 1 None None Market
None/E 1 None None Energy
None/M 1 None None Mass
M/M/M 1 Mass Mass Mass

© 2020 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 14:935-949 (2020); DOI: 10.1002/bbb.2125
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oilseed meal and other renewable fuels, although oilseed straw
was also treated as a co-product in a scenario by Miller and
Kumar.” All studies applied one of the following co-product
allocation methods to each co-product: energy-based, mass-
based, market-based, displacement, or no allocation (Table 2).
Half of the studies reviewed compared two or more
co-product allocation methods. A total of 14 intra-study
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Figure 6. Studies comparing the life-cycle GHG emissions
of HEFA fuels when different co-product allocation methods
are applied. The number in parentheses indicates the
number of studies that applied that co-product allocation
method.
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Figure 7. Studies comparing the life-cycle GHG emissions
of HEFA fuels under different land-use change assumptions.
The number in parentheses indicates the number of studies
that used that assumption. For the cropland to cropland
scenarios (Ukaew et al.b), high canola price (high $) and low
canola price (low $) scenarios were analyzed.
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co-product allocation comparisons are shown in Fig. 6. Land-

1633 were excluded

use change scenarios from two studies
from this analysis to enable readability, but are included in
Fig. 7.

In most studies, higher GHG emissions were reported for
HEFA fuels when market-based ($/$) allocation was applied,
compared to when displacement (D/D), mass-based (M/M),
or energy-based (E/E) allocation was applied. Scenarios
applying M/M or M/E allocation generated slightly lower
GHG emissions than E/E scenarios. In all studies except Huo
et al.,?° D/D allocation resulted in the lowest GHG emissions
for HEFA fuel when compared with other allocation
methods. Across the literature reviewed, negative life-cycle
GHG emissions were reported in 4/10 studies that applied
displacement allocation to all co-products generated.>'**>26

The E/D and D/D allocation methods credit the HEFA fuel
product with the production and combustion of displaced
petroleum-derived fuels that have high life-cycle GHG
emissions. When the yield of renewable fuel co-products
is relatively high, the displacement credit can be very large.
Hydroprocessed esters and fatty acids biojet fuel scenarios
generated much lower GHG emissions than HEFA diesel
scenarios when the displacement method was applied to the
refining stage, as the co-product yield was much higher.'**
There was little difference observed in the reported GHG
emissions of HEFA fuels for other refining allocation
methods, as the mass, energy content, and market value ratios
of diesel to jet fuel are similar.'’

In the oil extraction stage, the choice of allocation method
was more important. For example, canola seed is 44% oil by
mass but 69% oil by energy content, so energy-based methods
allocate more emissions to canola oil. The displacement
credit applied to the meal co-product is also subject to more
variation. Oilseed meal is typically used as animal feed and
could replace corn, soy, or another grain in the global market.
Stratton et al.*! found that because displaced GHG emissions
varied between animal feeds, the life-cycle GHG emissions
of HEFA fuels was very sensitive to the choice of animal
feed displaced by oilseed meal.* Soybean meal is the most
common animal feed because of its high protein content,
and it is often assumed to be the product displaced by oilseed
meal production.*? However, the life-cycle GHG emissions of
the displaced soybean meal are subject to user assumptions
and have varied by up to 500% in the studies reviewed.**

Land-use change

Five studies included estimates of GHG emissions from land-
use change. All studies but Wong™ explicitly considered GHG
emissions from direct land-use change. In that study, existing
literature values for global indirect land-use change emissions
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from an increase in corn ethanol cultivation in the USA**
were adopted for soybean cultivation. All studies except
Ukaew et al.® compared the GHG emissions of HEFA fuels
with land-use change to a baseline scenario where emissions
from land-use change were not included. In all scenarios, the
inclusion of land-use change increased the GHG emissions
of the final product compared to the baseline (Fig. 7). Where
co-product allocation analyses were also performed, results
were presented separately.®!®*>

Four direct land-use change scenarios and one indirect
scenario were considered: forest to cropland, grassland to
cropland, cropland to canola cropland under high and low
canola prices, and a global average of indirect land-use
change modeled by Searchinger et al.**
set-aside land to cropland was grouped under grassland

The conversion of

conversion scenarios due to the two land uses having
similar initial carbon stocks. Set-aside land is land that was
previously cultivated, where some or all of the soil organic
carbon (SOC) has been restored. Set-aside programs were
put in place in Europe in the 1980s to cope with agricultural
surpluses and restore the ecosystem benefits of grasslands.*’

The life-cycle GHG emissions of HEFA fuel from LCAs
assuming forest to cropland conversion was much higher
than other land conversion scenarios, and more than triple
that of baseline scenarios (Fig. 7). Both temperate and tropical
forests tend to have higher carbon stocks than grasslands
due to the larger stocks of above-ground biomass.** Global
average conversion scenarios also generated high life-cycle
GHG emissions, as the conversion of higher carbon stock
land uses, including temperate and tropical forests, were
included.*

Cropland to canola cropland conversion in Ukaew et al.
generated the lowest life-cycle GHG emissions for HEFA fuel
including land-use change reported in the literature, although
there was no baseline provided for comparison.® An increase
in canola prices resulted in an increase in GHG emissions as
canola displaced crops with higher soil carbon inputs, such
as wheat and sunflower.® Cropland has a low initial carbon
stock, which limits the losses that can occur from land-use
change. Grassland conversion scenarios also generated low
life-cycle GHG emissions, as the initial carbon stocks are
generally lower than those of other ecosystem types.** See
MacWilliams et al. for a discussion of the environmental
impact of canola production in Western Canada, including an
accounting of emissions from land-use change.*’

Two studies compared land-use change scenarios across
different co-product allocation methods. In Uuitalo et al.,
displacement allocation resulted in higher GHG emissions of
HEFA fuel compared to other allocation methods.'® In Wong,
displacement allocation resulted in lower GHG emissions

Perspective: Life-cycle greenhouse-gas emissions assessments of HEFA

compared to other allocation methods.* The variability

in LCA results can be partially attributed to underlying
assumptions about the life-cycle GHG emissions of the
displaced products. Oilseed meal was assumed to displace
soybeans in both studies, but land-use change emissions for
the displaced soybeans were only included in Uuitalo et al.'®
Uuitalo et al. also applied displacement to the renewable fuel
co-product (D/D) whereas Wong applied an energy-based
allocation (D/E).!** Emissions allocated to the renewable
fuel co-product increase proportionally when land-use
change is included under an allocation ratio like energy-
based allocation, but not under displacement, which could
contribute to the lower life-cycle GHG emissions reported by
Wong.*

HEFA technology

Different refining technologies were compared in two
studies. In Edwards et al., there was almost no difference

in the GHG emissions of HEFA fuel from Neste and UOP
refining processes (Fig. 8).” Displacement was applied to all
co-products. However, when UOP and NRCan processes
were compared across a range of co-product allocation
methods in Huo et al., there was a bigger difference in
life-cycle GHG emissions.?® The largest difference in

GHG emisisons between technologies was observed when
displacement was applied to the renewable fuel co-product
(D/D). Displacement generated negative GHG emissions
for fuel from NRCan, but not from UOP.*® Process inputs of

601
50 8

ol I"I:I

20

@ UOP (6)
O Neste (1)
@ NRCan (5)

g CO2 eq/MJ HEFA

Figure 8. Studies comparing the life-cycle GHG emissions
of HEFA fuels from different refining technologies. The
number in parentheses indicates the number of studies that
modeled that refining technology.
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hydrogen, electricity, and natural gas were similar between
the two refining technologies, but the co-product yield was
much higher for the NRCan process. This resulted in lower
life-cycle GHG emissions for fuel from the NRCan process
under displacement allocation, but higher life-cycle GHG
emissions when market allocation was applied, as the main
tuel product had a higher market value than the co-products.

Conclusion and recommendations

Despite a 61-63% reduction in median life-cycle GHG
emissions of HEFA biojet and renewable diesel compared
with conventional petroleum fuels, the wide range in reported
life-cycle GHG emissions for HEFA fuels is one of the barriers
to the development of a HEFA drop-in fuel supply chain.

The aim of this review was to analyze feedstock, co-product
allocation method, the inclusion of GHG emissions from
land-use change, and refining technology as potential sources
of variability in the LCA of HEFA fuels such that these
important aspects of LCA methodology and scope could be
better understood. Twenty LCAs were reviewed and scenario
analyses from selected studies were compared. Previous
reviews have included very few of the LCAs on HEFA fuels
reviewed herein.

When compared with fuel from other feedstocks, life-cycle
GHG emissions were the highest for HEFA fuels from canola,
most likely due to high nitrogen fertilizer requirements.
Forest to cropland land-use change scenarios were associated
with the highest life-cycle GHG emissions reported in the
literature. Across a wide range of co-product allocation
methods compared in the literature, life-cycle GHG emissions
tended to be higher for market-based allocation than for
mass- or energy-based allocation, and were the lowest and
in some cases even negative when displacement allocation
(D/D) was applied. The importance of refining technology
was not widely compared in the literature, but the quantity
of co-products produced strongly impacted life-cycle GHG
emissions if displacement was applied as the co-product
allocation method.

Feedstock, co-product allocation method and land-use
change inclusion were confirmed as important sources
of variability. 10/20 studies reviewed compared two or
more co-product allocation methods, in accordance
with recommendations by the International Standards
Organization.*® Aspects of LCA methodology, including
the co-product allocation method, have been defined
for renewable fuel accounting in standards published
by the European RED and CORSIA, which use energy-
based allocation methods; RSB, which uses market-based
allocation; and US RFS2, which uses displacement.*’~>° All
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methodologies account for emissions from indirect land-use
change, which were only included in one study reviewed.”
Ultimately, LCA is a relative process and standardized
methodology is the only way to enable decision making.
Despite variability in reported life-cycle GHG emissions,
oilseeds are likely to be used for drop-in fuel production
in Canada and elsewhere due to their availability and the
commercial status of hydroprocessing technology."”! The
LCAs reviewed here also indicate both the need to mitigate
land-use change concerns surrounding feedstock production
for biofuels, and the advantages of oilseeds that require
fewer agricultural inputs, such as camelina and carinata, as
feedstocks for HEFA production.
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