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1. Introduction

A framework to estimate national biofuel
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Canadat
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International Civil Aviation Organization member states need to develop national strategies for
sustainable aviation fuel (SAF) production to reduce greenhouse gas emissions from aviation. In this
work, we developed a framework to estimate the national SAF potential and applied it to a case study
for canola SAF in Canada. Specifically, we answered (i) how many SAF plants can be constructed and
what are their maximum name-plate capacities? (ii) which geographic locations can economically
support a SAF plant? (iii) what could be the average life cycle GHG emissions of SAF supplied to major
airports? Our study developed an improved framework for estimating the SAF potential for a region by
incorporating detailed site selection criteria for identifying optimal locations. We found that 15.2 million
metric tonnes (MT) of potentially available canola can supply about 1-1.8 billion litres of SAF by 2030
(12-21% of Canada’s 2019 jet fuel consumption) across 7-11 optimal sites, after accounting for infra-
structure and accepted industry/financing guidelines on feedstock utilization. Up to 20% of this potential
is lost if there is a lack of coordination and plants are sited sequentially based on profitability instead of
maximizing feedstock utilization. The life cycle-GHG emissions of the SAF produced in the optimal sites
ranged between 20-58 g CO,e per MJ, depending on the local farming practices and legacy land use &
land management changes. Increasing the supply chain transportation connectivity and managing feed-
stock competition could provide access to more canola for SAF production; however, other pathways
will also be required to meet the growing SAF demand in Canada.

commercial uptake of SAF is its high production cost, uncer-
tainty over the feedstock accessibility and lack of appropriate

The aviation sector contributed to about 2.4% of global CO,
emissions in 2018, and it is expected to triple by 2050."
According to the International Civil Aviation Organization
(ICAO) trend analysis, sustainable aviation fuel (SAF) alone
could reduce 63% of airlines’ baseline CO, by 2050 if SAF is
100% substituted for conventional aviation fuel.> However,
commercial SAF production is still in its infancy, and in most
countries, it accounts for less than 1% of jet fuel used in the
aviation sector.® One of the key reasons attributed to the lack of
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policy incentives. Hence, there is a growing interest among
policymakers in developing national biofuel policies to stimu-
late domestic SAF production and to meet their GHG emission
reduction targets. A strong SAF policy requires credible baseline
data on national potential, feedstock accessibility, potential
supply chains, production cost, and domestic demand, which
are required for making robust investment decisions. As of
2023, Canada does not currently produce SAF, despite having
abundant biomass available for feedstock and national net-zero
targets.® Since oil-seed feedstocks are likely to dominate the
SAF supply in the near-term® (at least until 2030), in this study, we
estimated Canada’s near-term SAF potential from canola and
answered the following questions to support policy development:
(a) how many SAF plants can potentially be constructed and
what are the maximum name-plate capacities of those identified
plants, based upon the hydroprocessed ester and fatty acid (HEFA)
technology? (b) which geographic locations can economically
support a SAF plant, and which airports can be served? And (c)
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what is the life cycle carbon footprint of SAF supplied to the
airports in Canada. We focused on SAF produced from canola in
this study, because it is produced and exported abundantly in
Canada.® We did not consider other lipid feedstocks such as used
cooking oil (UCO) or tallow because of the limited capacity to
collect and process UCO/tallow in the targeted SAF production
regions (Alberta, Saskatchewan, and Manitoba provinces).

Various methods have been proposed to estimate the biofuel
potential of a region using mixed integer linear programming
(MILP), multiple criteria decision making (MCDM), geographic
information system (GIS), and regression.” For example, Dana
et al.” provided a good overview of the advantages and dis-
advantages of these commonly used methods and including
uncommon methods such as genetic algorithm-based and
design of experiments. Lautala et al, provided an in-depth
analysis of challenges associated with designing a supply chain
model using forest and agricultural residues as a case study.®
More recently, Martinez-Valencia et al., offer a comprehensive
review of literature on supply chain modelling approaches
specific to SAF and highlighted the conceptual components
unique to SAF configuration.’

In our study, we focussed on we have largely focussed on our
literature review towards GIS-based methodologies because of
the ease of dealing with spatial datasets such as feedstock
distribution, transportation networks, site location constraints
and develop outputs that are intuitive for stakeholders.” Speci-
fically, we reviewed peer-reviewed articles on estimating the
biofuel potential of a region using GIS integrated methods.
Almost all these studies have focused only on estimating the
national biofuel potential for bioethanol,'®™** bioenergy,'*™*®
and biodiesel."” The large focus on bioethanol and biodiesel in
earlier studies is primarily because of the already established
supply chain, policy incentives and blend mandates exclusively
supporting road transportation fuels in the US and Europe.

The biofuel supply chain (BSC) has been studied for nearly
two decades, and in general, models focus on identifying the
optimal location and capacity of biofuel plants by minimizing
the total cost (i.e., cost of feedstock transportation, processing,
and product transportation). A few studies (e.g., ref. 15) have
expanded the baseline BSC model by incorporating the mar-
ginal delivery costs when there is variability at the farm-gate.
Leduc et al.,"* introduced multiple objectives into BSC models
to reduce both production cost and environmental impact by
finding optimal locations for polygeneration systems with
simultaneous production of electricity, district heating, ethanol,
and biogas. Other studies have expanded the BSC space by
including spatial differences in biofuel supply, market competi-
tion and yield variability to estimate their influence on the
national biofuel potential. Parker et al.,'® for example, developed
a National Biofuel Supply Analysis model and estimated the
national biofuel capacity in the US after incorporating the spatial
differences in feedstock availability, population, rail, road,
and existing industries. Similarly, recent studies,">*° have also
estimated the biofuel potential after considering the influence
of yield variability in forest biomass and lignocellulosic biomass.
A few studies have added further depth to the BSC models by
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incorporating feedstock collection depots or decentralized biofuel
systems for herbaceous'”® and lignocellulosic biomass'® to
reduce the cost of transporting lignocellulosic feedstock. Almost
all the above studies focused on forest biomass or lignocellulosic
biomass as feedstock, have exclusively targeted bioethanol, bio-
diesel, or bioenergy, and have examined limited site selection
criteria. Only a small number of recent studies have used spatial
analysis to estimate the optimal locations and SAF potential.
For instance, the Aviation Sustainability Centre in the US used
the freight and fuel transportation optimization tool (FTOT) for
supply chain optimization.>' Nevertheless, the use of spatial tools
to examine SAF potential remains underexplored.

In our study, we have advanced the biofuel supply chain
research space in the following ways. Firstly, our study con-
tributes to the existing literature by developing a first of its kind
SAF supply chain model to estimate the national SAF potential
for oil-seed feedstocks in Canada. Specifically, we modelled the
HEFA (hydroprocessed esters and fatty acids) supply chain by
integrating with a SAF techno-economic financial model. Sec-
ondly, our study contributes to the existing biofuel supply chain
literature by including rigorous site selection criteria to identify
the optimal locations of biofuel plants. Industrial site selection
often involves multiple criteria such as proximity to feedstock,
proximity to communities, access to rail, road, electricity,
natural gas, water, and water treatment services, proximity to
market, labour availability, and access to community services
such as maintenance, hospital, and fire protection.>” Incorporat-
ing all the site-selection criteria is challenging due to the lack of
publicly available data for a wide distribution of potential plant
sites for each criterion, except, generally, for proximity to rail,
road, and feedstock. Hence, most studies restrict their analysis
by choosing cities/towns as potential locations, or by selecting pre-
defined locations based on expert advice.'™"'®**> These
approaches, although reasonable, may result in non-optimal sites
for biofuel plants that do not meet all of the criteria required
by project developers, and may also result in non-optimal biofuel
plant sizing. To overcome the limitation of data availability,
we have used the Canadian remoteness index*® as a proxy for
electricity, natural gas, water, water treatment services, labour
availability, and community services. The remoteness index (RI) is
a metric used by the Canadian government when implementing
public policies to assess access to socio-economic services and,
therefore, is considered a robust indicator of the availability of
secondary site selection factors such as community services and
infrastructure and a labour pool.

Thirdly, our study includes feedstock accessibility guidelines
used by decision makers and investors for robustness in the
supply chain model. In practice, industry feasibility studies,
during project evaluation, assume only a certain fraction of
feedstocks, e.g., less than 50%, is available for new users, even
when there is sufficient availability, to account for uncertain
risks.>**” Investors and planners make this critical assumption
to ensure sufficient feedstock supply even when there is varia-
bility due to market competition, weather events or pests that
would otherwise significantly affect plant operation and profit-
ability. Finally, we integrate regional SAF GHG emission factors
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in our supply chain modelling, based on prior work that quantified
differences in GHG due to weather, soil, and yield. Although a
limited set of studies'**® have used GHG emissions in their supply
chain model, they have not included the regional variations in
emissions from biomass. Our framework is generalizable to other
geographies, and can be adapted to estimate national biofuel
potential with various large scale grains/oil-seeds feedstocks.

2. Methods

The steps followed to model the SAF supply chain are grouped
into four stages. Fig. 1 shows the framework used in this work
to estimate the national SAF potential using canola. Initially
(stage 1), the geospatial data required for the analysis are
collected, and in stage II, feedstock availability (i.e., canola) is
estimated. Potential sites for the SAF plant are then selected
(stage III), and in the fourth stage (stage IV), the available
feedstock (from stage II) is optimally allocated to potential sites
(from stage III) using a heuristic optimization algorithm.

Stage-I: Collecting the required geo-spatial data

Collecting
Geo-spatial Administrative Feedstock production
data boundaries l
R?il, roads, 5 < Competing markets
Airports b for feedstocks
Remoteness ¢ T Existing biofuel

index plants

Outcome metric: Database for analysis

Stage-ll: Estimating feedstock production and availability

Estimating
available
feedstock

=

Outcome metric: Feedstock availability in 2030

Stage-lll: Selecting sites with access to feedstock, rail, road,
population centers, and other industry infrastructure

PO

Road

Selecting
potential

SAF sites
Electricity
Workforce

®¥ O

Maintenance Services Natural Gas

Outcome metric: Potential locations for SAF plants

Stage-IV: Optimally allocating feedstock to the potential
) nearest SAF sites using feedstock allocation algorithm
Optimally
allocating
feedstocks
to sites

Outcome metric: Optimal locations for SAF plants,
SAF potential, profitability, and GHG emissions

Fig. 1 Framework for estimating national SAF potential from canola by
2030. The stages -1V indicate the steps that are sequentially followed to
estimate the national SAF potential, SAF capacity and potential locations.
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2.1. Geospatial data (stage I)

In stage I, the geospatial data such as feedstock production data,
administrative boundaries, rail, road network, airports, existing
biofuel plants, and competing feedstock markets are collected. In
our case study, we collected all the geospatial data required for the
study from multiple sources to create a centralized database for
analysis. The Canadian administrative boundary (i.e., dissemina-
tion area, census division, province, and country) and road net-
work (ie., national highways and state highways) were obtained
from Statistics Canada.”** The rail network data were obtained
from DMTI Spatial.>’ The Canadian administrative boundaries
were used to group the results for different provinces, and the
road/rail network data were used to identify sites that have access
to road/rail transportation. The distance calculated from the road
network using geopandas was multiplied by road tortuosity to
estimate the actual distance,'®?* consistent with the literature.'®
We have also used location data from Google maps to identify
existing biodiesel plants, canola-crush plants, bioethanol plants,
and airports (ESILT Section S1). All of the geospatial data were
converted to Canada Atlas Lambert projection®® before calculating
the transportation distances and proximity estimations.

2.2. Feedstock production and availability (stage II)

In stage II, the feedstock availability is estimated by first
projecting the future feedstock production and subsequently
removing feedstock consumed in the market. The following
sections explain in detail on how the feedstock production was
estimated and steps followed to eliminate the feedstock con-
sumed in the market.

2.2.1. Feedstock production. Firstly, the production of
spatially distributed feedstock is forecasted using appropriate
models. In our case study, the canola production in 2030
was estimated by integrating geospatially distributed canola data
and total canola production data. The geospatial canola produc-
tion data were obtained from the biomass inventory mapping
and analysis tool (BIMAT) business data from Agriculture and
Agri-Food Canada.’® The dataset consists of canola produced
annually from 1986-2016 for every 10 x 10 km grid cell in
Canada. Among the 17 700 data points, we have only considered
grid cells with at least 10 tons per year of canola production. This
curtailment has resulted in less than 0.01% “loss” of canola, and
reduced the computational load by nearly 55%, i.e., to only 7600
grid cells. The total canola production dataset, i.e., 1986-2020,
was sourced from the canola council of Canada.’® A simple
regression model was used to project how much canola would be
available in 2030. Based on the regression projection, Canada
can produce 24.7 MTPY of canola. The increase in production
can be attributed to increases in both yield and harvested area by
2030 (ESL 7 Section S2). Using 24.7 MTPY as the anticipated total
canola production in 2030, the 2016 geospatial data were pro-
portionately increased to obtain the 2030 geospatial canola
production dataset for further analysis.

2.2.2. Feedstock availability. Next, the future feedstock
availability is estimated by eliminating the anticipated feed-
stock consumption in the regional market. For our case study,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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we estimated the geospatial canola availability by subtracting the
current (2020) canola consumption from the total canola pro-
duction projected for 2030 using BIMAT GIS data. The current
consumption includes canola crush plants, biodiesel facilities,
and other sectors such the food industry, breweries, paints,
adhesives, inks, and plastics.>® The largest canola consumers
are crush plants, followed by biodiesel and other sectors. The
analysis focuses on existing (rather than planned) facilities due
to the uncertainties surrounding planned facilities, however
these are discussed further in results Section 3.3.2. A simplified
material flow analysis (MFA) shown in ESIL,i Section S3 gives a
broader picture of the flow of canola in Canada. Since we have
assumed that the consumption in current competing industries
stays constant, the canola availability estimated in our study
forms an upper limit. We have not incorporated any growth in
other canola consuming industries due to lack of projections.
Instead, our projections indicate the feedstock availability under
the assumption that biojet applications are prioritized over
growth in other industries. Regardless, since the direct canola
consumption in other sectors are merely 3.1% (0.7 MT out of
22.1 MT in 2020, ESL T Section S3), any additional growth in
these other sectors is unlikely to significantly affect the biojet
potential estimated in our study.

The canola consumption data in biodiesel industries were
estimated by calculating the canola consumption from biodiesel
production,®” assuming an average oil content of 44%.>® The
data on canola consumption for the crush plants were obtained
from the individual manufacturers websites®®** and industry
reports.** The canola consumption data from other sectors were
obtained from the canola grain elevator capacity data.*> We
assumed that these industries consumed canola from their
immediate surroundings, for simplicity and due to the limited
understanding of their supply chain in the public domain. After
estimating the canola availability using the bottom-up approach
described above, we validated with the national-level MFA num-
bers (ESL Section S3). To ensure that we did not miss any other
major consumers of canola, we matched the canola availability
estimated for 2030 with the actual canola exported in 2020,
added to the anticipated increase in canola production by 2030.
The outcome of the stage II analysis is a canola availability map
that can be used to allocate canola to potential SAF sites.

2.3. Selecting potential sites for SAF production (stage III)

In stage III, the potential sites for SAF plants are selected using a
series of steps. First, the sites that have access to dense feedstock
producing region are selected to reduce the transportation costs.
Second, among the selected sites, the remotely located sites that
do not have sufficient infrastructure are eliminated. Third, among
the sites that are non-remote, sites that have access to road and
rail for feedstock and products transportation are selected. And
lastly, among the sites that have access to rail/road, the sites that
has access to population centres are selected for further optimiza-
tion steps. For the case study, the following sections explains the
steps followed for the canola derived SAF in Canada.

2.3.1. Feedstock accessibility. One of the first steps in screen-
ing for a potential site, is to narrow down to sites that have access
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to sufficient feedstock. For the case study, we selected the BIMAT
sites that have access to high quantities of canola using a set of
screening criteria. Since access to feedstock largely determines the
plant capacity,*® we have considered ‘canola accessibility’ as one
of the site selection criteria, to eliminate sites that do not have
the potential to collect sufficient feedstock within a fixed radius.
Our approach differs from the literature,">'*'® wherein authors
have considered a potential site based on the feedstock produced
on/near that site, rather than the site’s ability to bring in feedstock
from the surrounding region to meet the plant’s demand. In our
work, we have deemed a site to be potentially viable only if it has
the capacity to collect 214 000 tonnes of available canola from a
200 km radius (i.e., rectilinear distance). This is sufficient to meet
the demand of a 100 MLPY (Million Litres Per Year) SAF plant
(inclusive of all fuel co-products) — assuming a total biofuel yield of
0.467 litres per kg-canola.”” The total fuel co-products include LPG,
renewable gasoline, SAF, and renewable diesel. The main advan-
tage of using this approach to select and to rule out sites is the
substantial reduction in computational load when dealing with a
high-resolution dataset (10 x 10 km grid), such as the one used in
this study for Canada. The minimum 100 MLPY plant capacity was
chosen based on the plant capacities of proposed renewable diesel
plants in the United States.”® Although the ultimate biofuel
plant capacities range between 340 MLPY and 2780 MLPY, the
minimum cut-off of 100 MLPY is a conservative and realistic
choice; below this capacity, the lack of economies of scale
increases the biofuel production cost. The details of how the
distance between the sites was estimated and how the actual road
distance was estimated from map distance are provided in ESL ¥
Section S4.

2.3.2. Eliminating remote locations. The next step, is to
remove sites that are in extremely remote or highly populated
as potential locations for SAF plants. In the case of Canada, it has
the second-largest land area in the world, i.e., 9.98 million km?,
and therefore has many remote regions that lack basic infra-
structure such as rail, road, electricity, or natural gas. In our
work, we have identified these extremely remote sites using the
Canadian remoteness index from Statistics Canada,*® and
eliminated them from consideration as potential biofuel sites.
Briefly, the remoteness index (RI) is a numeric metric that was
developed for socio-economic policy purposes to determine the
proximity between service centres (e.g., hospitals, rail) and
population centres (e.g., communities). It is a number between
0 and 1, wherein ‘0’ indicates a region that is non-remote (e.g;, an
urban municipality) and ‘1’ indicates a highly remote location.
Since the remoteness index was developed with access to popula-
tion centres as the basis, a lower RI value indicates a significant
population and access to utilities, workforce, and community
services such as hospital, fire protection, machining, and elec-
trical services. The remoteness indices within canola-producing
provinces are shown in ESI,{ Section S5. In our study, we have
eliminated sites for SAF production if the site’s RI is above 0.4 -
‘upper threshold value’ and below 0.025 - lower threshold value.
The threshold values were empirically found by locating the
highest and lowest remoteness index values of sites where existing
biofuel plants are situated. The rationale is that if existing biofuel

Energy Adv., 2024, 3,1612-1631 | 1615
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plants are not located beyond the upper threshold (RI > 0.4),
future plants are also unlikely to consider such sites due to
remoteness and lack of infrastructure. The lower RI (RI <
0.025) regions were also eliminated because they are highly
populated and, therefore, may be unsuitable due to zoning or
environmental regulations. Such urban areas would also be less
likely to have nearby feedstock supply, and/or face traffic restric-
tions and other challenges for feedstock delivery.

2.3.3. Access to rail and road. Proximity to highway, rail, and
natural gas are always met for operational reasons in North
American oil-seed crushing facilities.>® Therefore in the next step,
the sites that have access to connectivity must selected and the rest
are eliminated. For our case study, we selected sites that have
access to both rail and inter-provincial and state highways for
feedstock and product transport. Road and rail connectivity is vital
for transporting canola from the farm to the processing facility and
transporting fuel products from the SAF plant to the market.
According to the Canola Council of Canada, about 40% of canola
is delivered to processing facilities directly from the farm using a
truck.”® In Canada, the existing biofuel plants are, on average,
4 km from major highways and within 1.2 km of major railway lines
(ESL+ Section S6). Our study has considered a site as a potential SAF
site only if it is located within 1 km of existing rail lines and
roadways, based on our communication with industry experts and
project developers.”” Note that some studies have considered a
distance of up to 5 km for rail,"® in which case the additional cost
of constructing a connecting rail spur and land procurement costs
should be accounted for in the supply chain cost model."”*

2.3.4. Access to population centres. Lastly, the sites are
narrowed to a final set of candidates using population centres as a
proxy for various required supporting infrastructure. Biofuel indus-
try site selection factors typically include locations with access to
water, access to labour and proximity to co-product markets (ESL
Section S7). These factors are often implicitly incorporated by
choosing sites that are closer to cities/towns, as proxies,™*7/1823723
and so we adopt this as a site selection criterion. Unlike the previous
step involving the remoteness index wherein the unwanted sites are
removed, the goal of this step is to select a limited number of sites
that show the strongest potential for SAF plants.

For the case study in Canada, the GIS location and population
data of cities/towns were obtained from the simplemaps
database,”> and we have considered only cities/towns with a
minimum population of 1000.** Some studies have considered
sites with a larger population range, between 3000-10 000** or, in
some cases, only large cities."™® In Canada, all existing bioetha-
nol and biodiesel plants are located within 12 km of towns/cities
(ESLt Section S6). However, for this study, we have considered a
site to be eligible if it is located within a 20 km distance from
existing towns/cities based on a Biofuels Canada industrial feasi-
bility study report.>* The greater distance (20 km instead of 12 km)
reflects practical access to labor and supporting infrastructure,
while also recognizing that as more biofuels plants are built, they
may need to be further away from existing urban centers to avoid
overlapping demand for nearby feedstock.

Overall, in stage III, the potential sites for constructing a SAF
plant were identified based on industry site selection criteria. A
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map containing all potential BIMAT sites was then used in the
next stage to identify the optimal locations for the plant and,
subsequently, SAF potential.

2.4. Optimal feedstock allocation model (stage IV)

Having narrowed down the feasible sites, the final step is to select
optimal sites from among these candidate sites. Thus, the first
part of stage IV requires the development of modules to calculate
the relevant characteristics of potential plants for each site. This
may include coordinated efforts to maximize feedstock utilization,
individual corporate efforts to maximize profits, policy targets
related to minimizing environmental impact or maximizing gains
to local communities and so on. In this study, we focus primarily
on efficiency (maximizing feedstock utilization) and financial
gains (maximizing profits), while analyzing the resulting green-
house gas emissions (GHG). Thus, the first step is to develop
additional modules to assess the economics of plant operations
through techno-economic analysis (TEA) model, and to estimate
GHG emissions through life cycle assessment (LCA) models.
Subsequently, the national SAF capacity and potential locations
for SAF plants are estimated using two optimal plant allocation
approaches: maximum feedstock utilization and maximum profit-
ability. The following subsections explain how the modules were
developed for the case study on canola SAF and the model
parameters used in the allocation approaches.

2.4.1. Modules to calculate site characteristics

2.4.1.1. Financial module. A financial model is required to
estimate the profitability of a SAF plant at each identified
potential location for optimization. Depending on the scenario,
the TEA model can consider a standalone facility or an integrated
facility that processes canola and produces SAF in the same site.
In our case, a modified TEA model was developed based on our
previous work on a HEFA-based SAF plant in an integrated
crushing and processing facility.*”>* The CAPEX and OPEX were
estimated using the mass and energy balances derived from
ASPEN modelling and verified with industry sources.”” Several
TEA parameters and data sources were used in the financial
model to reflect the canola SAF operations specific to Canada
and they are documented in ESI,} Section S8. The model includes
historical prices for feedstock, energy inputs, and co-products. We
do not project future changes in canola price (which themselves
may experience upward pressure due to a growing SAF market),
but include a canola price sensitivity scenario in ESI,{ Section S15.
We further include an incentive of $0.6 CAD per L to ensure that
SAF plants can be profitable (IRR > 15% for our resulting
locations). Although larger than any current Canadian incentive,
this is in line with the upper end of the range offered by the US
Inflation Reduction Act ($1.25-1.75 USD per gallon).>* The impli-
cit assumption is that the domestic SAF market will require
sufficient support to compete with US buyers/producers and so
this study assumes generous incentives will be in place before
questions of total domestic potential become relevant.

Finally, the transportation cost in the financial model is
estimated from feedstock transport cost, and product transport
cost. For our case study, the canola transportation cost was
adapted from the canola truck cost reported by the Canola Council

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of Canada. Since almost 40% of the canola is transported to the
processing facilities using trucks,”® for simplicity, we have con-
sidered canola to be transported via truck to the production
facility. We did not analyse the impact of longer shipment of
canola via long distance rail. For the refined products, we have
considered truck transportation to nearby markets and airports.
The trucking costs were adapted from American Transportation
Research Institute (ATRI).>® A tanker truck capacity of about 45 000
litres is assumed, and a transport cost of 1.542 CAD per km for the
specialized sector is used in our study.® We have assumed
trucking for transporting, instead of pipeline and rail cars, for a
few reasons. In the case of pipelines, there is a lack of existing
infrastructure, and the possibility of transporting SAF to the
refinery (for blending) and subsequently to airports in the
canola-producing region seems unrealistic because the pipeline
network and flow direction are aligned with British Columbia. And
in the case of rail, local scenarios in the prairies dictate many
constraints, such as limited availability of railcars and the non-
alignment of rail network with locations where SAF is produced
versus where it would be blended or used. As such, since the
infrastructure required to transport the SAF products is not within
scope and therefore we assume truck transport for simplicity.

2.4.1.2. LCA module. An LCA module is required to estimate
the average carbon intensity of the selected plant locations and to
understand the implications of regional variations in carbon
intensity of SAF. Since GHG mitigation is a core motivation behind
SAF development, we coupled our potential/logistics model with
an LCA model that enables us to estimate GHG intensity in
selected optimal sites. We assess these environmental impacts
by adapting life cycle greenhouse gas (LC-GHG) results from our
prior study. The LC-GHG at potential sites depends on local
characteristics such as soil, previous use of the land before canola,
regional fertilizer consumption, and local farming practices. Obna-
mia et al.,”” reported the LC-GHG emissions of canola-derived SAF
for each Canadian reconciliation unit (RU). An RU is a regional
zone in Canada for reporting data land and activity from multiple
agencies; an RU is considerably larger than the BIMAT sites used
for analysis in our study. The LC-GHG emissions of the individual
reconciliation units with and without land use (LU) and land
management changes (LMC) are given in ESL,t Section S9. For the
purpose of the present paper, we assume (1) that each RU is
uniform in its emissions even though the boundaries are arbitrary
for administrative reasons and (2) that, for carbon accounting, the
average historical LU and LMC still apply to future uses.

Once optimal sites are selected (Section 2.4.2), we correlated
the available canola in the RU to the LC-GHG emissions from
these reconciliation units and estimated weighted average LC-
GHG emissions of the optimal locations, which draw canola
from multiple RUs having different LC-GHG emissions.

2.4.2. Optimal site selection. In the optimal site selection,
optimization algorithms are developed to optimally allocate the
feedstock to final sites for SAF production. In our case study, we
demonstrate two heuristic optimization procedures to select from
among the final candidate sites. (1) A maximum feedstock utiliza-
tion algorithm is used to identify potential locations for SAF plants
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by maximizing the amount of canola captured. The goal of this
approach is to get an upper bound of the SAF potential by
allocating canola to the nearest plant. (2) A maximum profitability
algorithm is used to identify potential locations by maximizing the
profitability of the SAF plant locations. The goal of this approach is
to minimize the cost of purchasing and transporting canola, the
cost of processing, and the cost of delivery to airports.

2.4.2.1. Maximum feedstock utilization approach. In the max-
imum feedstock utilization scenario, the goal was to determine
Canada’s maximum canola SAF potential when all of the available
canola is accessible to the SAF production sites. However, while
allocating, we assumed that only a fraction of the canola theoretically
available is actually available for a prospective SAF plant. In indus-
trial feasibility studies, this guideline is typically followed to lessen
any unanticipated supply chain risk due to weather events and
market competition that would result in feedstock basis price
escalation and poorer financial profitability of a biofuels plant.>”
Depending on the region (rural vs. urban), extent of local consump-
tion of canola, and export market strength, the guideline on
potential supply can vary between 25-50%. Although 100% utiliza-
tion is theoretically possible, investors and plant producers are
generally uncomfortable assuming greater than 50% of the available
feedstock is available to new industry users.”” Therefore, in our
model, we have considered scenarios wherein a new biofuels plant
can capture only 25, 35, and 45% of the maximum available
feedstock available in a region. The percentage of available canola
is a critical constraint because it can significantly influence how
many biofuel plants (and other competing users) can co-exist in a
canola producing region, which in turn limits national SAF plant
capacities and potential SAF production. Policy makers need to be
aware of these constraints and the range of outcomes that may arise.

The national canola SAF potential in the maximum feedstock
utilization approach was estimated based on the following steps:

(i) The canola produced in each BIMAT site (10 x 10 km
canola producing region) is allotted to the nearest potential SAF
plant site. The step is consistent with how the industry operates
to reduce transportation costs.>®

(ii) After allocating all of the canola to the nearest potential
SAF site(s), the canola allocated to each SAF site is summed to
verify if there is sufficient canola to meet supply needs for a
(minimum) 100 MLPY plant.

(iii) If the SAF site has sufficient canola to run a minimum 100
MLPY plant, then the SAF site is regarded as a potential site for
SAF plant construction, and therefore retained as a candidate.

(iv) After allocation, if any of the SAF sites have insufficient
canola to run a minimum 100 MLPY plant, then the site with
the lowest amount of canola is eliminated, and the canola is re-
allocated to nearby potential sites. Step (iv) is repeated until all
remaining sites surpass the 100 MLPY threshold.

(v) The above step is repeated until all the insufficient canola
sites (<100 MLPY) are eliminated, and the sites with sufficient
feedstock to run a minimum of 100 MLPY SAF plant are
retained.

The outcome of the maximum feedstock utilization scenario
is a set of optimal locations that can serv