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ABSTRACT

Sustainable aviation Fuel (SAF) has been recognized as a viable solution in the near to
medium future for decreasing carbon emissions in the aviation industry. Global SAF produc-
tion, however, is limited and falls well short of the International Air Transport Association’s
(IATA) goal to achieve net-zero carbon emissions in 2050. This thesis quantifies the global
SAF production potential through different crop allocation strategies. Biomass potential
is quantified by land suitability and agricultural availability. An optimization model is de-
veloped using binary integer linear programming with three crop allocation strategies for
2050 and 2100: fuel maximization, emissions minimization, and land use minimization. The
results are shown through six case studies: the United Kingdom, Japan, Australia, Kenya,
Brazil, and the United States. Under the Intergovernmental Panel on Climate Change
(IPCC) climate scenarios, the globally suitable land can meet and exceed the requirement
for biomass cultivation for the aviation sector from the International Energy Agency (IEA).
The demand for jet fuel in the U.S. can be fulfilled with 100% SAF, resulting in 21.3%
emission savings if optimized for minimum emissions and assuming the use of energy crops.
Incorporating lignocellulosic biomass could result in an additional 63.8% reduction in emis-
sions. The study also shows that Japan and the United Kingdom have insufficient agricultural
potential to meet their respective domestic SAF demands. In contrast, Australia, Kenya,

Brazil, and the United States have agricultural potential that meet or exceed their relative

SAF needs.
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Chapter 1

Introduction

In 2022, commercial aviation accounted for approximately 2% of global carbon dioxide (CO5)
emissions [25]. The energy-related emissions contributed by aviation will continue to grow
as aviation activity is expected to increase by 3.6% annually from 2019-2042 [3]. There
are several strategies that have been proposed to achieve carbon neutrality in the aviation
industry. Since some of these, like aircraft electrification and new methods of propelling
aircraft, are far from being put into practice [38, 41], sustainable aviation fuel (SAF) has
been identified as a short to mid-term option for mitigating aviation environmental impact.
Compared with petroleum-based conventional jet fuel, SAF has similar chemical and physical
characteristics to jet fuel which makes it a drop-in fuel. The life cycle emissions of SAF are
lower than traditional jet fuel as SAF uses renewable feedstocks.

According to the International Air Transport Association (IATA), in order to achieve net-
zero carbon emissions by 2050, nearly 450 billion liters of sustainable aviation fuel (SAF)
will be required each year [21]. However, as of 2023, only slightly more than 600 million
liters of SAF are being produced annually, which is less than 0.2% of global jet fuel [22].
Staples et al. have shown that over 50% of the maximum SAF production projected for
2050 can be achieved using biomass crops, including starchy crops, vegetable oil crops, and

lignocellulosic energy crops [43]. This highlights the potential of energy crops in scaling up
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the production of SAF. Agricultural and forestry residues and wastes can also be used as
feedstock, and no additional land is required for these feedstocks. However, these resources
are insufficient in expanding SAF production due to their limited potential quantities [9].
Therefore, increasing SAF production is critical, and biomass crops have the potential to
make a significant contribution to SAF production expansion.

Several studies have analyzed the potential for SAF production. Ng et al. reviewed the
global commercial SAF development from the perspective of technologies, potential feed-
stock, and policies. They found that hydroprocessed esters and fatty acids (HEFA) is the
most commercially developed pathway for SAF production, and more studies are needed
for lignocellulosic biomass and waste feedstock [34]. They further recommend SAF-related
policies such as reevaluating the blending mandate and multiplier in the Renewable Energy
Directive (RED II) to mitigate the negative effects of feedstock competition between the road
transport and aviation biofuel sectors. Staples et al. quantified the worldwide potential for
SAF production and showed that using SAF can reduce up to 68.1% of lifecycle emissions
and offset over 85% of fuel demand for the aviation industry in 2050 [43]. Cantarella et
al. determined that sugarcane, eucalyptus, and soybean are the optimal feedstocks for SAF
production in Brazil. They estimated that the energy content of sugarcane ethanol produced
from 30 Mha of suitable land in Brazil is close to 50% of the energy content of 2015 global
aviation kerosene consumption (8.8 EJ per year) [7]. However, no previous study has evalu-
ated the SAF potential using high-resolution geospatial scales with all feasible energy crops
and considered Induced Land Use change (ILUC) emissions as part of that analysis.

This study is the first to analyze the global production potential of SAF through crop
allocation optimization. In this study, We first evaluate suitable land that could converted
for crop cultivation by considering land use restrictions. We estimate the agricultural yields
of crops that are eligible for SAF production. The residues and waste are excluded from
this study due to the unavailability of sufficient data. Sustainable aviation fuel production is

optimized using a binary integer linear programming model under three objectives: Minimize
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Emissions (MinE), Minimize Land Use (MinL), and Maximize Fuel Production (MaxF),
subject to jet fuel demand and associated life cycle emissions. Results are presented via six
country-level case studies: the United Kingdom, Japan, Kenya, Brazil, Australia, and the
United States. A comparative analysis assessing the potential of lignocellulosic biomass with

miscanthus and switchgrass in fuel production is also included.
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Chapter 2

Methods

We begin with identifying the global suitable land that could be converted to cropland for
biomass cultivation. Following this, we evaluate the agricultural productivity for 50 crops on
suitable land. We select crops for SAF production as informed by land suitability, agricul-
tural yields, and approved feedstock list for SAF production from the Carbon Offsetting and
Reduction Scheme for International Aviation framework (CORSIA). We then identify the
SAF conversion pathways relevant to each chosen feedstock and calculate SAF conversion
factors and lifecycle emissions associated with the SAF pathways. Next, we quantify the
jet fuel demand at the country level by aggregating the airport-level jet fuel demand and
then calculating the associated emissions threshold. These elements are then fed into the
linear optimization model to determine the allocation of feedstock for SAF production in
the counties we selected for the case study. The optimization model is designed with two
scenarios related to socioeconomic and radiative forcing factors and three strategic objec-
tives: Minimizing Emissions (MinE), Minimizing Land Use (MinL), and Maximizing Fuel

Production (MaxF'). The summary of this study is outlined in the flowchart in Figure 2.1.

S Agricultural Feedstock Jet Fuel Emission Crop Allocation
Land Suitability Availability Threshold Optimization
211 213 2.3.2 2.31

212 232

Figure 2.1: Overview of method.
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2.1 Biomass Potential

This analysis uses two scenarios, each combining two parameters shown in Table 2.1 to
describe the variability of future development. Shared Socio-Economic Pathways (SSPs),
one of the parameters, are a set of storylines used in climate change research to describe
plausible future socioeconomic developments and their potential impact on greenhouse gas
emissions, climate change mitigation and adaptation efforts [37]. There are five narratives:
SSP1, SSP2, SSP3, SSP4, and SSP5. The narrative of SSP1 is "Sustainability - Taking the
Green Road", which describes a low challenge to mitigation and adoption scenarios, as the
world shifts toward a more sustainable direction. SSP2, "Middle of the Road", follows the
historical social, economic, and technological path, and it presents a moderate challenge to
both mitigation and adaptation efforts. The second parameter is Representative Concentra-
tion Pathways (RCPs) which are used in climate science to represent different greenhouse
gas concentration trajectories and their potential impacts on future climate change [1|. Four
RCPs were presented in the IPCC fifth assessment report with the unit of watts per meter
squared: RCP2.6, RCP4.5, RCP6.0, and RCP8.5 [10]. There are various combinations of
SSPs and RCPs that can be adopted, with the RCPs ordered by increasing mitigation and

the SSPs ordered by increasing mitigation challenges. Table 2.1 shows two scenarios used in

this work.
Table 2.1: Scenario assumptions.
Scenario 1 (S1) | Scenario 2 (S2)
Shared Socio-Economic Pathways (SSPs) SSP1 SSP2
Representative Concentration Pathways (RCPs) | RCP2.6 RCP4.5

2.1.1 Land Suitability

Land suitability is estimated using data from the Land Use Harmonization (LUH2) model

developed by the World Climate Research Program coupled Model Intercomparison Project
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(CMIP6) [17-19]. LUH2 contains land use projections with a spatial resolution of 0.25 x
0.25 degrees annually across both of the scenarios listed in Table 2.1.

The land categories considered for potential conversion into cropland for SAF production
include non-forested primary land, non-forested secondary land, and pastureland. Primary
land is characterized as terrain that has remained undisturbed by human actions since 1700
AD. Secondary land refers to terrain that has experienced human disturbance post-1700 AD
and is currently undergoing natural restoration. Forested primary and secondary land were
not considered as suitable land in this study in order to protect biodiversity, and cropland
was excluded to avoid competition with food production. All protected areas, as identified
by the World Database on Protected Areas (WDPA) from Protected Planet, are considered
unavailable for conversion to crop cultivation [44]. WDPA is a joint project between the UN
Environment Programme and the International Union for Conservation of Nature (IUCN),
which contains both terrestrial and inland waters protected areas.

To limit competition for livestock grazing and fulfill meat demand, the pastureland avail-
ability is estimated using data sets from the SSP Database version 2, which was developed by
the International Institute for Applied Systems Analysis (IIASA) and the National Center
for Atmospheric Research (NCAR) [35]. The SSP Database contains population projections
every ten years for both scenarios. In Scenario 1 (S1), which combines SSP1 and RCP2.6,
we assume that per capita meat consumption adheres to the Healthy Diet (HDiet) guidelines
from Harvard Medical School, with consumption levels remaining constant throughout. In
contrast, Scenario 2 (S2) anticipates an approximately 30% increase in livestock demand
compared to S1 [27|, and, accordingly, we project the same 30% rise in meat consumption
in S2 compared to S1. Additionally, we assume the meat per livestock data from Our World
in Data [36] and land intensity of livestock per acre remain unchanged. The resulting pas-
tureland availability under S1 is 65 % for 2050 and 67 % for 2100. For S2, pastureland
availability is 60 % and 57 % for 2050 and 2100 respectively. All pastureland availability
from 2030 to 2100 for each decade is shown in Table B.1.
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2.1.2 Agricultural Yield

The agricultural yield is estimated using data from the Global Agro-ecological Zones (GAEZ)
version 4.0 model, which is developed by the Food and Agriculture Organization of United
Nations (FAO) and the International Institute of Applied System Analysis (ITASA) [12]. The
GAEZ model projects the attainable yield of 50 crops on a 5-arc-minute grid cell resolution
for Scenario 1 and Scenario 2 considering 6 different climate models by evaluating crop-
specific growth requirements aligned with local climate and soil conditions across different
agricultural input levels and time frames. The attainable yield is presented in increments of
30 years. Three specific 30-year periods: 2011-2040, 2041-2070, and 2071-2100 are selected
for the analysis. Also, land suitability is further limited by using the GAEZ model. Based
on the suitability index (SI) from the GAEZ model, any land with a suitability level below
"moderate" (SI = 2500) is excluded from consideration to avoid land where crops are unlikely
to be cultivated. In this analysis, we assume the GFDL-ESM2M climate model, high input
levels, no CO2 fertilization, and rain-fed systems to mitigate the diversion of water resources

from food crops or human consumption.

2.1.3 Feedstock Availability

To calculate the availability of feedstocks for SAF, the land suitability is interpolated into
agricultural yield at the relatively higher resolution grid scale of 5-arc-minute. The data
set after interpolation provides the agricultural yield of feedstocks by land type in each grid
cell, which is utilized for the feedstock availability calculation and as inputs to the SAF

production optimization.

21



2.2 Projection of SAF Production

2.2.1 Feedstock Selection

Twelve energy crops are selected as potential SAF feedstocks according to the GAEZ model
and CORSIA-certified crops: maize, sugarcane, sorghum, wheat, miscanthus, switchgrass,
soybean, rapeseed, sunflower, jatropha, oil palm, and sugarbeet. The baseline feedstock
assumption excludes miscanthus and switchgrass; these are included in a separate scenario.
Because of the physical barriers created by lignin, commercial production of SAF through
lignocellulosic biomass is still under development [28]. Additionally, according to the Amer-
ican Society for Testing and Materials (ASTM) D7566 Annex A3 [4], the maximum blend
ratio of the Synthesized Iso-Paraffins (SIP) pathway with sugarbeet as feedstock is 10 %.
If the portion of SAF production from the sugarbeet exceeds 10 %, the sugarbeet is also
removed from the baseline feedstock assumptions. Moreover, because of the uniqueness of
feedstock availability in each country, the selection of crops will be different, but it will re-
main within the scope of the crops listed previously. If the suitable yield of feedstock is zero
in feedstock availability, it will not count as feedstock for further optimization. This analysis
focuses only on energy crops, thereby excluding all residues, waste fats, oils, and greases
(FOGs), and municipal solid waste (MSW). Furthermore, the practice of double cropping is

not accounted for in this study.

2.2.2 Feedstock to Fuel Conversion

In this analysis, four CORSIA-qualified SAF pathways associated with crops are consid-
ered: Alcohol-to-Jet (ATJ), Hydroprocessed Esters and Fatty Acids (HEFA), Fischer Trop-
sch (FT), and Synthesized Iso-Paraffins (SIP) [24]. The conversion pathways corresponding

to each crop are shown in Table 2.2, and only a single pathway is selected for each feedstock.
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Table 2.2: Crops considered as feedstocks and corresponding pathways. [24]

Crop Type Pathway
Maize C4 annual ATJ
Sugarcane | C4 annual

Sorghum C4 annual

Wheat C3 annual

Soybean C3 nitrogen-fixing | HEFA
Rapeseed C3 annual
Sunflower C3 annual
Jatropha C3 perennial
Oil Palm C3 perennial

Miscanthus | C4 perennial FT
Switchgrass | C4 perennial
Sugarbeet C3 annual SIP

SAF production for the ATJ pathway is calculated by.

MJ k k MJt MJ et
SAF {W] =Ya {%} - faur { }Z;VGW] - fue {ﬂ] fEw {—J] (2.1)

In Equation 2.1, yg is the crop yield from the GAEZ Model, and different crops have
different GAEZ units such as kg Sugar per ha and kg Dry Weight per ha. fg is the factor
to convert one-kilogram GAEZ unit yield to kg Wet Weight intermediate yield, f;;g is the
factor to convert intermediate yield to MJ of Ethanol, and fg,; is the factor to convert MJ
of Ethanol to MJ of SAF since the process produces additional energy carriers such as diesel,
naphtha, and heavy oil. Factors shown in Table A.1 used for each crop are based on the
GREET (Greenhouse gases, Regulated Emissions, and Energy use in Technologies) Model
[5], and Demsky’s work [11].

SAF production for the HEFA pathway is modeled as follows.

MJ k k % MJ et
SAF [W} = Ya {%] - faro {ki]OGl} - forr { J ] (2.2)

In Equation 2.2, yg is the crop yield in GAEZ unit kg Dry Weight per ha or kg Oil per

ha. fgio is the factor used to convert kg GAEZ unit to feedstock in kg oil and fo;; is the
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factor to convert oil to MJ of SAF. The co-products include light gases, naphtha, and diesel.
The factors are from the GREET Model and the CORSIA document and are listed in Table
A3.

SAF production for the FT pathway shown in Equation 2.3 is similar to the HEFA
pathway. The factors in Tabel A.2 are calculated from the GREET model and Zang’s work

148].

MJ kga kgpw M J e
AF | 2| = G . 2.
S [ ha } Ya [ o } faur [ kac } frer {ngW] (2.3)

SAF production for the SIP pathway is formulated below:

sAF | 52| = ve | S22 - our [ M) - i |2 2.4)

In Equation 2.4, the unit of yg is kg Sugar per ha. fg; is the factor that converts kg GAEZ
unit to kg Dry Weight, and fr;; is used to convert intermediate yield in kg Dry Weight to
SAF in MJ. Unlike other pathways, there are no co-products for the SIP pathway. Factors
are from Gruska [15] and Kelso’s work [20], listed in Table A.4.

2.2.3 Life Cycle Assessment of SAF

To quantify the emission from SAF production from different crops, the analysis of lifecycle
greenhouse gases (GHG) emissions is used to assess the potential environmental impact of
the entire production process. The LCA factor is the summation of core life cycle emission
and Induced Land Use Change (ILUC) emission values with the unit of gCOge/MJgap.
Induced land use change emissions are defined as emissions generated from additional land
use change, including both direct and indirect land use change. Direct land use change
happens in areas where new SAF is produced, and indirect land use change is in the places
due to the displacement of crops or animals occupying the land previously. All factors are

from the CORSIA documentation [24] and are listed in Table A.6.
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2.3 Optimization

2.3.1 Objective Functions

The technique used for mathematical modeling is Linear Programming (LP), which optimizes
a linear objective function subject to linear constraints. It uses the simplex algorithm to
navigate feasible solutions and find the optimum. The optimization model is developed in
Python version 3.9.15 with PuLLP version 2.7.0 and solved by the Gurobi Optimizer version
10.0.3 with 2 % relative gap tolerance.

The first of three optimization cases is to minimize the total emission in the chosen
country while meeting fuel demand if possible. The total emission function in Eqn.2.5

calculates the total emission by summing up the emissions for each crop 7 in each cell c.

N M
Minimize E = eq;- e (2.5)

c=1 =1

Table 2.3: Parameters in optimization model.

Symbol  Description

Cei CO4 emissions associated with selecting crop ¢ in cell ¢
Jei Fuel production associated with selecting crop ¢ in cell ¢
N Number of cells

M Number of crop types

Finresnola  Fuel demand for country
FElipreshola  Emission requirement

The variable z.; is a binary decision variable where:

1 if crop 7 is selected for cell ¢

)

0 otherwise

25



The crop selection constraint equation is defined in Eqn 2.7.

M
d wei=1, Vee{l,...,N} (2.7)
=1

To ensure the total fuel produced by selected crops reaches the country’s fuel demand,

one constraint is defined for fuel production in Eqn 2.8.

N M
Z Z fc,i * Ly Z F’threshold (28)

c=1 =1

To further limit the range of emission, the constraint of emission is used to ensure the

result is below the emission requirement shown in Eqn 2.9.

N M
Z Z €ci* Tei < Fihreshold (2.9)

c=1 i=1

The second of three optimization cases is to minimize the total land used to produce
SAF in a specific country while meeting fuel demand if possible. The objective function is

formulated as follows:

N M
Minimize L= Y lo;- e (2.10)

c=1 i=1

lc;: Land area used associated with selecting crop 7 in cell ¢

The variable is the same binary decision variable in Eq 2.6 and all three constraints in Eqn
2.7-2.9 are used in minimizing land area objective as well.

The last of the three optimization cases is to maximize the fuel production while not
exceeding the Jet-A emissions level. Compared to the other two objectives, the only differ-
ence is the objective function in Eqn 2.11. The linear programming objective changes from

Minimize to Maximize, and the three constraints remain the same.
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Maximize F =3 Y Iy, (2.11)

2.3.2 Thresholds in Constraints

In this analysis, the anticipated demand for jet fuel consumed for airports within each coun-
try is estimated to be the same across both scenarios. The projection leverages commercial
passenger flight schedules from the year 2019, sourced from OAG data. To accurately esti-
mate fuel consumption for an aircraft operating on a route, we employ the Aviation Emissions
Inventory Code (AEIC) and apply it to each specified pairing of aircraft and route. A linear
fit shown in Eqn 2.12 derived for the worldwide total commercial airlines fuel consumption
between 2005 and 2019 is used to extrapolate the fuel demand to 2100 [23]. Data in 2020

and 2021 are excluded because of the pandemic.
Global Jet Fuel Demand [Billion Gallons| = 1.9821 - year — 3911.1 (2.12)

The projected country-level jet fuel demand is calculated by multiplying the country-level

jet fuel demand in 2019 with the global fuel increase ratio from Eqn 2.13.

T AT A(year)

Niutabieked - Al 2.13
country) T AT A 2019 (2.13)

Jet Fuel Demand = 2019 Jet Fuel Consumption

The emission requirement in Eqn.2.14 is the multiplication of the LCA emission of
petroleum jet fuel and the jet fuel demand. The coefficient 89 gCOy/MJ is the LCA of
petroleum jet fuel [24].

gCOqe
Mquel

Emission Requirement [gC'Ose] = 89 [ } - Jet Fuel Demand [M J] (2.14)
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Chapter 3

Results

3.1 Land Potential for SAF Production

Our assessment begins with estimating the suitable land for biomass production in 2050 and
2100 under two distinct scenarios: Scenario 1(S1) and Scenario 2 (S2). We assume that
all non-forested primary and secondary land and available pastureland are considered for
conversion to cropland. Land areas belonging to these three land types with a Suitability
Index (SI) above the moderate threshold are considered suitable, and pastureland is further
limited by pastureland availability as discussed in Section 2.1.1. Grid cells categorized as
protected areas are excluded from land conversion [44]. For cropland, urban, and primary
forests, where these categories exceed 50 % of a given grid cell are marked as inappropriate
for cropland conversion.

The projected land potential for SAF production under both scenarios and respective
years is shown in Table 3.1. Given the global land required for bioenergy cultivation to
achieve net-zero emission is estimated at 410 million hectares (Mha) by the year 2050, with
7% allocated to the aviation sector, it is feasible to meet and exceed the area requirement of
biomass cultivation for SAF production based on the assumptions made in this study [21].

This emphasizes the substantial opportunity to enhance fuel production through land use.
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Table 3.1: Land potential of biomass cultivation for SAF production.

Scenario | Year | Land Potential for SAF Production [Mha]
S1 2050 2332
2100 2265
S2 2050 2141
2100 2000

Figure 3.1 presents the map of land potential by category for biomass under Scenario 2 for

the year 2050 depicted using the Miller projection. Here the dark blue represents the available

non-forested primary and secondary land and available pastureland with a suitability index

of > 50% which are considered for conversion to cropland in the optimization cases presented

later in this chapter. For additional maps of land potential, refer to Figure B.1.
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Figure 3.1: Land use by category under Scenario 2 (S2) in 2050 under Miller projection.

3.2 Optimization Results for the United States

In this section, we illustrate the outcomes from the model by utilizing a case study focused

on the United States. Full results of the United States and other countries are in Appendix

B.
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3.2.1 Biomass Potential

Figure 3.2 shows the projected agricultural yields of crops within the Global Agro-Ecological
Zones (GAEZ) model for the year 2050 under Scenario 1 (S1) in the United States. Each
bar represents the maximum achievable yield for each crop, assuming all suitable land is
used exclusively for cultivation. The grey bars show the crops suitable to grow in the U.S.
but which have not been assessed by CORSIA for SAF production; the bars in blue present
the crops that are not only eligible for biofuel production but are also currently cultivated
within the country based on data from the United States Department of Agriculture (USDA)
[46]; the orange bars represent the feedstocks which are suitable but have not been planted.
According to the analysis, all 12 energy crops detailed in Table 2.2 as SAF production feed-
stocks are suitable for growth in the U.S., but only 6 of these crops are currently cultivated
according to USDA records. The exact yield values of the twelve energy crops in Figure 3.2

are shown in Table B.2.

I Cultivated SAF crops (USDA)
I Suitable crops not cultivated

10

= 10

10

Wheat
Maize
Soabean
Suntlower
Rapeseed
Jatropha -
Qil palm -——

Agricultural Yield [Million tonnes]
- 3 .
Sorghum
Switchgrass -

Sugar beet
Miscanthus
Sugar cane

Figure 3.2: Projected agricultural yields of crops under S1 for 2050 in the United States.

Furthermore, Figure 3.3 presents the yield comparison between the present cultivated
crop yield and yield which could be realized using the projected suitable land from land

expansion in 2050. The projected yield is significantly higher than the current yield from
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cropland. The results emphasize the substantial opportunity to scale up the SAF production
from energy crops. The projected agricultural yields of selected crops for other scenarios can

be found in Table B.2.

-
o
~

I Cropland (USDA 2022/2023)
I Cropland (USDA 2023/2024)
I Suitable Land (Projected)

_
(=)
w

Agricultural Yield (Million Tonnes)
3 3,

(=]

-
o

Maize  Rapeseed Sorghum Soybean Sunflower Wheat

Figure 3.3: Crop yield on projected suitable land in 2050 under S1, compared with the yields
in cropland in 2022/2023 and 2023/2024 from USDA in the United States. The crop yields
are calculated from all suitable land individually and are not cumulative.

3.2.2 Baseline SAF Potential Projection

The SAF production results across the three optimization objectives for Scenario 1 (S1) and
Scenario 2 (S2) in both 2050 and 2100 are shown in Figure 3.4. The baseline feedstock
assumption includes maize, sugarcane, sorghum, wheat, soybean, rapeseed, sunflower, ja-
tropha, and oil palm since SAF production from sugarbeet is over the 10 % threshold as
discussed in Section 2.2.1. The navy blue bar shows the Minimizing Emission (MinE) re-
sults, and the light blue bar represents the Minimizing Land Use (MinL) objective. Both of
them are optimized to meet the projected U.S. jet fuel demand. The green bar shows the
results of Maximizing the Fuel production (MaxF') objective. Additionally, the dotted line
in black is the projected U.S. jet fuel demand for the given year, the red dotted line shows
the corresponding emission threshold, and the blue one is the suitable land area threshold.

Based on Section 2.3.2, the projected fuel demand is estimated at 31.8 billion gallons in

2050 with the associated emission threshold at 380.2 million tonnes COse and 52.5 billion
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Figure 3.4: (a) SAF production potential, (b) corresponding emission, and (c) land usage
for 2050 and 2100 in the United States. MinE, MinL, and MaxF are optimization objectives
described in Section 2.3.

gallons with 627.8 million tonnes COse in 2100. Figure 3.4 shows that it is feasible to
meet the U.S. jet fuel demand without exceeding the emission threshold associated with the
equivalent petroleum jet fuel in 2050 S1 under the assumptions considered in this analysis.
It is not possible to meet the jet fuel demand in 2100 under any of the scenarios. The
fraction of jet fuel demand met in 2100 S1, 2050 S2, and S2 2100 is 90.6%, 62.7%, and 48.8%
respectively, which is limited by the total suitable land area. Scenario 1 generally produces
more SAF compared with Scenario 2 due to more land being available and an average 6%
higher pastureland availability assumption. The emissions would be 21.3% lower compared
to petroleum jet fuel by optimizing for MinE, there is no emission saving for MinL. and

MaxF, and the maximum fuel production is 11.7% more than the U.S. jet fuel demand in S1
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2050. Additionally, in Figure 3.4c, considering the U.S. land area is 914.8 Mha as reported
by the Census Bureau [45] and the USGS [47], the proportion of the land area used for MinL
to meet SAF demand is 74.2% of suitable land in S1 2050 and 14.1% of the domestic land
area. More details of SAF production and emission are in Table B.3.

Figure 3.5 shows the breakdown of the SAF production by crops for Scenario 1 in 2050

under the three optimization objectives. Since the projected SAF production is 11.7% more

45
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Figure 3.5: SAF production by crop optimized for all objectives under S1 2050 in the United
States.

than the demand while optimizing for maximum fuel production, the feedstock selection is
skewed to crops with high fuel production efficiency(MJ SAF /ha). For MaxF, 63.9% oil palm
yields with the first highest fuel production efficiency are used, but it accounts for 0.77 %
of total SAF production because it has the second lowest yields. This situation also makes
sugarcane and jatropha, the second and third highest fuel production efficiency crops, not
contribute a lot to SAF production. Since the fuel production efficiency of soybean and wheat

is much lower than other crops, the SAF production is predominantly in sunflower, maize,
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rapeseed, and sorghum. Among them, sorghum contributes to the most SAF production
due to its high agricultural yields and relatively low emission intensity (tCO; per hectare).
The relatively higher emission intensity of maize causes lower production compared with
sorghum. Feedstock choices optimized for minimizing land use align closely with those for
maximizing fuel production. However, when minimizing emissions, lower-emission rapeseed
often replaces the sunflower. Figure 3.6 shows the locations of crops to meet the jet fuel
demand for S1 2050 under three objectives. For all objectives, most crops are planted in the
West and Midwest. As shown in Figure 3.6, sorghum is planted in the West, and maize is
mainly cultivated in Iowa and Missouri. This pattern is present in all objectives to meet the
jet fuel demand. The exact values of this plot can be found in Table B.4

To determine the impact of the SIP pathway for optimization, an additional analysis
including sugarbeet is conducted, illustrated in Figure 3.7. The detailed value for Figure 3.7
can be found in Table B.5. By comparing with Figure 3.4 which is optimized without sug-
arbeet, the maximum SAF production in S1 2050 increases by 38.4%, and the emissions are
reduced by 42.4%, and 47.1% for MinE and MinL respectively. For MinL, 40.6% of suitable
land is utilized to meet the fuel demand, which is 7.7% of U.S. territory. This is expected
since sugarbeet has a similar SAF production efficiency (MJ/ha) to sugarcane, which has the
second highest SAF production efficiency among the feedstocks used in this study, and the
emission intensity is lower than sorghum. In addition, sugarbeet can contribute to a large
portion of total SAF production because of its high agricultural yield in the United States.
Additionally, it is feasible to optimize the SAF production to meet the jet fuel demand for
Scenario 2 in 2050 which has more restricted land area compared with Scenario 1 in 2050.
With sugarbeet replacing sorghum and rapeseed as the predominant SAF crop, the high
production efficiency of sugarbeet makes it possible to produce more fuel on less land, thus
alleviating the effects of land restrictions on SAF production. More results optimized with

sugarbeet are in Appendix B.
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(c) MinE

Figure 3.6: SAF production potential optimized for MaxF (a), MinL (b), and MinE (c)
under S1 2050.
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Figure 3.7: (a) SAF production potential, (b) corresponding emission, and (c) land usage
with sugarbeet under three objectives for 2050 and 2100 in the United States.

3.3 SAF Potential Case Studies for Different Countries

We show the case studies of countries with different SAF potential, which include Japan,
the United Kingdom, Australia, Kenya, Brazil, and the United States from Section 3.2.
We classify these countries based on Equation 3.1 which evaluates the viability of SAF
production within a given region. It does this by comparing SAF production to jet fuel
demand and then adjusting for how effectively the land used for SAF production utilizes the
total suitable land. The linearized SAF potential relative to domestic demand is computed
specifically for the baseline objective of Maximizing SAF Production (MaxF) across four
scenario-year pairings. This is due to the lack of sensitivity in the objective functions for

countries that cannot meet their SAF requirements. Suppose the linearized SAF potential
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relative to domestic demand is less than 100% for all scenario-year pairs. In that case, the
country cannot meet the jet fuel demand and is classified as having a production deficit.
The country is categorized as having a production surplus if the production is larger than

or equal to 100%. The four scenario-year pairs are S1 2050, S2 2050, S1 2100, and S2 2100.

Linearized SAF potential relative to domestic demand (%) =

SAF Production Used Land
<(Jet Fuel Demand ) (Total Suitable Land )) x 100% (3.1)

Figure 3.8 shows the linearized SAF potential relative to domestic demand for six coun-
tries for four scenario-year pairs with the MaxF objective. The SAF potential of Japan and
the United Kingdom is less than 100% for any scenario-year pair. They are classified as
having the SAF production deficit. This is as expected since these two counties have ex-
tremely limited land for SAF production, and the ratio of used land and total suitable land
is 1. In contrast, a surplus of SAF can be produced for some other countries where the SAF
potential is estimated to be over 100% for at least one scenario-year pair. This emphasizes
the heterogeneity of SAF potential across the world and the potential of some countries to
scale up SAF production in excess of their country’s demand. For countries where the lin-
earized SAF potential relative to demand exceeds 100%, the results demonstrate variability

in response to the objective function, as detailed in the Appendix B-G.

3.4 Land Conversion for SAF Production

The types of land that are converted for SAF production to meet jet fuel demand are
shown for the different countries and scenarios. As discussed in Section 2.1.1, the land types
chosen to convert to cropland are non-forested primary and secondary, and pasture land.
In Figure 3.9, the left plot shows the baseline SAF production by land type, and the right

side is the land usage by land type for S1 2050 in the United States, related to the results
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Figure 3.8: Linearized SAF potential relative to domestic demand of six countries four
scenario-year pairs under MaxF'.

presented in Section 3.2. In the United States, SAF production is mainly from the feedstocks
grown on cropland converted from pastureland. To meet the jet fuel demand in the United
States through SAF, production will be concentrated in regions with the most suitable land,
ensuring the highest yields in those areas. Therefore, the land conversion depends on the
amount of each land type for the country in which SAF production is limited by suitable
land area. The exact values of Figure 3.9 are shown in Table B.7.

However, the land conversion varies for countries constrained by the emissions threshold
since those have more viable land use strategies. Figure 3.10 shows baseline SAF production
and land usage by land type under S1 2050 in Kenya. The projected SAF production is
limited by the emission threshold in Kenya. For MinL, the predominant land type converted
for SAF production is non-forested secondary land since non-forested secondary land has the
highest fuel production efficiency (SAF MJ/ha). For MinE and MaxF, the majority of SAF
production is almost equally from non-forested secondary and pastureland since the emis-

sion intensity (tCOs/ha) of pastureland is lower than the emission intensity of non-forested
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all objectives under S1 2050 in the United States.

secondary. Moreover, while non-forested primary land has the lowest emission intensity, its

low fuel production efficiency makes it sub-optimal for conversion. The values can be found

in Table B.8.
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Figure 3.10: Baseline SAF production by land type (left), land usage by land type (right)
for all objectives under S1 2050 in Kenya.

3.5 Analysis Considering Lignocellulosic Biomass

This section shows the analysis of the potential of lignocellulosic biomass for SAF produc-
tion if the technological barrier caused by lignin can be overcome. The two lignocellulosic

biomass focusing in this analysis are switchgrass and miscanthus. Figure 3.11 shows the
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optimization results with miscanthus and switchgrass in the United States. Compared with
baseline SAF production in the U.S. in Figure 3.4 in Section 3.2, more SAF is produced

with less carbon emission when lignocellulosic biomass is available as a feedstock. The fuel
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Figure 3.11: SAF production potential (a), corresponding emission (b) and land usage (c)
with miscanthus and switchgrass under three objectives for 2050 and 2100 in the United
States.

production efficiency of switchgrass and miscanthus is close to sugarcane which has the sec-
ond highest fuel production efficiency in the baseline scenario. Additionally, the LCA values
of switchgrass and miscanthus are 15.7 and -2.2 gCOye/MJ respectively, which make them
have the lowest and second lowest emission intensity among all feedstock considered in this
analysis. Moreover, the high adaptability across diverse geographic regions also enhances
the viability of miscanthus and switchgrass as feedstock for SAF production. Even though

the projected SAF production with switchgrass and miscanthus is similar to the SAF pro-
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duction with sugarbeet in Figure 3.7a, the association emission is an average of 50 % lower

than emission with sugarbeet.
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Chapter 4

Conclusions

Sustainable aviation fuel (SAF) is anticipated to be a viable near-future solution for aviation
carbon emission reduction since non-drop-in fuels like hydrogen and electricity will take
longer to develop and adopt. However, feedstocks in commercial production like residue and
waste cannot meet the SAF demand in 2050 [9]. Energy crops as feedstock will be likely a
crucial component for scaling up SAF production because of their high quantity. This study
analyzes the global SAF production potential through crop allocation optimization.

This study has shown that there is substantial potential land that could be used for global
SAF production. Under the GFDL-ESM2M climate model, using suitable land excluding
cropland, forest, and protected land can meet the land requirement for biomass cultivation
for the aviation sector, which requires 1.27% to 1.34% of expansion land use in 2050. With
the expansion of potential land, the biomass yield surpasses the agricultural yield cultivated
solely in cropland.

Under baseline assumptions in this analysis when 9 energy crops are selected as feedstocks
for four scenario-year pairs and carbon intensity (CI) values of SAF pathways are set as the
summation of core LCA and ILUC, the U.S. jet fuel demand can be met with 21.3% emissions
saving when the objective is to minimize emissions while meeting demand under Scenario 1

(S1) in 2050. It is possible to produce 11.7% more SAF when optimizing for maximum fuel
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production. 74.2% of suitable and available land is used even when optimized for minimum
land use. Sorghum is the crop that contributes to SAF production the most in MinL. and
MaxF objectives, but the largest contributor is rapeseed for MinE. Additionally, by adding
sugarbeet (SIP pathway) into SAF production, the maximum SAF production increases by
38.4% of 2050 U.S. jet fuel demand, and the emission is reduced by 42.4% and 47.7% of
the emission threshold associated with petroleum jet fuel for MinE and MinL respectively,
and only 40.6% of suitable land is needed for cultivation. However, the contribution of
SAF production from sugarbeet exceeds the maximum blend ratio of 10% for its associated
pathway, making it unrealistic. The results also highlight the potential of switchgrass and
miscanthus (lignocellulosic biomass) as feedstocks. With switchgrass and miscanthus, the
maximum SAF production is similar to the assumption with sugarbeet but with an additional
50% emission saving.

The analysis also demonstrates that SAF potential varies across countries, which is quan-
tified with a linearized SAF potential showing that some countries cannot meet their own
demand whereas others can far exceed it. Japan and the United Kingdom have an SAF
production deficit since the jet fuel demand cannot be fulfilled with SAF in the near future.
The U.S. can just meet demand in 2050, but not in 2100 given the land use limitation. Aus-
tralia, Kenya, and Brazil have the SAF production surpluses in both 2050 and 2100 under a
range of scenarios.

Furthermore, the land type converted to cropland for feedstock cultivation varies among
countries based on the factors that limit SAF production. The strategy for land conversion
doesn’t change much for different objective functions if the suitable land area restricts the
SAF production. Instead, when the emission threshold constrains the SAF production, the
land conversion strategy will modified according to emission intensity (tCOqe/ha) and fuel
production efficiency (SAF MJ/ha) of different land types.

Future work could consider including more scenarios of interest such as SSP5 with

RCP8.5, the highest emission scenario, which was not included in this study due to lack
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of data on pastureland availability. Additionally, considering double cropping would be a
valuable study to evaluate the potential to increase SAF production even more. Further-
more, the supply chain cost optimization could be included to better compare pathways with
feedstocks other than energy crops. Finally, the framework developed in this analysis can

expand to analyze the co-products of each pathway to evaluate the bio-energy potential.
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Appendix A

Model Input Values

Table A.1: Conversion factors of Feedstock from GAEZ unit to SAF for ATJ pathway.

Crop GAEZ Unit | fon (k’;é’vcw> fre (%) fEta (%—3T> Source
Maize kg DW 0.845 0.111 1.78 [5, 16, 40]
Sugarcane kg Sugar 0.12 0.586 1.78 [5, 39]
Sorghum kg DW 0.876 0113 173 5, 32]
Crop GAEZ Unit | fan ( k’;i’;) fre ( Nﬁﬁgf{;) fEn (A{Vﬁff ) Source
Wheat kg DW - 0.157 1.78 11, 33]

Table A.2: Conversion factors of Miscanthus and Switchgrass from GAEZ unit to SAF for
FT pathway [5, 48|.

Crop | GAEZ Unit | fou (k’;gv ) Frum < j;g;v)

Miscanthus 10 kg DW 0.1 0.240
Swichgrass 10 kg DW 0.1 0.255

Table A.3: Conversion factors of Feedstock from GAEZ unit to SAF for HEFA pathway.

Crop GAEZ Unit | faio < kgg ) Jos < ;ﬁfj;) Source

kgoit
Soybean kg DW 4.614 0.0295 12, 24|
Rapeseed kg DW 2.189 0.0295 [24, 30|
Sunflower kg DW 2.17 0.0295 [24, 31|
Jatropha | kg DW 2,425 0.0280 | [13, 24, 20]
Oil Palm kg Oil - 0.0280 | [13, 24, 20]
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Table A.4: Conversion factors of Feedstock from GAEZ unit to SAF for SIP pathway[14, 20].

Crop | GAEZ Unit fGﬂ< [ ) Frs (zcgngW)

kgrkgpw MJjet

Sugar beet kg Sugar 0.269 0.217

Table A.5: Projected U.S. Jet Fuel Demand [23].

Year | Jet Fuel Demand (Billion Gallons)
2019 18.96
2030 23.51
2050 31.79
2100 52.49

Table A.6: Life Cycle Assessment Values for each crop.

Crop Core LCA | ILUC | LCA Source
Jatropha 46.9 -24.8 | 2211 [24]
Rapeseed 47.4 24.1 | 715 [24]
Sunflower 38.5 79 117.5 [24]
Sugarcane 24.1 8.5 32.6 8, 24, 42]

Maize 55.8 29.7 | 85.5 [24]

Wheat 79.3 22 | 101.3 | [6, 8, 24, 29]
Soybean 0.4 25.8 | 66.2 24]

Oil Palm 37.4 301 | 76.5 24]
Miscanthus 10.4 -12.6 | -2.2 [24]
Swichgrass 104 5.3 15.7 [24]
Sugarbeet 32.4 11.2 | 43.6 [24]

Sorghum 78.2 20 98.2 | [6, 8, 24, 29|
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Appendix B

Additional Results

Table B.1: Pastureland land availability from 2030 to 2100 under S1 and S2.

Pastureland Availability
Year | Scenario 1 (S1) | Scenario 2 (S2)
2030 70% 64%
2040 68% 62%
2050 65% 60%
2060 63% 59%
2070 63% 58%
2080 64% 57%
2090 65% 57%
2100 67% 57%
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Figure B.1: Map of land use by category.
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Table B.2: Projected agricultural yield of crops considered as feedstock for SAF production
in the United States.

Agricultural Yield [Million tonnes]
Feedstock | S1 2050 | S1 2100 | S2 2050 | S2 2100
Maize 1357.24 1339.14 1252.19 1188.80
Wheat 1385.66 | 1353.95 | 1306.26 | 1170.47
Sorghum 1320.11 1262.35 1162.99 1143.25
Sugarbeet 809.89 772.79 721.89 662.55
Soybean 584.24 599.87 559.98 494.19
Sunflower 551.93 548.47 520.47 458.83
Rapeseed 536.91 526.73 506.48 455.41
Sugarcane 187.78 229.55 217.41 205.25
Switchgrass | 294.94 285.29 274.94 237.65
Miscanthus | 192.66 199.64 185.10 170.23
Jatropha 85.86 96.27 94.67 88.85
Oil palm 2.79 3.53 2.77 4.20

Table B.3: SAF production and emission outputs optimized by three objectives for 2050 and
2100 in the U.S., data for Figure 3.4.

Objective | Scenario | Year SAF fg;:ﬁcuon Enllliii}on LaIEl(\i/ILJ:]age
MinE S1 2050 31.79 299.32 172.53
2100 0.00 0.00 0.00
S2 2050 0.00 0.00 0.00
2100 0.00 0.00 0.00
MinL S1 2050 31.79 378.91 129.39
2100 0.00 0.00 0.00
S2 2050 0.00 0.00 0.00
2100 0.00 0.00 0.00
MaxF S1 2050 35.51 380.21 173.59
2100 32.92 406.74 163.82
S2 2050 28.81 347.94 147.00
2100 25.62 295.12 138.10
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Table B.4: SAF production (in billion gallons) by crop optimized by MinE, MinL., and MaxF
for 2050 under S1 in the U.S., data for Figure 3.5.

SAF Production [Bgal]
Crop MinE | MinL | MaxF
Jatropha | 2.504 | 1.013 2.022
Maize 2.803 | 4.261 5.254
Oil Palm | 0.000 | 0.421 0.272
Rapeseed | 16.179 | 4.261 9.060
Sorghum | 6.157 | 10.652 | 12.857
Sugarcane | 3.556 | 3.200 3.506
Sunflower | 0.006 | 8.147 2.024
Wheat 0.444 | 0.007 0.517
Soybean | 0.144 | 0.000 0.000
Total 31.792 | 31.792 | 35.512

Table B.5: SAF production and emission outputs optimized by three objectives with sugar-
beet for 2050 and 2100 in the U.S., data for Figure 3.7.

Objective | Scenario | Year SAF Fég:ll]mtlon Erﬁﬁi}on Larlllt\i/ﬂtizage

MinE S1 2050 31.79 172.45 74.23
2100 0.00 0.00 0.00

S2 2050 31.79 191.84 100.42
2100 0.00 0.00 0.00

MinL S1 2050 31.79 200.63 70.76
2100 0.00 0.00 0.00

S2 2050 31.79 241.87 93.53
2100 0.00 0.00 0.00

MaxF S1 2050 49.14 380.21 169.93

2100 43.60 355.60 160.15

S2 2050 37.94 309.54 143.99

2100 32.42 273.58 134.86
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Table B.6: SAF production and emission outputs optimized by three objectives with switch-
grass and miscanthus for 2050 and 2100 in the U.S., data for Figure 3.11.

Objective | Scenario | Year SAF E;g;i;]mtlon Enllli/sli}on LaIEl(\i/ILJas]age

MinE S1 2050 31.79 44.50 65.65
2100 0.00 0.00 0.00

S2 2050 31.79 120.19 118.40

2100 0.00 0.00 0.00

MinL S1 2050 31.79 113.07 65.37
2100 0.00 0.00 0.00

S2 2050 31.79 186.16 99.26

2100 0.00 0.00 0.00

MaxF S1 2050 48.62 289.95 173.91

2100 43.34 250.82 164.12

S2 2050 37.31 236.33 147.38

2100 31.18 226.60 138.19

Table B.7: Baseline SAF production and land usage by land type for all objectives under S1
2050 in the U.S., data for Figure 3.9.

Objective Land Type SAF Production [Bgal] | Land Usage [Mha]

MinE Non-forested Primary 7.76 49.81
Non-forested Secondary 6.99 30.98

Pastureland 17.03 91.74

MinL Non-forested Primary 7.44 32.49
Non-forested Secondary 7.50 26.28

Pastureland 16.86 70.62

MaxF Non-forested Primary 8.48 50.38
Non-forested Secondary 7.70 31.09

Pastureland 19.34 92.13

Table B.8: Baseline SAF production and land usage by land type for all objectives under S1
2050 in Kenya, data for Figure 3.10.

Objective Land Type SAF Production [Bgal] | Land Usage [Mha]

MinE Non-forested Primary 0.016 0.076
Non-forested Secondary 0.14 0.78

Pastureland 0.14 0.70

MinL Non-forested Primary 0.041 0.12
Non-forested Secondary 0.17 0.49

Pastureland 0.081 0.21

MaxF Non-forested Primary 0.058 0.31
Non-forested Secondary 0.44 2.60

Pastureland 0.44 2.33
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Appendix C

Results - Kenya

Table C.1: SAF production, emission, and land use outputs for 2050 and 2100 in Kenya.

Objective | Scenario | Year SAF E;g:ll]mtlon ETR/S&}OH Larfl(\l/ﬂ?as]age

MinE S1 2050 0.30 0.88 1.55
2100 0.49 1.45 2.60

S2 2050 0.30 0.88 1.53

2100 0.49 1.45 2.56

MinL S1 2050 0.30 3.53 0.82
2100 0.49 5.83 1.53

S2 2050 0.30 3.04 0.79

2100 0.49 5.55 1.26

MaxF S1 2050 0.94 3.53 5.24
2100 1.22 5.83 8.14

S2 2050 0.86 3.53 4.74

2100 1.20 5.83 7.66
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Appendix D

Results - Japan

Table D.1: SAF production, emission, and land use outputs optimized for 2050 and 2100 in
Japan.

Objective | Scenario | Year SAF F]_;g:ll]mtlon Er?li/slﬁon Larflt\i/lgas]age
MaxF S1 2050 0.15 1.71 0.60
2100 0.16 1.72 0.62
S2 2050 0.14 1.35 0.56
2100 0.15 1.53 0.58
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Appendix E

Results - United Kingdom

Table E.1: SAF production, emission, and land use outputs optimized for 2050 and 2100 in
the United Kingdom.

Objective | Scenario | Year SAF F]_;g:ll]mtlon Er?li/slﬁon Larflt\i/lgas]age
MaxF S1 2050 0.86 8.22 3.49
2100 0.76 7.33 3.17
S2 2050 0.65 6.20 2.67
2100 1.04 9.97 3.84
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Appendix F

Results - Australia

Table F.1: SAF production, emission, and land use outputs for 2050 and 2100 in Australia.

Objective | Scenario | Year SAF F];'g:l?ctlon En[lli/slirn LaIH\l/IE;age

MinE S1 2050 3.64 26.79 32.06
2100 6.01 45.57 56.46

S2 2050 3.64 26.16 31.49

2100 6.01 43.97 54.74

MinL S1 2050 3.64 43.47 11.67
2100 6.01 70.74 19.83

S2 2050 3.64 43.17 12.36

2100 6.01 70.02 19.13

MaxF S1 2050 5.52 43.53 54.90
2100 8.91 71.87 87.55

S2 2050 5.60 43.53 54.08

2100 9.11 71.87 100.00
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Figure F.1: SAF production by crop optimized for all objectives under S1 and S1 in 2050
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Appendix G

Results - Brazil

Table G.1: SAF production, emission, and land use outputs for 2050 and 2100 in Brazil.

Objective | Scenario | Year SAF F];'g:l?ctlon En[lli/slirn LaIH\l/IE;age

MinE S1 2050 2.59 7.69 11.99
2100 4.28 12.70 21.61

S2 2050 2.59 7.69 14.29

2100 4.28 12.70 24.02

MinL S1 2050 2.59 23.22 4.40
2100 4.28 43.44 6.60

S2 2050 2.59 25.29 5.32

2100 4.28 46.88 9.83

MaxF S1 2050 10.43 30.99 54.89
2100 17.23 51.16 92.77

S2 2050 10.43 30.99 58.78

2100 15.23 51.16 75.74
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Figure G.1: SAF production by crop optimized for all objectives under S1 and S1 in 2050
and 2100 in Brazil.
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Figure G.3: Land area by crop optimized for all objectives under S1 and S1 in 2050 and

2100 in Brazil.

Figure G.4: SAF production by land optimized for all objectives under S1 and S1 in 2050

and 2100 in Brazil.
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