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ABSTRACT

Aviation contributes significantly to global greenhouse gas emissions, driven primarily
by its dependency on fossil-based jet fuel. Sustainable Aviation Fuel (SAF) offers a short-
term option to mitigate these emissions. However, its current scalability remains limited,
constrained by access to sustainable biomass. Realizing SAF’s potential in the near term,
using the agricultural and industrial systems already in place requires a detailed understanding
of biomass availability, resource competition, and the scalability of SAF production. This
thesis presents a comprehensive system analysis framework and a data-driven methodology for
evaluating SAF production potential based on current agricultural output, without assuming
land expansion or major yield improvements and preserving food utilization. It evaluates
the SAF production potential from increasing biomass availability by redirecting biomass
currently used for some non-food purposes, and by utilizing processing and agricultural
residue. In-depth analysis of four high-potential case studies, one for each main biomass
family (starchy, sugary, oily, and fats and greases), was used to construct a detailed model of
the supply chain. This structure was then applied globally across all countries and relevant
feedstocks to estimate SAF production potential and associated system requirements.
Findings from the case studies show that these four high-potential opportunities could
collectively meet only up to 13.1% of global jet fuel demand in 2023, assuming 100% neat
SAF. The global analysis estimates that the SAF production potential from the considered
streams of increased biomass availability could meet up to about two-thirds of global jet fuel
demand, with 28.7% derived from agricultural residues, 25.9% from redirected main products,
and 12.5% from processing residues. These contributions hence remain insufficient to fully
displace fossil jet fuel. This work provides an estimate of what could be achieved using the



existing agricultural and industrial systems, what resource would be required, and how it
compares to global resource availability.
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Chapter 1

Introduction

Aviation enables fast intercontinental transportation for 12.5 million passengers and $18
billion worth of goods daily [1]. However, it is also a signi cant contributor to climate change,
generating 825 million metric tonnes (MMt) of CQ in 2023 and accounting for 2.5% of global
energy-related emissions [2, 3]. With projected air tra ¢ growth of 3.6% annually over the
next two decades [4], the emissions from aviation are bound to increase if not mitigated.
Aviation's anthropogenic greenhouse gas (GHG) emissions are primarily driven by its reliance
on fossil-derived fuels.

The International Air Transport Association (IATA) estimates that 65% of the e ort
required to reach the 2050 net-zero goal will come from the use of the sustainable aviation
fuel technology [5]. Sustainable Aviation Fuel (SAF) is a more sustainable alternative to
conventional Jet A, as the CQ emitted during combustion of the fuel was previously se-
gquestered from the atmosphere through photosynthesis during the growth of the biomass
used to produce the fuel. Additionally, SAF contains fewer aromatics than conventional jet
fuel, which are a component leading to soot formation. Finally, as a hydrocarbon fuel, SAF
is largely compatible with existing engines and infrastructure, making it a drop-in fuel; hence
it is a solution that is easier, faster, and more cost-e ective to implement.

Despite its potential, SAF production remains in its early stages. Global production
reached 600 million liters in 2023, representing only 0.2% of total jet fuel demand [6]. A
primary constraint to scaling SAF is the limited availability of sustainable carbon sources.
While hydrogen and energy inputs can be expanded with su cient investment and policy
support, the carbon feedstock derived from biomass faces fundamental supply constraints for
SAF. Biomass is already in use across various sectors, and its availability is limited; moreover
the upper limit for displacing fossil fuels with bio-based fuels is fundamentally constrained
by the supply of primary biomass. According to IPCC AR6 estimates for 2050, the primary
bioenergy potential ranges from 5 to 55 EJ/yr for wastes and residues, and up to 250 EJ/yr
for energy crops [7][8]. Understanding the potential and limitations of biomass availability
is hence critical to assessing realistic SAF deployment potential. In order to increase SAF
production, it is necessary to address the limitations on carbon source inputs.
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Numerous studies review and compare di erent alternative jet fuel options. For instance,
Dray et al. [9] and Isaacs et al. [10] compare biomass-to-liquid and power-to-liquid options,
analyzing lifecycle GHG emissions, costs, and environmental trade-o s. Studies such as
Hileman and Stratton [11] further examine the drivers behind alternative fuel development,
while others, including Gutiérrez et al. [12], Chong et al. [13], Pearson et al. [14], Seber et
al. [15], Geylense et al. [16], and Albretch et al. [17], delve into technical aspects of SAF
production processes. Jong et al. [18] assess and compare the short-term economic feasibility
of di erent SAF conversion pathways. Broader analyses, like those by Staples et al. [19],
guantify the alternative jet fuel production potential by 2050 under di erent assumptions
such as biomass availability for SAF and more. Additional frameworks are developed, such as
those by Ahmad et al. [20] for evaluating SAF production pathways, or Chong and Ng [21]
ranking countries viability for SAF production pathways, under di erent criteria based on
sustainability, feedstock availability, policy environment, and readiness for SAF deployment.

Most existing research focuses on long-term projections, often considering future yield
improvements or land expansion. However, there remains a need to better understand what
SAF production could look like in the near term, using the agricultural and industrial systems
already in place. In particular, there has been little focus on the SAF production potential
from increasing biomass availability by redirecting biomass currently used for non-food
purposes, and by utilizing currently unused processing and agricultural residues. This thesis
aims to better understand this potential. It presents a global estimate of SAF production
potential based on current agricultural production output, with no assumed land expansion
or major yield improvements, and preserving food utilization. In doing so, a framework that
identi es high-potential SAF production opportunities is introduced. This work evaluates
the extent to which SAF from redirecting biomass from non-food utilizations, and from using
both processing and agricultural residues could contribute to meeting global jet fuel demand,
what it would require, and whether it is scalable by comparing with global resources in terms
of utilities, such as electricity, water, and infrastructure.

This thesis is structured as follows: Chapter 2 outlines the global methodology for
estimating global SAF production potential. Chapter 4-6 study in depth four case studies
that will serve as the basis for the global potential modeling. The four case studies are
sugarcane in Brazil (Chapter 4), maize in China (Chapter 3, palm in Indonesia (Chapter 5),
and tallow in the United States (Chapter 6), each representing a distinct biomass family.
Chapter 7 builds on the case studies to develop a global estimate of SAF production potential
from the increased biomass availability. It also assesses the scalability of SAF production,
considering system requirements.
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Chapter 2

Overall methodology

2.1 Methodology overview

This analysis aims to understand how sustainable aviation fuel (SAF) production could scale
in the near term, and estimates the global SAF production potential, based on increased
biomass availability under current agricultural production levels and industrial systems,
without assuming future yield improvements or land use changes. Two main streams for
increasing biomass availability are considered:

" the redirection of feedstocks currently used for non-food purposes, following de ned
redirection criteria,

" the utilization of residues, including agricultural residues that are currently unutilized,
and processing residues that are either unutilized or redirected from non-food purposes
based on the same criteria.

The redirection criteria strictly exclude from consideration all biomass used for food-
related purposes, including both direct consumption and indirect uses such as animal feed and
seedling, needed to maintain the agricultural production levels. Furthermore, only biomass
assessed as potentially available in the future are considered. Speci cally, biomass currently
allocated to road transport fuels is assumed to be fully redirected toward SAF production,
based on the expectation that electri cation would phase out the need for biofuels in the
road transport sector. Additionally, biomass used for electricity generation that exceeds the
internal needs of a facility included in the system boundary, and that is exported to the grid,
is considered eligible for redirection, based on the assumption that this electricity can be
substituted by alternative renewable energy sources. These two streams are expected to o er
near-term opportunities to expand SAF production without competing with food supply.

To structure the global analysis, agricultural feedstocks are categorized into four main
biomass families:

" Sugary biomass family, such as sugarcane, sugarbeet.
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" Starchy biomass family, such as maize, rice, wheat.
~ QOily biomass family, such as palm oil, soya bean oil, rapeseed oil.
" Fats and greases biomass family, such as tallow, pig fat.

and feedstock and represents a high-potential SAF production opportunity.

To support the global analysis, a representative high-potential case study is selected for each
biomass family to analyze the supply chain, including the estimation of SAF production
potential and associated resource requirements.

These cases are used to construct a detailed supply chain model, which informs the broader
modeling framework for each biomass family. This model is then applied uniformly across all
feedstocks within the same family and across all countries, enabling the estimation of global
SAF production potential and associated system requirements. The global potential from
a biomass family is derived by summing the contributions from all feedstocks within each
biomass family across all countries, based on the two streams identi ed to increase biomass
availability: redirected main products and residues. The global SAF production potential is
then obtained by aggregating the potential from each biomass family.

An overview of the methodology is presented in Figure 2.1.

Figure 2.1: Overview of the methodology used for the analysis.
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2.2 Case study modeling

The representative case studies are determined by identifying the country with the highest
annual bioenergy equivalent production within each biomass family. Within that country,

the dominant feedstock, de ned as the feedstock contributing the most to the family's total
production within that country, is identi ed.

Each representative case study undergoes detailed supply-chain modeling to estimate the
necessary resources and the achievable SAF production potential. The supply chain modeling
is structured around two distinct streams: the main product stream, which includes purpose-
grown energy crops and fats redirected from non-food utilization, and the residue stream,
which encompasses both agricultural and processing residues. Figure 2.2 presents an overview
of the SAF supply chain modeling.

Figure 2.2: SAF production supply chain modeling overview

The modeling approach begins with the agricultural production quantities of the feedstock
(main product) in a country, and the associated quantities of agricultural residues from
that feedstock in that country. These quantities are allocated across various utilization
categories, such as food, feed, and seed, by applying coe cients that represent each category's
share of total utilization for that feedstock for that country. This analysis retains only the
guantities considered divertible according to the redirection policy, along with the quantities
of agricultural residues estimated usable, meaning sustainably and technically recoverable,
and available for SAF production (i.e., not already committed to other uses).

Once the divertible or usable quantities of biomass have been identi ed, they undergo
a pre-treatment process, which prepares the biomass for the subsequent SAF conversion
step. The quantities of pre-treated biomass are computed by applying a pre-treatment yield
coe cient to the input biomass of this step. The speci ¢ pre-treatment steps vary depending
on the feedstock type and the SAF conversion technology modeled, for example for sugary and
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starchy biomass, pre-treatment consists in conversion to ethanol. Consequently, pre-treatment
di ers across case studies and between the two carbon streams (main products versus residues).
The pre-treatment of the main product also generates processing residueghe quantity of
processing residues produced is calculated by applying a residue-to-product ratio (RPR) to
the amount of main product entering the pre-treatment step. In some cases, these processing
residues can be utilized for SAF production, either by diverting them from existing non-food
uses or if they were previously left unused. Thus, a portion of the pre-treatment outputs
feeds into the residues allocation step, where only the share estimated to be available for
SAF production is retained. This share is computed by applying a coe cient representing
the proportion of processing residues available for SAF production to the total quantity of
processing residues generated. This coe cient will be either directly obtained from databases
or estimated from reported utilization in the literature. These processing residues, together
with agricultural residues then undergo pre-treatment.

Following pre-treatment, the intermediate products are directed to the SAF conversion step,
where they are converted into SAF and other co-products such as diesel, gasoline, propane, or
naphtha. In modeling this step, a conversion yield coe cient is rst applied to the quantity

of pre-treated intermediate products entering this step, yielding the amount of total distillate
output. The share of SAF within the output slate is then applied to estimate the amount of
SAF produced. Similarly, the output shares for other co-products can be used to estimate
their respective production quantities.

This methodology enables the estimation of SAF production potential based on the feedstock
available in each analyzed country. The resulting SAF quantities are then compared to global
jet fuel demand to assess the potential contribution of SAF. The comparison is made using neat
SAF, assuming a 100% blend. This analysis uses the global commercial jet fuel demand from
Dannet et al. [3], estimated to be of 261 million metric tonnes (MMt) in 2023. This estimate
includes civil commercial aviation only, and the fuel burn estimate is derived from ADS-B data.

Transportation from harvest sites to pre-treatment plants, and from pre-treatment to SAF
conversion is assumed non-limiting and is therefore excluded from the model; distribution
of the nished fuel is also outside the system boundary. Nevertheless, transportation will
play a critical role in the development of SAF production infrastructure, in uencing both the
energy requirements and the practical limitations associated with transport distances for raw
feedstock, and pre-treated intermediates. These factors are expected to vary across countries
and depend on the speci c type of material being transported.

Utilities and infrastructure requirements

Within the modeling framework, system requirements are also estimated. In this context,
system requirements refer to the additional infrastructure and utilities necessary to process
the additional biomass available for SAF into SAF. Referring back to Figure 2.2, additional

IResidues from the pre-treatment step of the residues stream are outside the scope of this analysis.
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requirements arise from the pre-treatment of residues and from the SAF conversion steps.
Biomass available for SAF from the main product stream is diverted from road transport
biofuels production; therefore, pre-treatment is already assumed to occur within the existing
system, and no additional resources are required. However, it remains essential that the
associated resource use continues to be sustained. The additional requirements at each
relevant stage of the supply chain are estimated. Speci cally, the number of plants needed
for each stage is calculated by dividing the quantity of input feedstock for the respective
processing step by the plant capacity (plant size) of a single facility for that step, as shown
in the following equation:

Input feed quantity to the processing step [tonnes/year]

Number of plants [n]= plant size [tonnes feed/year]

(2.1)

Next, to estimate the total utility requirements associated with the additional processing
steps not present in the current system, the mass of input feedstock directed to this step is
multiplied by the corresponding utility coe cient for that step and utility type (electricity,
water, natural gas, and hydrogen):

Utility demand [utility unit] = Input feed [tonnes] Utility coe cient [utility unit/tonne feed]
(2.2)

By aggregating the requirements across all steps, a total estimate of system requirements
is produced and subsequently compared to the country's available resources to assess the
scalability of the modeled scenario.

The detailed modeling and corresponding diagrams for each case study are provided in
their respective chapters (Chapters 4 6).

2.3 Overview of the SAF conversion technologies used in
this analysis and description of the modeled processes

There exist multiple pathways to convert biomass into SAF. To be certi ed for use in
commercial aviation, SAF must be produced through a process approved by the American
Society for Testing and Materials (ASTM), under standards such as ASTM D7566 and ASTM
D1655. Certi ed pathways include technologies such as Alcohol-to-Jet (ATJ), Fischer Tropsch
(FT), Hydroprocessed Esters and Fatty Acids (HEFA), Hydroprocessed Fermented Sugars to
Synthetic Isopara ns (HFS-SIP), Catalytic Hydrothermolysis Synthesized Kerosene (CH-SK),
and Co-Processing. The number of ASTM-certi ed pathways is increasing, re ecting ongoing
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e orts to expand SAF production options [22].

In this thesis, the focus is placed on the most mature SAF production pathways, as they
o er a promising solution for short-term SAF deployment. Speci cally, the Hydroprocessed
Esters and Fatty Acids (HEFA) pathway is applied to oily biomass, oily processing residues,
as well as fats and greases, while the Alcohol-to-Jet (AT9)pathway is applied to sugary and
starchy biomass. For the other biomass residues, either the Fischer Tropsch (FT) pathway
or the AtJ pathway is applied, depending on the nature of the feedstock.

To avoid redundancy in the subsequent case study chapters, the detailed modeling
approach for these three selected conversion technologies: HEFA, AtJ, and FT, is presented
in this section.

2.3.1 Alcohol-to-Jet (ATJ)

The Alcohol-to-Jet (ATJ) conversion pathway uses ethanol as an input. It is modeled based
on the work of Geleynse et al. (2018) [16]. The process involves three core catalytic reactions:
dehydration of ethanol to produce ole ns, followed by ole ns oligomerization to form longer-
chain hydrocarbons, and hydrogenation to saturate the remaining double bonds of the ole ns,
resulting in para ns. This is followed by fractionation of the synthetic para n product into

jet fuel-range hydrocarbons.

The detailed modeling is derived using the study's core EtJ design analysis and modeling,
available in the Supplementary Information (Sl) of the paper undeEthanol to Jet Economic
Model Data Especially, it presents the yield, utility requirements and plant capacity (size).
These parameters are presented in Table 2.1.

2Also more speci cally referred to as Ethanol-to-Jet (EtJ) in this thesis.
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Table 2.1: Ethanol-to-Jet (EtJ) process parameters based on the work of Geleynse et al.
(2018) [16].t refers to metric tonnes and have been adapted from U.S. tons as reported in
the original paper. All other units have been converted to the International System of Unit.

Parameter Value Unit Note
Plant size
Plant capacity 59,189.4 t ethanol/year Computed by summing

the products's production

in mass using their re-

spective densities and di-
viding by the distillate

mass yield. In the SI

Process products

Distillate mass yield 0.6 t distillate/t ethanol  Reported in Table 2 of the
main paper

Product distribution  70/20/10 % mass of the distillate Reported in Table 2 of the

(jet/diesel/gasoline) main paper

Process utilities requirements

Hydrogen 6.5 kg/t ethanol Computed by dividing the
annual total hydrogen re-
quirement by the total
ethanol feed. In the SI.

Natural Gas 55 GJ/t ethanol Same method.
Electricity consumption 208.2 KwWh/t ethanol Same method.
Cooling water 252.7 t/t Same method. The cool-

ing water is recycled.

2.3.2 Hydroprocessed Esters and Fatty Acids (HEFA)

The Hydroprocessed Esters and Fatty Acids (HEFA) pathway uses oil as an input. This
conversion pathway is modeled based on the work of K. Brandt (2021) [23] and Pearlson
et al. (2011) [14], and relies on hydrotreating and isomerization processes. The main steps
include catalytic hydrodeoxygenation followed by selective cracking and isomerization of
triglycerides. The isomerized product is then cooled and separated into gaseous and liquid
fractions, which are further re ned into speci ¢ products such as jet fuel, diesel, naphtha, and
lique ed natural gas (LNG). The para nic gases and hydrogen are separated from carbon
dioxide and recycled back to the hydrotreator to improve process e ciency.

The detailed modeling is derived using the study's techno-economic evaluation and modeling
of the HEFA pathway. Especially, it presents the yield, utility requirements and plant capacity

25



(size). These parameters are presented in Table 2.2.

Table 2.2: Hydroprocessed Esters and Fatty Acids (HEFA) process parameters based on the
work of Brandt (2021) [23], which draws from Pearlson et al. (2011) [14].refers to metric
tonnes and have been adapted from pounds as reported in the original paper by Pearlson et
al.. All other units have been converted to the International System of Unit.

Parameter Value Unit Note
Plant size
Plant capacity 95,488.5 t oil/lyear Smallest size reported

(2000 BPD of distillate)

Process products
Distillate mass yield 0.83 t distillate/t oil -

Product distribution 55/26/11/8 % mass of the distillate -
(jet/diesel/propane/-

naphta)

Process utilities requirements

Hydrogen 40 kg/t oil -

Natural Gas 3.3 GJ/t oil -

Electricity consumption 44.1 kwhtt oll -

Cooling water 5.3 t/t The cooling water is re-

cycled.

2.3.3 Fischer-Tropsch (FT)

The Fischer-Tropsch (FT) pathway takes di erent types of biomass as input, such as pre-
treated energy crops, or residues. The pre-treatment step is usually integrated to the
FT plant, and includes steps such as grinder, hammermill and dryer. Pre-treatment and
SAF conversion are modeled using the work of K. Brandt (2021)[24] and Albrecht et al.
(2017)[17], which proceeds with a techno-economic evaluation of the FT pathway. The FT
SAF conversion process begins with fast pyrolysis, where biomass is mixed with hot sand at
approximately 550C to nalize preparation for gasi cation. This is followed by entrained

ow gasi cation, using either air or oxygen as oxidizer. Raw gas from gasi cation is then
cooled down by water quenching, removing most particles and impurities. The remaining
char, dust particles, and impurities are separated and removed from the wet syngas in an
arrangement of cyclones, guard beds, and lters. The cleaned syngas then undergoes an
exothermic water-gas-shift (WGS) reaction to adjust theH,=CO ratio, followed by carbon
dioxide removal. The Fischer Tropsch synthesis can then take place, producing syncrude
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that subsequently undergoes product separation and upgrading into jet-fuel.

The detailed modeling is derived using the study's techno-economic evaluation and modeling
of the FT pathway (including the pre-treatment step). Especially, it presents the yield, utility
requirements and plant capacity (size). These parameters are presented in Table 2.3.

Table 2.3: Fischer-Tropsch (FT) process and pre-treatment parameters based on the work of
K. Brandt (2021)[24], which draws from Albrecht et al. (2017)[17]t refers to metric tonnes.
All other units have been converted to the International System of Unit.

Parameter Value Unit Note
Plant size
Plant capacity 181,720 t feed (wet)/year Computed by dividing the

plant's annual distillate
production by the process

yield.
Pre-treatment products
Pre-treatment yield 0.98 % mass -
FT products
Distillate mass yield 0.14 t distillate/t feed -
Product distribution  40/40/20 % mass of the distillate -
(jet/diesel/naphta)
Process utilities requirements: pre-treatment
Natural gas 0.42 GJ/t feed -
Electricity consumption 108 KwWh/t feed -
Process utilities requirements: FT
Electricity generation 563.7 Kwh/t feed -
Water 3.9 t/t feed -

The modeling of the other processing steps speci c to each biomass family and case study
will be presented in their respective chapters.

2.4 Global agricultural production and utilization, and
agricultural residue data sources

Main feedstock product
Data on global agricultural production quantities per feedstock and per country as well
as how feedstock production is allocated across di erent utilization categories were obtained

27



from the Food and Agriculture Organization (FAO) database. Speci cally, theFood Balance
Sheet (FBS) and the Supply Utilization Accounts (SUA) databases were used, from the
FAOSTAT repository for the year 2022, which is the most recent year for which utilization
data are available. Table 2.4 provides a comprehensive list of all feedstocks included in this
analysis, along with their corresponding reference codes in the database. The database covers
278 feedstocks, ranging from primary to processed feedstocks and livestock products. For the
feedstocks considered in this study, the mass produced was converted into energy by applying
energy content coe cients listed in Appendix B. For primary feedstocks, the reported values
correspond to harvested production, including marketed quantities, quantities consumed on
the farm, and on-holding losses and wastage. For processed feedstocks, the values correspond
to the processing output in the reporting country.

Table 2.4: Feedstock families and associated feedstocks considered in this thesis with their
corresponding reference code in the FAOSTAT database.

Feedstock family Feedstocks
Fats and Greases family Fat of camels (21519.02); Pig fat, rendered (21521); Ta
low (21523); Fat preparations n.e.c. (F1243); Poultry
fat, rendered (21522)

Oily biomass family Cottonseed oil (2168.00); Oil of linseed (21691.12); Qi
of sesame seed (21691.07); Olive oil (2167.00); Sun ower-
seed oil, crude (21631.01); Groundnut oil (2162.00);
Soya bean oil (2161.00); Rapeseed or canola oil, crude
(21641.01); Palm oil (2165.00); Sa ower-seed oil, crude
(21631.02); Coconut oil (2166.00)
Starchy biomass family Barley (115); Buckwheat (1192); Cassava, fresh
(1520.01); Green corn (maize) (1290.01); Sorghum (114);
Wheat (111); Maize (Corn) (112); Potatoes (1510); Rice
(113); Rye (116); Sweet potatoes (1530); Triticale (1191);
Oats (0117)
Sugary biomass family Sugar cane (1801); Sugar beet (1802); Other sugar crops,
n.e.c. (1809)

To complement this dataset, information on the share of biomass used speci cally for
biofuels was sourced from the USDA Biofuel Annual reports for the various countries (see
case studies). Additionally, data from the United States Energy Information Agency (EIA)
was used [25].

At the case study level, the study focuses exclusively on domestic potential within each
country separately, hence any feedstock imports are discounted from the analysis. In this way,
in cases where a country imports a given feedstock, the volume attributed to each utilization
in the country is adjusted by removing the portion corresponding to imports out of the total
domestic supply. Domestic supply is de ned as the sum of domestic production and imports,
minus exports and stock variation. The adjustment applied is illustrated in Equation 2.3.
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imports quantity
domestic supply quantity

For both the FAOSTAT datasets, data coverage is global (with minor exceptions); however,
the reporting quality varies among countries.

Agricultural Residues

To estimate the quantity of usable agricultural residues, the database generated by
Eskenazi et al. (2025, in progress) was used. Their approach begins by estimating the
guantity of agricultural residues produced per feedstock per country, using residue-to-product
ratios obtained from the literature. They then calculate the portion that can be sustainably
recovered, without depleting soil carbon content, and compare it to the quantity that is
technically recoverable, selecting the minimum of the two. Finally, they account for competing
uses to determine the share of recoverable residues actually available. The analysis is conducted
spatially at a grid-cell resolution of 21600 4320 cells, with cell-speci ¢ assumptions for
climate and soil conditions. To address uncertainties in key parameters, such as residue-to-
product ratios, the authors employ a Monte Carlo simulation based on various probability
distributions. For the purposes of this analysis, the gridded results were aggregated to the
country level to align with the structure of the global SAF production potential assessment.
For further details on the agricultural residues dataset and methodology, refer to Eskenazi et
al. (2025, in progress).

3The main data source is o cial country reporting from FAO member countries, collected through
guestionnaires, national publications (Yearbooks and Pocketbooks), and o cial government websites. In
cases where o cial data are missing, values may be imputed. For more details on the reporting procedures
and the database structure, refer to the metadata on the FAO website.
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Chapter 3

Sugary biomass case study

3.1 Global agricultural production of sugary biomass

In 2022, the global production of sugary purpose grown energy crops is estimated at 18.6
exajoules (EJ), representing the second largest output among the four biomass families
considered in this study. The distribution of sugary biomass production across countries
is illustrated in Figure 3.1. Brazil, which alone accounts for 28.8% of the production is
the largest producer of sugary biomass in the world, followed by India (17.5%) and China
(4.9%). Brazil is hence the dominant producer of sugary biomass in the world. A more
detailed ranking of the top 45 producing countries, based on primary bioenergy equivalents,
is provided in Figure 3.2 (refer to Section 2.4 for more details on the data).

Figure 3.1: Production of sugary biomass in primary bioenergy equivalents per country in
2022 expressed in exajoule&( = 10%8J). Countries with no data available are displayed in

grey.
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Figure 3.2: Top 45 countries ranked by sugary biomass production in primary bioenergy
equivalents in 2022, expressed in exajouleBJ = 10*8]).

Within Brazil, sugarcane dominates sugary production, contributing to 100% of the
country's primary bioenergy output from sugary crops (Table 3.1). Consequently, sugarcane
in Brazil was identi ed as the representative case study for the sugary biomass family due to
its dominant contribution. The case also presents potential for using agricultural residues.

Table 3.1: Overview of sugary biomass production and case study identi cation (2022).

. Agricultural
Main product ]
residues
Top producing Total Mai Primary
ajor
countries annual : bioenergy Biomass for Usable
_ _ crops _
(by primary primary produced non-food agricultural
bioenergy  bioenergy . from the purposes residues
. production
equivalent produced . crop (%) (EJ)
. quantity)
guantity) (EJ) (EJ)
1. Brazil 54 Sugarcane 54 45 0.96
2. India 3.3 Sugarcane 3.3 0 0.49
3. China 0.9 Sugarcane 0.8 0 0.14
Sugarbeet 0.15 0 0.01
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3.2 Case study analysis

3.2.1 Application of the supply chain modeling to the sugary biomass
family case study

Figure 3.3 outlines the supply chain for processing sugarcane into ethanol, highlighting key
steps and resulting products. As highlighted by several studies, harvesting sugarcane yields
two primary outputs: sugarcane stalks and straw, the latter classi ed as an agricultural
residue. Historically, straw was burned in the eld to ease harvesting, but this practice has
since been banned in Brazil and the straw is now partly used for energy generation at the
ethanol plants of left unsused on the eld [26 28].

Cane juice is extracted from the stalks, with bagasse generated as a processing residue.
The extracted cane juice is then fermented into ethanol. Bagasse and parts of the straw are
typically combusted on-site at sugarcane-to-ethanol plants to generate heat and electricity
through combustion. Since these residues are generated in excess of the plant's energy
requirements, the surplus is also combusted to generate electricity for export to the grid [26,
28, 29].

Following the assumptions of this study, the case evaluates SAF production potential from
diverting the share of the sugarcane stalk used for the road transportation industry ethanol
production. Additionally, it evaluates the potential from unused and usable agricultural
residues, as well as diverting the surplus bagasse from electricity generation to SAF.

Figure 3.3: SAF production supply chain terminology for the sugarcane in Brazil case study.

The overall supply chain modeling structure employed in this case study was introduced
in Section 2.2. Figure 3.4 illustrates the speci c modeling steps, with associated parameters
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summarized in Table 3.2. Sugarcane production data are obtained at the post-harvesting
stage. Forward modeling begins from this point. Similarly, data for usable agricultural
residues are obtained directly, with allocation assumed to have already occurred.

Figure 3.4. SAF production supply chain model for the sugary biomass case study sugarcane
in Brazil. This diagram follows the general SAF supply chain modeling structure presented
in Section 2.2, but is adapted to re ect the speci ¢ structure and data inputs used for the
sugary biomass family.

Production and allocation:

Sugarcane production Annual sugarcane production in Brazi) and its allocation (Food
utilization, Feed utilization, etc.) are modeled based on the FAOSTAT database [30] (see
Section 2.4 for details). The share allocated to ethanol production for biofuels for the road
transportation industry is based on USDA reports [31]Biofuels utilization). The share to
biofuels exceeds that of non-food uses due to a data inconsistency: while FAOSTAT provides
aggregated non-food utilization data, the USDA o ers more detailed gures for biofuel use.
Therefore, downstream modeling in the supply chain relies on the USDA data.

Sugarcane straw is only partially recovered, as a portion must be left in the eld to
support weed and disease control as well as soil conservation and fertilizer recycling. The
exact fraction retained on the eld varies, but several studies suggest that recovering 50% of
the straw is a feasible [29, 32, 33]. This value is compared with estimates from Eskenazi et al.
(see Section 2.4) to determine the amount of usable straw that is not already utilized, leading
to the parameter: Annual sugarcane straw usable for SAF

Bagasse production is estimated by applying a residue-to-product ratio (RPR) reported by
Koopmans et al. (1997) [34] and considered to be fully technically recoverable [3Bagasse
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production rate.

Pre-treatment:

For the main product stream, sugarcane ethanol is diverted from its current use in the
road transport sector. As the sugarcane-to-ethanol step is already part of the existing system,
no additional resources are required; however, existing utilities and infrastructure must be
maintained and remain available to sustain ethanol production levels.

Further, studies highlight the potential of second-generation ethanol, produced from
lignocellulosic materials, though it has not yet been demonstrated at scale [36]. In this case
study, second-generation bioethanol production is assessed for its potential application to
sugarcane bagasse and straw. This choice is motivated by the fact that these residues are
either already available on-site or sourced nearby and second-generation ethanol production
can be integrated into the existing infrastructure used for rst-generation ethanol production.
Such integration allows for shared processing steps and resource inputs [26, 28, 29].
Indeed, as shown by Dias et al. (2012) [26], integrated rst- and second-generation ethanol
production achieves similar ethanol and electricity outputs as standalone systems, but requires
approximately 30% lower investment and results in the lowest ethanol production cost among
evaluated con gurations. Given these advantages and Brazil's well-established rst-generation
ethanol infrastructure, this study assumes an integrated plant design. Additionally, convert-
ing residues into second-generation ethanol would increase total ethanol output and enable
economies of scale for the SAF conversion step, relying on the Ethanol-to-Jet technology.
However, it is important to note that second-generation ethanol technology has not yet been
deployed at commercial scale.

The modeling of the pre-treatment step for both rst-generation (1G) and second-
generation (2G) and follows the approach developed by O.S. Dias (2011), which builds
upon a large-scale, optimized, autonomous rst-generation ethanol distillery design. The
1G process includes cane juice extraction, followed by Itering, concentration, fermentation,
centrifugation, distillation, and dehydration. 2G ethanol production from lignocellulosic
biomass begins with intensive pre-treatment to enhance cellulose accessibility. This consists
of steam explosion followed by alkaline deligni cation, which improves enzymatic hydrolysis
yields through lignin removal. The resulting solid fraction is separated from the pentose-rich
liquor by lItration. Enzymatic hydrolysis is then applied to the solid fraction, producing a
glucose-rich hydrolyzate that is separated from residual solids (cellulignin). In the integrated
process assumed here, the hydrolyzed liquor is mixed with sugarcane juice, allowing the
downstream steps, concentration, fermentation, distillation, and dehydration, to be shared
with the 1G process. The remaining pentose-rich liquor is anaerobically digested to produce
biogas for process fuel, with lignin and unreacted cellulose as additional by-products. This
o sets the plant's energy demand and increases the fraction of lignocellulosic material that
can be used for ethanol rather than combustion.

The study reports ethanol yields for both streamsQugarcane to ethanol yield, 2nd gen.
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ethanol yield), as well as bagasse allocation parametei8ggasse for SAF, Bagasse for powgr
indicating how much bagasse must be retained for energy and how much can be diverted
to 2G ethanol. Utility needs for the 2G process are met by the existing 1G infrastructure,
with the exception of additional energy requirements (electricity and heat). Electricity and
head demand is covered by the adjusted bagasse use for SAF, and surplus electricity is still
generated from steam condensation post-distillation, yieldinglectricity generation. Only
additional 2G-speci ¢ equipment is assumed to be required.

SAF conversion:

The ethanol from both streams then undergo SAF conversion with the EtJ technology,
which modeling has been detailed in Section 2.3.

1Redirecting all processing residues to SAF production was not considered, as it would require substituting
the energy currently used for on-site heat and power. This would typically be done with natural gas, thereby
reducing the net emissions bene ts. Alternative options, such as resistive heating, would impose substantial
and likely unscalable electricity demands.
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Table 3.2: Sugarcane in Brazil case study modeling parametetsrefers to metric tonnes,
adapted from US tons in the original paper, andMMt refers to Million Metric tonnes.

Parameter Value Unit Note
Annual sugarcane production in 724.4 MMt [30]
Brazil
Domestic supply 724.4 MMt [30]
Food utilization 309.6 MMt Sum of the quantities used for
"Food" and "Processing" utiliza-
tion [30]
Feed utilization 6.5 MMt [30]
Loss 79.7 MMt [30]
Non-food utilization 328.6 MMt [30]
Biofuels utilization 366.3 MMt [31]
Sugarcane to ethanol yield 0.065 t/t [26]
2nd generation ethanol yield 0.26 t/t [26]
Electricity generation di erence 92 KWh/t Comparing scenario 1 and 4
with base case electricity surplug26]
Bagasse production rate 0.29 t/t Residue-to-product ratio[34]
Bagasse recoverability 100 % [35]
Bagasse for SAF 35 % production [26]
Bagasse for power 65 % production [26]
Straw production rate 0.14 t/t sugarcane [28]
Straw for power 50 % [29, 32, 33]
Annual sugarcane straw usable 12 % production Computed from usable straw vol-
for SAF umes from Eskenazi et al., and
share used for power [26, 29,
32, 33]
3.2.2 Results

The current supply chain of sugarcane in Brazil is illustrated in Figure 3.5. It highlights that
approximately 45% of the sugarcane production goes to non-food utilization, 100% of which is
used for ethanol production for the road-transport sector. This is the result of long-standing
government support for ethanol use, dating back to the mid-1970s [31]. A series of policies
aimed at reducing dependence on imported oil and promoting domestic fuel production have
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helped establish Brazil as one of the world's leading biofuel producers [37].

If the road transport sector electri es, the SAF production potential from redirecting this
ethanol could result in the production of approximately 10 million metric tonnes of SAF,
equivalent to 3.8% of current global jet fuel demand when considered as neat SAF (100%
blend). At present, EtJ is certi ed for use in commercial aviation with di erent blending
levels, up to 50%. Additionally, the process also yields 2.8 million metric tonnes of diesel,
and 1.4 million metric tonnes of gasoline.

Utilizing the residues, by redirecting a portion of the bagasse and using the usable
sugarcane straw left on the eld could produce an additional 5.5 million metric tonnes of
SAF, representing an additional 2.1% of the global jet fuel demand when supplied as neat
SAF. Hence, the total SAF production potential from this case study amounts to 15.5 million
metric tonnes, equivalent to 5.9% of current global jet fuel demand supplied as 100% SAF.
The modi ed supply chain re ecting the SAF production potential is presented in Figure 3.6.

Figure 3.5: Current use of sugarcane in BrazilThe disconnect indicated by the asterisk
results from the fact that the share to biofuels exceeds that of non-food uses due to a data
inconsistency: while FAOSTAT provides aggregated non-food utilization data, the USDA o ers
more detailed gures for biofuel use. Therefore, downstream modeling in the supply chain
relies on the USDA data.
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Figure 3.6: SAF production potential from rerouting road transport sugarcane ethanol
and leveraging surplus processing residues and agricultural residues. Usable re ects the
sustainably and technically recoverable and not used for other purposes portion of the
agricultural residues. The disconnect indicated by the asterisk results from the fact that the
share to biofuels exceeds that of non-food uses due to a data inconsistency: while FAOSTAT
provides aggregated non-food utilization data, the USDA o ers more detailed gures for biofuel
use. Therefore, downstream modeling in the supply chain relies on the USDA data.

Infrastructure and utilities requirements:

Achieving the SAF potential from this case study involves infrastructure and resource
inputs beyond those of the current system. The biomass available for SAF from the main
product stream (diverted sugarcane) is already processed into ethanol for the road transport
industry. As such, pre-treatment facilities, and associated utilities consumption are assumed
to be already in place and available in the existing system, and no additional infrastructure
or utilities are required for this step. However, it is important to note that these will need to
be maintained. Additional requirements arise from the subsequent conversion of this ethanol
into SAF, captured in the "Rerouting” column in Tables 3.3 and 3.4. The conversion of
residues (diverted bagasse and usable straw) into ethanol and its subsequent upgrading into
SAF, introduces additional infrastructure and resource needs, represented in the "Residues”
column of the same tables.

In this way, to reroute the ethanol from road transport to SAF production, given that the
ethanol is already being produced in the existing system, no additional 1G ethanol plants
will be required. However, new EtJ facilities will be necessary to upgrade ethanol into SAF.
As shown in Table 3.3, an estimated 398 would be required. If large, commercial-scale plants
were used (nth plant), this estimate would change to 18 plants, based on the ICAO SAF
Rule of Thumb nth plant capacity for the EtJ process (with a capacity to process 1.3 MMt
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of ethanol per year), which is representative of large-scale plants. Using the residues in
addition to rerouting the ethanol does not require additional pre-treatment plants either,
as 2G ethanol production is assumed to be integrated within existing 1G ethanol facilities.
However, new EtJ facilities will also be required. As shown in Table 3.3, an estimated 219
EtJ facilities would be needed, or 10 large commercial-scale plants.

Regarding utilities, Table 3.4 presents the associated requirement. To achieving the SAF
potential from the case study, electricity requirements are equivalent to 5.8% of the total
domestic electricity generation, which was of 707.6 TWh in 2023 of which 631.3 TWh from
renewables (IEA), primarily due to the redirection of bagasse from electricity generation
to SAF production. In contrast, natural gas and hydrogen requirements represent a more
substantial share of national production: 23.6% and 73.4%, respectively. The domestic
natural gas production of Brazil in 2023 was of 856 PJ (IEA), and 325,000 metric tonnes
hydrogen produced domestically in Brazil in 2020 [38]. Cooling water is also required within
the system; however, as it represents a xed utility since it is re-released into the ecosystem
typically rather than an operational input requirement, it is not included in Table 3.4.

Table 3.3: Additional infrastructure requirements by feedstock stream and total to achieve
the SAF potential from the sugarcane in Brazil case study.

Rerouting ,
. Using Total
Infrastructure main product _ .
residues to build
(sugarcane ethanol)
Residues to ethanol plant Integrated in
(2nd generation ethanol) existing 1st

generation plantd
(additional equipment)
Ethanol to jet 398 219 617
conversion plant

! This assumes that existing plants have su cient capacity to additionally process the residues, alongside
the necessary investments in the additional equipment for second-generation ethanol production. Further
analysis is required to assess and re ne this assumption.
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Table 3.4: Additional utilities requirements by feedstock stream and total to achieve the SAF
potential from the sugarcane in Brazil case study.

Rerouting _ .
i _ Using Total additional
Utilities main product ) -
residues utilities use
(sugarcane ethanol)

Electricity (TWh) +5 +36 41 (5.8% domestic
electricity generation)

Natural Gas (PJ) +131 +72 203 (23.6% domestic
production)

H, (t) +154k +85k 239Kk (73.4% domestic
production)

! The pre-treatment of sugarcane for ethanol production is assumed to be already in place;
therefore, the associated utility requirements are not included in this table. However, these
processes still need to be maintained.
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Chapter 4

Starchy biomass case study

4.1 Global agricultural production of starchy biomass

In 2022, the global production of starchy purpose grown energy crops is estimated at 55.9
exajoules (EJ), representing the largest output among the four biomass families considered
in this study. The distribution of starchy biomass production across countries is illustrated
in Figure 4.1. China accounts for the highest share of global production, contributing alone
to 20.6%, followed by the United States (11.8%) and India (11.6%). China is hence the
dominant producer of starchy biomass in the world. A more detailed ranking of the top 45
producing countries, based on primary bioenergy equivalents, is provided in Figure 4.2.

Figure 4.1: Production of starchy biomass in primary bioenergy equivalents per country in
2022 in EJ (10'8]). Countries with no data available are displayed in grey.
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Figure 4.2: Top 45 countries ranked by starchy biomass production in primary bioenergy
equivalents in 2022, expressed in exajoulesX®® J). Countries are labeled using their ISO3
codes.

Within China, maize (corn) dominates starchy production, providing almost 40% of the
country's starchy output, in primary bioenergy equivalent (Table 4.1). Consequently, maize
(corn) production in China was identi ed as the case study for the starchy biomass family due
to its dominant contribution to starchy biomass production. The case also presents potential
for using agricultural residues.
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Table 4.1: Overview of starchy biomass production and case study identi cation (2022).
(PJ =10°MJ)

. Agricultural
Main product .
residues
Top producing Total _ Primary
: Major , .
countries annual bioenergy Biomass for Usable
crops
(by primary primary " P produced non-food agricultural
bioenergy  bioenergy Y . from the purposes residues
_ production
equivalent produced _ crop (%) (EJ)
_ quantity)
guantity) (EJ) (EJ)
1. China 115 Maize (corn) 4.2 17% 1
Rice 3.4 3.4% 0.6
2. USA 6.6 Maize 5.3 34% 2.7
Wheat 0.6 <1% 0.1
3. India 6.5 Rice 3.3 0 0.07
Wheat 15 0 0.06

4.2 Case study analysis

4.2.1 Application of the supply chain modeling to the starchy
biomass family

Figure 4.3 presents an overview of the supply chain terminology, outlining key processing steps
and associated products. As described in several studies, processing begins after harvesting
the corn plant, which yields corn ears and corn stover, the latter classi ed as an agricultural
residue. From the corn ears, kernels are separated from the cobs, with the cobs considered a
processing residue. The kernels are then fermented into ethanol, producing Distiller's Dried
Grains with Solubles (DDGS) as a co-product, which is sold as animal feed [39 41]. While
corncobs are occasionally used as domestic fuel, particularly in regions with limited access
to fuelwood [34], a portion remains unused and may therefore be available for SAF production.

In this case study the SAF potential from redirecting the share of the maize currently

used for ethanol in road transport. Additionally, it evaluates the potential from utilizing
unused agricultural residues (maize stover).

45



Figure 4.3. SAF production supply chain terminology for the maize in China case study.

The overall supply chain modeling employed in this case study was presented in Section
2.2. Figure 4.4 details the speci ¢ modeling, along with the speci ¢ modeling parameters for
each step, which are summarized in Table 4.2. Maize production data are obtained at the
post-harvesting stage. Forward modeling begins from this point. Similarly, data for usable
agricultural residues are obtained directly, with allocation assumed to have already occurred.
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Figure 4.4: SAF production supply chain model for the starchy biomass family case study
maize in China. This diagram follows the general SAF supply chain modeling structure
presented in Section 2.2, but is adapted to re ect the speci ¢ modeling structure data inputs

used for the starchy biomass family.

Production and allocation:

Maize production (Annual maize production in China, Exports etc.) and allocation (Food
utilization, Feed utilization, etc.) are modeled based on the FAOSTAT database (see Section
2.4 for details). In this case study, import quantities were deducted to isolate the domestic
supply; further details are provided in Section 2.4. The share of maize used for ethanol
production in the road transport sector @iofuels utilization) is derived from the USDA
reports [42]. The parameterAnnual maize stover usable for SAFis based on estimates from
Eskenazi et al. (see Section 2.4).

For processing residues, corn cob production is estimated using a residue-to-product ratio
(RPR) [34, 43] and is assumed to be fully recoverable [44], yielding the parameRacoverable
maize cobs production ratereferring to the amount that can be technically collected.
However, due to the lack of precise data on corncob use as domestic fuel, it is assumed
that 50% of the total corncob quantity could be made available for SAF production [40, 41],
resulting in the parametersMaize cobs for SAF, maize cobs for other uses

Pre-treatment:
For the main product stream, maize ethanol is diverted from its current use in the road
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transport sector. As the maize-to-ethanol conversion already occurs within the existing
system, no additional resources are required for this step; however, existing operations must
be maintained to sustain ethanol production levels. Ethanol production is based on the
process described by Kwiatkowski et al. (2006) [39], which models a conventional corn
dry-grind facility and estimates the Maize to ethanol yieldparameter. The main process
steps include liquefaction, sacchari cation, fermentation, distillation, and ethanol recovery.

In this case study, the residues, corn stover and cobs, are processed through second-
generation ethanol production. Unlike the sugarcane case study in Brazil, where second-
generation ethanol production was integrated into existing rst-generation ethanol facilities,

a standalone second-generation ethanol plant is assumed here. This assumption re ects
the policy environment in China, where regulatory support clearly distinguishes between
conventional, rst-generation, and second-generation ethanol production [36, 42].

The standalone second generation plant is modeled from the work of D. Humbird et
al. (2011) [45] which provides a benchmark techno-economic model for second generation
ethanol production from corn residues, based on a dilute acid pre-treatment followed by
enzymatic hydrolysis and co-fermentation. The study provides the benchmark plant size:
2nd generation ethanol standalone plant sizél'he process begins with pre-treatment, in
which the biomass is treated with dilute sulfuric acid catalyst at a high temperature to break
down the biomass for enzymatic hydrolysis and release the hemicellulose sugars. Ammonia
is then added to raise the pH in preparation for the subsequent enzymatic hydrolysis step.
The resulting slurry is processed through a high-solids continuous reactor using a cellulase
enzyme, followed by a bioreactors completing the enzymatic hydrolysis and fermentation
stages as part of the hydrolysis. On-site enzyme production is assumed. Ethanol is separated
from water and residual solids via distillation and solid-liquid separation, after which the
ethanol is puri ed, resulting an overall conversion yield2nd generation ethanol yieldThe
residual solids from distillation and wastewater treatment, together with the biogas from the
anaerobic digestion of the wastewater, are combusted to produce high-pressure steam for
electricity production and process heat for the plant. The boiler produces excess steam that
is converted to electricity sold to the grid €lectricity generation). This study also reports
water requirements Water).

SAF conversion:

The ethanol from both streams is then converted to SAF through the EtJ process, whose
modeling is detailed in Section 2.3.
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Table 4.2: Maize in China case study modeling parameters.refers to metric tonnes and

MMt refers to Million Metric tonnes.

Parameter Value Unit Note

Annual maize production in 277.4 MMt [30]

China

Exports 0.3 MMt [30]

Stock Variation 3 MMt [30]

Domestic supply 280.1 MMt Adjusted for Imports, see Sec-
tion 2.4[30]

Food utilization 15 MMt Sum of the quantities used for
"Food" and "Processing” utiliza-
tion, Adjusted for Imports, see
Section 2.430]

Feed utilization 204 MMt [30]

Loss 12.4 MMt [30]

Seed 2.2 MMt [30]

Non-food utilization 46.5 MMt [30]

Biofuels utilization 4.5 MMt [31]

Maize to ethanol yield 0.318 t/t [39]

Maize cobs production rate 0.26 t/t Residue-to-product ratio, aver-
age from three sourcg84, 43,
46]

Maize cobs recoverability 100 % [35]

2nd gen. ethanol standalone 876,045 t (wet)/year [45]

plant size

2nd generation ethanol yield 0.21 t/t [45]

Electricity generation 157 KWh/t [45]

Water consumption 1.5 t/t [45]

Maize cobs for SAF 50 % [26]

Maize cobs for other uses 50 % [40, 41]

Stover production rate 2 t/t [34]

Stover usable 11.2 % Computed percentage from pro-

duction quantities and usable
guantities from Eskenazi et al
(2025, pending)
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4.2.2 Results

The current corn supply chain in China is presented in Figure 4.5. It highlights that 17% of
the corn goes to non-food utilization, and only 9% of which is used to produce ethanol for
the road-transport industry. The 9% share of maize used for ethanol production in the road
transport sector, re ects the role of maize-based ethanol in China as a strategy for managing
corn surpluses and stock levels. High feedstock prices, the phase-out of subsidies, and weak
enforcement of blending mandates have further constrained ethanol production [47, 48].

Figure 4.5: Current use of corn in China.

If the road transport industry electri es, redirecting the ethanol currently produced from
maize could yield 0.6 million metric tonnes of SAF, representing 0.25% of the world jet fuel
demand with neat SAF (100% SAF blend). The process would also co-produce 0.2 million
metric tonnes of biodiesel and 0.1 million metric tonnes of gasoline.

The potential from using residues, unused corncobs and leveraging usable corn stover, is
also estimated. Using these additional inputs could result in the production of an additional
9 million metric tonnes of SAF, representing an additional 3.3% of the global jet fuel demand
met with neat SAF. It would also generate 2 million metric tonnes of diesel and 1 million
metric tonnes of gasoline. In total, the SAF production potential from this case study
amounts to 9.6 million metric tonnes, representing approximately 3.6% of current global jet
fuel demand. Figure 4.6 illustrates the modi ed supply chain re ecting this potential.
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Figure 4.6: SAF production potential from rerouting road transport corn ethanol and
leveraging available corncobs and usable corn stover in China. Usable re ects the sustainably
and technically recoverable and not used for other purposes portion of the agricultural
residues.

Infrastructure and utilities requirements

Achieving the SAF potential from this case study requires infrastructure and resources
beyond those of the current system. The biomass available from the main product stream,
the rerouted corn, is already converted into ethanol for use in the road transport sector. As
such, pre-treatment facilities and associated utilities are assumed to be already available and
in place in the existing system, with no additional inputs required for this step. However, it is
important to note that these will need to be maintained. Additional requirements arise from
the subsequent conversion of the ethanol into SAF, which are detailed in the "Rerouting”
column of Tables 4.3 and 4.4. Using residues in addition to rerouting ethanol introduces
further infrastructure and utilities requirements, summarized in the "Residues” column in
Tables 4.3 and 4.4.

In this way, 26 new EtJ plants will be needed to upgrade the rerouted ethanol into SAF
(see Table 4.3). If large, commercial-scale plants are used (nth plant), this estimate would
change to 2 plants, based on the ICAO SAF Rule of Thumb nth plant capacity for the EtJ
process (with a capacity to process 1.3 MMt of ethanol per year), which is representative
of large-scale plants. For the residues, it is estimated that 113 new pre-treatment second-
generation plants will be required. In addition, 345 EtJ plants will be needed, (or 15 large
scale plants) to upgrade the 2G ethanol into SAF.

As shown in Table 4.4, for all the utilities, the total consumption represents less than 1%
of the domestic supply, except for the natural gas requirement, which amounts to 1.6% of
the domestic production. In 2022, total domestic electricity generation was 8,948 TWh, of
which 2,731 TWh came from renewable sources (IEA). Internal renewable water resources
(IRWR) were estimated at 2,812.9 billion cubic meters per year in 2021 (FAO Aquastat).
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Domestic natural gas production reached 7,712 PJ in 2022 (IEA), and hydrogen production
was estimated at 34.68 million tonnes in 2021 (World Economic Forum) [49].

Table 4.3: Additional infrastructure requirements by feedstock stream and total to achieve
the SAF potential from the corn in China case study.

Rerouting _
. Using Total
Infrastructure main product , ,
residues to build
(corn ethanol)

Residues to ethanol plant +113 113
(2nd generation ethanol)
Ethanol to jet conversion plant 26 +345 371

Table 4.4: Additional utilities requirements by feedstock stream and total, to achieve the
SAF potential from the maize in China case study.

Rerouting , .
I , Using Total additional
Utilities main product ) -
residues utilities use
(corn ethanol)
Electricity (TWh) (positive +0.3 -11.1 -10.8 ¢ 1% domestic elec-
= consumption; negative = tricity generation)
generation)
Natural Gas (PJ) +8.2 +112.5 120.7 (1.6% domestic produc-
tion)
Water (million t) +138.9 138.9 (<1% total internal re-
newable water resources)
Ho (b) +9.7k +132.5k 142.2k (<1% domestic pro-
duction)

1 The pre-treatment of sugarcane for ethanol production is assumed to be already in place; therefore, the
associated utility requirements are not included in this table. However, these processes still need to be
maintained.
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Chapter 5

Oily biomass case study

5.1 Global agricultural production of oily biomass

In 2022, the global production of vegetable oils is estimated at 7.7 exajoules (EJ), with the
distribution of the production across countries illustrated in Figure 5.1. Indonesia led the
production, representing alone 22.7% of global production, followed by China (12.4%), and
Malaysia (8.9%). Indonesia is hence the dominant producer of oily biomass in the world. A
more detailed ranking of the top 45 producing countries is provided in Figure 5.2.

Figure 5.1: Production of oily biomass in bioenergy equivalents per country in 2022 in
exajoules EJ =10%8]). Countries with no data available are displayed in grey.
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Figure 5.2: Top 45 countries ranked by oily biomass production in bioenergy equivalents in
2022, expressed in exajoule&€{ = 108 J).

Within Indonesia, palm dominates the oils production, contributing to 98.5% of the
country's primary bioenergy output from sugary crops (Table 5.1). Consequently, palm oil in
Indonesia was identi ed as the representative case study for the oily biomass family due to
its dominant contribution to oily biomass production. The case also presents potential for
using agricultural residues.

It is important to note that this selection results from the identi cation methodology
developed in this thesis, which is solely based on production potential. The environmental
impacts associated with the use of palm oil must however be highlighted. Palm oil is linked
to high life cycle greenhouse gas emissions due to the intensive use of fertilizers and its
cultivation on land that often involves the conversion of tropical forests. As a result, it is
associated with high indirect land-use change (ILUC) emissions from deforestation [50, 51].
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Table 5.1: Overview of oily biomass production and case study identi cation (2022).

. Agricultural
Main product _
residues
Top producing Total Major Bioenergy .
] Biomass for Usable
countries annual crops produced _
. _ non-food agricultural
(by bioenergy bioenergy (by from the .

, . purposes residues
equivalent produced production crop (%) (EJ)
quantity) (EJ) guantity) (EJ) ’

1. Indonesia 1.8 Palm oil 1.7 50% 0.3
Coconut oil 0.03 0% 0.1

2. China 1 Soya beans oil 0.7 73% 0.1
Rapeseed oll 0.1 66% 0.1

3. Malaysia 0.7 Palm oll 0.7 7% 0.1
Soya bean oil 0.004 0% 0

5.2 Case study analysis

5.2.1 Application of the supply chain modeling to the oily biomass
family

Figure 5.3 provides an overview of the supply chain terminology, outlining the key processing
steps and associated products. Palm oil production begins with Fresh Fruit Brunches (FFB)
harvesting, which also generates palm fronds, classi ed as an agricultural residue, some which
are used as a fertilizer [34, 52, 53]. The FFB are then sterilized and threshed, yielding palm
fruit, and Empty Fruit Brunches (EFB), the latter commonly used as mulch [52]. Palm
Crude Qil (PCO) is then extracted from the palm fruit, producing several processing residues:
mesocarp ber, typically burnt for energy generation in the oil extraction mill [34, 52], Palm
Oil Mill E uent (POME), and palm nut. The palm nut is further processed to obtain palm
kernels (the inside of the nut) and palm shell, with the shells also used as fuel in the mill
[34, 52]. Palm Kernel Oil (PKO) is extracted from the palm kernels, which also yields palm
kernel meal, used as animal feed [52].

In this case study, the SAF potential from redirecting the palm crude oil and palm kernel
oil currently used in the road transport industry is evaluated. Additionally, it evaluates the
potential from utilizing unused palm fronds.
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Figure 5.3: SAF production supply chain terminology for the palm in Indonesia case study.

The overall supply chain modeling employed in this case study was presented in Section
2.2. Figure 5.4 details the speci ¢ modeling, along with the speci ¢ modeling parameters
for each step, which are summarized in Table 5.2. Palm oil and palm kernel oil production
data are obtained at the pre-treated stage, where the biomass has already undergone oll
extraction. Forward modeling begins from this point, while back-modeling traces the supply
chain upstream to harvesting. Similarly, data for usable agricultural residues are obtained
directly, with allocation assumed to have already occurred.
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Figure 5.4: SAF production supply chain model for the oily biomass family case study palm in
Indonesia. This diagram follows the general SAF supply chain modeling structure presented
in Section 2.2, but is adapted to re ect the speci ¢ modeling structure and data inputs used
for the oily biomass family.

Production and allocation:

Palm crude oil (PCO) and palm kernel oil production (PKO) @Annual palm oil production

in Indonesia, Annual palm kernel oil production in Indonesid and their allocation (Food
utilization, Feed utilization, etc.) are directly sourced from the FAOSTAT database (see
Section 2.4 for details). The share of production used for biofuel in the road transport sector
(Biofuels utilization) is derived from USDA reports [54]. The parameteAnnual palm fronds
usable for SAFis based on estimates from Eskenazi et al. (see Section 2.4 for details).

Pre-treatment:

As the data used in this study is sourced at the oil level of processing, pre-treatment is
assumed to have already occurred, allowing for a more accurate estimation of the PCO and
PKO production. However, the pre-treatment steps are still modeled to provide a complete
picture of the upstream processes. To do so, parameters were applied to model backward
from oil production volumes. Yield values for each processing step are based on the work of
G. Pehnelt et al. (2013) [52] and are summarized in Table 5.3.

SAF conversion:

Palm oil and palm kernel oil are converted to SAF via the HEFA pathway, as described
in Section 2.3. Palm fronds are pre-treated and processed through the Fischer Tropsch (FT)
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pathway, which is well-suited for feedstocks of this composition and has been demonstrated
at commercial scale [36]. Further details on both conversion processes are provided in Section
2.3.

Table 5.2: Palm in Indonesia case study modeling parameteitsrefers to metric tonnes and
MMt refers to Million Metric tonnes.

Parameter Value Unit Note

Palm oll

Annual palm oil production in In- 46.73 MMt [30]

donesia

Exports 25 MMt [30]

Stock Variation 0.56 MMt [30]

Food utilization 10.57 MMt Sum of the quantities used for
"Food" and "Processing” utiliza-
tion[30]

Non-food utilization 10.6 MMt [30]

Biofuels utilization 10 MMt [54]

Palm kernel oil
Annual palm kernel oil production 4.84 MMt [30]

in Indonesia

Exports 1.34 MMt [30]

Stock Variation 0.01 MMt [30]

Food utilization 236 MMt Sum of the quantities used for
"Food" and "Processing" utiliza-
tion [30]

Non-food utilization 1.13 MMt [30]

Biofuels utilization 1.7 MMt  [54]

Palm fronds production rate 1 t/t  [53]

Palm fronds usable 37 % Computed percentage from produc-

tion quantities and usable quantities
from Eskenazi et al (2025, pending)
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Table 5.3: Palm in Indonesia case study additional modeling parameteitsrefers to metric
tonnes andMMt refers to Million Metric tonnes.

Parameter Value Unit Note

Palm Fresh Fruit Bunch (FFB) to palm oil processing

Palm oil extraction 0.2 t palm oil/t FFB Used to compute the

rate amount of FFB that re-
sulted in palm oil pro-
duction.[52]

Palm kernel produc- 0.05 t palm kernel/t FFB [52]

tion rate

Mesocarp ber produc- 0.13 t ber/t FFB [52]

tion rate

Empty Fruit Bunch  0.23 t EFB/t FFB Used to estimate palm
(EFB) production rate fruit production by sub-

tracting the mass of
the empty fruit bunch
(EFB) from the mass
of the fresh fruit bunch

(FFB). [52]
Palm component in 0.32 t POME/t FFB POME=Palm Oil Mill
POME, production E uent, composed of
rate palm components, wa-
ter,..[52]

Palm kernel to palm kernel oil processing

Palm kernel meal pro- 0.52 t palm kernel oil/t palm kernel [52]
duction rate

5.2.2 Results

The current palm supply chain in Indonesia is illustrated in Figure 5.5. It shows that 22%

of the palm oil, and 23% of the palm kernel oil currently go to biofuel production for the
road-transport industry. This is supported by blending mandates and subsidies in place since
2015 [54], partly funded by a palm oil export levy, which collected $2.3 billion in 2022 to
bridge the price gap between biodiesel and fossil diesel. As a result, Indonesia has developed
strong biofuel infrastructure.

If the road transport sector electri es, the SAF production potential from redirecting

palm crude oil and palm kernel oil could yield 4.6 million metric tonnes and 0.8 million metric
tonnes of SAF respectively, corresponding to 1.8% and 0.3% of the world jet fuel demand
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Figure 5.5: Current use of palm in Indonesia.

with neat SAF. In addition to SAF, the process co-generates a total of 2.6 million metric
tonnes of biodiesel, 1 million metric tonnes of propane, and 0.8 million metric tonnes of
naphta. Figure 5.6 presents the modi ed supply chain with these oils rerouted.

In addition, the potential from using palm fronds, the agricultural residues, is estimated.
Utilizing this additional input could yield an additional 1 million metric tonnes of SAF,
representing an additional 0.4% of the global jet fuel demand met with neat SAF. This would
also produce 1 million metric tonnes of diesel and 0.5 million metric tonnes of naphta.

Altogether, the total SAF production potential from this case study amounts to 6.6 million
metric tonnes, equivalent to 2.5% of current global jet fuel demand. Figure 5.6 illustrates the
modi ed supply chain re ecting this potential.
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