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Abstract

Sustainable aviation fuel (SAF) plays a central role in decarbonizing the avi-
ation sector. Brazil is positioned to become a leader in SAF production and
consumption from sugarcane-based ethanol. However, integrating SAF into
the Brazilian sugarcane industry is challenging due to high production costs,
an undeveloped SAF supply chain, and ethanol competition between ground
and aviation transportation. The present study uses mixed-integer linear op-
timization to design SAF supply chains in Brazil under various blend require-
ments and design scenarios. Three sugarcane mills in São Paulo are identified
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(0.5 US$ L−1). Furthermore, SAF production increases net CO2 emissions by
up to 2.7 Mt year−1 (relative to a 0% baseline) due to ethanol displacement.
Sensitivity analysis reveals SAF conversion and emission targets for net-zero
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Introduction1

Aviation currently contributes approximately 2.5% of global energy-2

related CO2 emissions, with significant growth anticipated in the coming3

years.1 The sector faces global pressure to decarbonize, with the Inter-4

national Civil Aviation Organization (ICAO) proposing a 5% emissions5

reduction goal by 2030.2 Sustainable aviation fuel (SAF), i.e., biomass- and6

biomaterials-derived synthesized paraffinic kerosene (SPK), is expected to7

play a significant role in achieving the net-zero emissions scenario by 2050,8

contributing up to 65% of emission reductions.3 However, currently, SAF9

represents only ∼0.2% of global jet fuel consumption, hindered by high10

production costs, immature technologies, and undeveloped supply chains.3,411

Brazil possesses a unique opportunity to become a global leader in SAF12

production and consumption from sugarcane ethanol. As the world’s second-13

largest bioethanol producer and the largest producer from sugarcane (33.614

million (M) m3 in 2023–20245), Brazil has well-established biomass infras-15

tructure that can support the rapid development of a structured SAF supply16

chain. Sugarcane ethanol exhibits low carbon intensity4 and is expected17

to become a key feedstock for SAF production via the alcohol-to-jet (ATJ)18

technology, converting alcohol to SAF through the basic steps of dehydra-19

tion, oligomerization, and hydrogenation.6 We estimate that, with current20

ATJ technologies, sugarcane ethanol in Brazil has the potential to contribute21

approximately 36% of the global SAF capacity increase required to meet pro-22

jected demand for 2030 under a net-zero emissions by 2050 scenario (∼4623

Mm3 4). Furthermore, the coproduction of SAF in sugarcane bio-refineries24

may significantly reduce capital and operational costs.725

Designing a SAF supply chain in Brazil requires decisions regarding where26

to locate new production facilities, how much SAF to produce, and how feed-27

stocks and products should be transported throughout the network. Facility28
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siting decisions are inherently discrete,8 while production and transporta-29

tion decisions are continuous. Additionally, as the associated costs, mate-30

rial balances, capacity limits, and transportation requirements can be repre-31

sented using linear relationships, the resulting optimization problem can be32

formulated as a mixed-integer linear program (MILP). MILPs are powerful33

modeling approaches to optimize large-scale problems with well-established34

commercial solvers, which can prove global optimality of solutions.935

For example, MILPs have been employed for optimal SAF supply chain36

design in the U.S.,10–12 Mexico,13,14 Germany,15 India,16 and SAF produced37

from microalgae cultivated from sugarcane vinasse in Brazil.17 These studies38

focus on optimal facility location and SAF technology selection; however,39

the integration of a SAF supply chain into the Brazilian sugarcane indus-40

try presents complex, interdependent, and multiscale optimization problems,41

including a strong dependence on sustainable energy policy and individual42

government decisions, competition between ground and air transportation43

for ethanol use, and differing objectives between supply chain managers and44

individual mill owners. MILP has also been used to design biofuel supply45

chains under various policy mechanisms. Hombach et al. 18 used MILP to46

design a biodiesel supply chain in Germany, considering six instruments of47

European biofuel regulations. Ebrahimi et al. 19 used MILP to evaluate dif-48

ferent incentive structures on a carinata-based SAF supply chain in Florida.49

Additionally, methods such as market equilibrium and Nash equilibrium op-50

timization have been employed to determine the optimal design of biofuel51

supply chains under various policies, such as producer credits,20,21 interest52

rate reduction,22 investment subsidies,23 and emissions penalties.2453

The present study employs MILP to optimize a realistic scenario of inte-54

grating SAF production from sugarcane ethanol into the Brazilian sugarcane55

industry. This unique framework explores optimal facility location, ATJ tech-56

nology development, policy implications, and the broader market impacts of57

SAF integration. We consider the optimal supply chain design across var-58

ious SAF adoption scenarios, including SAF blend levels ranging from 0%59

to 50%, two categories of SAF production locations (sugarcane mills and oil60

refineries), and two decision-making paradigms: a central planner aiming to61

minimize supply chain costs and an investor aiming to maximize profits. The62

results highlight the optimal number of SAF suppliers and their locations,63

recommend necessary incentives for attractive SAF investments, and capture64

secondary effects of a SAF market in Brazil.65

The remainder of this article is organized as follows. We first review the66
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relevant background on the sugarcane industry, ethanol upgrading to SAF,67

and existing SAF policy mechanisms. We then present the supply chain68

design problem statement, mathematical model, data sources, and analysis69

methods, followed by the results of our analysis. We close with concluding70

remarks and open research directions. All results are distilled into three key71

insights to inform SAF policy-makers and technology developers.72

Background: SAF Potential in Brazil73

We begin by contextualizing the challenges of SAF integration into the74

Brazilian sugarcane industry and the assumptions underlying the analysis.75

Ethanol Supply Chain and Logistics in Brazil76

Brazil is the world’s second-largest producer of ethanol with approxi-77

mately 396 operational ethanol mills: 373 that process sugarcane, 13 that78

process corn, and 10 that are flexible mills capable of processing both sugar-79

cane and corn.25 The total ethanol production (both anhydrous and hy-80

drated) reached 33.6 Mm3 in the 2023–2024 harvest, containing 81% of81

ethanol derived from sugarcane and the remaining 19% from corn.5 Sugar-82

cane ethanol production was the largest between May and December, reach-83

ing a mean biweekly production of 1.88 Mm3. In the remaining months,84

the mean biweekly production was reduced to 0.431 Mm3. From the same85

harvest, Brazil exported 1.77 Mm3 of ethanol, mainly to South Korea (0.84586

Mm3) and the U.S. (0.3 Mm3), and imported 250,000 m3 of ethanol from87

the U.S. (58%), Paraguay (25%), and Argentina (15%) to compensate for88

seasonal production variations.589

The bioethanol infrastructure in Brazil is the result of decades of public90

policies that promote the production and consumption of ethanol, dating91

back to the 1970s, when the Brazilian government launched the Proálcool92

program (a national alcohol program aimed at developing innovative biofuel93

technologies).26 Ethanol distilleries that process sugarcane are mainly located94

in São Paulo, the midwestern states of Mato Grosso do Sul and Goiás, and95

along the northeastern coast of Brazil. Figure 1a and 1d show the sugarcane96

processing capacity in each Brazilian state and the location of each sugarcane97

mill, respectively. All sugarcane mills in Figure 1d are separated by annexed98

operation (produces sugar and ethanol) and ethanol production only.99

Most sugarcane mills in Brazil (66% of those considered) operate un-100

der an annexed distillery configuration, producing both sugar and ethanol.27101
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Figure 1: Four maps of Brazil showing a) sugarcane capacity, b) refining capacity, and c)
jet fuel (airport) demand by state alongside d) locations of airports, refineries, ethanol dis-
tilleries (produce ethanol only), and annexed mills (produce sugar and ethanol) considered
in the optimization analysis. The state of São Paulo is emphasized as it has the highest
sugarcane capacity, refining capacity, and jet fuel demand in the country. Patterned states
have no capacity or demand in our dataset.

With an annexed distillery configuration, sugarcane mills typically allocate102

about half of their harvest to sugar production and the other half to ethanol103

production, depending on which market offers better prices for producers.5104

During the ethanol expansion phase that began in 2004, several autonomous105

distilleries (producing only ethanol) were built to meet projected domestic106

and international ethanol demand.28 For many years, sugarcane was the sole107

raw material used for ethanol production in Brazil, fulfilling nearly all do-108

mestic demand. However, starting in 2012, corn mills began to operate, and109
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by 2020, flexible mills were introduced. Corn is often planted as a mid-110

harvest crop,29 and flexible mills have increased the ethanol supply in Brazil,111

contributing 6 Mm3 in 2023.30112

The current ethanol distribution system in Brazil involves sugarcane mills113

sending anhydrous and hydrated ethanol to refineries or distribution depots114

(usually installed near refineries). Figure 1b shows the refining capacity in115

each Brazilian state. At the distribution depots, anhydrous ethanol (approx-116

imately 60% of total ethanol production) is blended with gasoline at a ratio117

of 22% to 35% by volume, nominally 27%, per regulations set by the National118

Petroleum Agency (ANP). The percentage of the Brazilian automotive fleet119

using hydrated ethanol varies significantly with ethanol and gasoline prices.120

Ethanol prices have been historically volatile due to seasonal supply fluc-121

tuations. Between April 2023 and February 2024, approximately 21% of122

combustion engine cars used ethanol,5 despite 70% of the Brazilian automo-123

tive fleet comprising flex-fuel vehicles.31 Increasing the supply of corn ethanol124

from flexible mills presents an opportunity to boost biofuel consumption by125

providing a less seasonal supply, helping ensure more stable prices.126

The Brazilian biofuel supply chain is primarily connected through road127

transport (80%). Rail, duct, and cabotage transportation modes have limited128

capacity in the Brazilian ethanol supply chain,32 accounting for 14%, 3%, and129

3% of the total transportation, respectively.33 A duct system has operated130

since 2013, connecting the sugarcane production region of Uberaba (Minas131

Gerais) and Ribeirão Preto (São Paulo) to the Petrobras refinery region of132

Pauĺınia (São Paulo). The system is expanding to the Logum System (a133

private initiative led by ethanol producers and Petrobras) that connects other134

ethanol-producing cities in São Paulo to oil refineries.34 The duct system135

today has approximately 1,100 km of pipeline delivering approximately 6136

Mm3 of ethanol in 2023. It is projected to increase to 1,400 km of pipeline137

delivering approximately 9 Mm3 of ethanol per year.35138

SAF Production in Brazil: the ATJ Technology139

Brazil is the world’s sixth-largest aviation market,36 consuming ∼5 Mm3
140

of jet fuel per year. Figure 1c shows the jet fuel demand for each Brazilian141

state. To support energy transition goals, the Brazilian government launched142

the National Program for Sustainable Aviation Fuel (ProBioQAV) to incen-143

tivize research, production, and the use of sustainable aviation fuels. The144

ProBioQAV program implements a blending mandate for SAF over the com-145

ing years, from 1% greenhouse-gas emissions reductions in 2027 to 10% in146
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2037, but it still needs to be fully implemented.37147

The ATJ technology is a natural choice for SAF production in Brazil,148

given the installed sugarcane ethanol capacity, as it converts alcohol into149

jet fuel.6 Furthermore, with recent public policies incentivizing electric car150

production in Brazil, the electrification of the Brazilian fleet may lead to151

an ethanol surplus that could be diverted to SAF production via the ATJ152

technology. However, Brazil has historically prioritized transportation decar-153

bonization through sugarcane ethanol and flex-fuel vehicles. Consequently,154

electrification policies and market deployment have lagged behind those of155

China, the United States, and Europe, with automakers continuing to focus156

primarily on flex-fuel and hybrid-flex vehicle technologies.38 The electrifica-157

tion process in Brazil is expected to progress slowly in the coming years,158

with less than 0.5% of the Brazilian fleet containing electric engines,39 and159

approximately half of which are hybrids.40160

Watson et al. 4 reported, on average, SAF produced by the ATJ technol-161

ogy reduces CO2 emissions by 57% based on an analysis of the literature.162

The ICAO’s Carbon Offset and Reduction Scheme for International Avia-163

tion (CORSIA) reported the midpoint emissions for SAF from sugarcane as164

24.1 gCO2eq MJ−1 compared to 89 gCO2eq MJ−1 for fossil-based jet fuel (a165

73% reduction).41 Furthermore, Watson et al. 4 reported, on average, SAF166

produced by the ATJ technology costs 240% more than fossil-based jet fuel.167

Geleynse et al. 42 performed a techno-economic analysis of the conventional168

ATJ process from an ethanol feedstock and reported a nominal minimum jet169

fuel selling price (MJSP) of more than 4 $ gal−1 (∼1 $ L−1) with the cost of170

the ethanol feedstock making up 79% of the MJSP.171

In January 2024, LanzaJet opened the world’s first ethanol-to-SAF pro-172

duction facility in Georgia, U.S., producing 9 M gallons (∼34,000 m3) of173

SAF per year and 1 M gallons of renewable diesel per year.43 While there174

are currently no operational SAF facilities in Brazil, five commercial-scale175

facilities (one using ATJ technology) and two pilot-scale facilities (one using176

ATJ technology) are in the conceptualization or planning phase.44 Petro-177

bras (an oil and gas company) announced a commercial-scale ATJ facility in178

São Paulo; however, the production capacity and project start date are not179

publicly available.44 Additionally, Ráızen (an ethanol production company)180

announced a pilot-scale ATJ facility also in São Paulo, with a project start181

date of 2030 and an unspecified production capacity.44182
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Methods183

This paper proposes an optimization framework for designing SAF supply184

chains in the Brazilian sugarcane industry.185

Optimization Problem Statement186

The optimization framework is derived from the classic facility location187

problem.8 The sites for new facilities (ATJ capacity) are selected from a finite188

set of candidate locations (existing sugarcane mills or refineries) organized189

across the supply chain stages (Figure 2).190

Figure 2: Visual representation of a potential three-stage SAF supply chain design contain-
ing mills (blue), refineries (black), and airports (green). In this representation, sugarcane
mill 2 and refinery 1 invest in the ATJ technology (red) and produce SAF (purple arrows)
or produce and blend SAF (green arrows), respectively. To increase the total ATJ capac-
ity, sugarcane mill 2 purchases additional ethanol from mills 1 and 3 (blue arrows). SAF
produced in mill 2 is trucked to refinery R to produce blended SAF (a blend of SAF and
conventional jet fuel, green arrows) and then supplied to airports 2 through A. Similarly,
refinery 1 purchases ethanol from mill 1 to produce and blend SAF to supply airports 1
and 2. The remaining mills, 3 through U , supply ethanol to the Brazilian ground trans-
portation market, which is assumed to be distributed to consumers by refineries.
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Supply chain Stage 1 contains 335 sugarcane mills (processing capacities191

ranging from 1 to 5.5 Mt year−1) operational in 2024, excluding corn mills192

and flexible mills that process both sugarcane and corn.25 The mills produce193

sugar, ethanol (or only ethanol in the case of distilleries), and electricity194

from waste (non-competing with the other products). Stage 2 includes nine195

refineries in Brazil that can blend SAF with conventional fossil-based jet fuel196

and certify the resulting fuel for use in passenger flights.45 Finally, Stage197

3 includes 29 international airports, excluding those in the Amazon region,198

as transportation would incur additional costs with limited data available.199

Each stage is connected by the transportation of fuels via trucks. Figure200

1d shows the locations of the supply chain infrastructure. The supply chain201

is constrained to meet a fraction (0% to 50%) of Brazil’s jet fuel demand202

while satisfying domestic sugar and ground transportation fuel (light-duty203

vehicles) demand.204

Investments in ATJ capacity are considered either as brownfield expan-205

sions integrated into existing sugarcane mills in Stage 1 or as greenfield fa-206

cilities co-located with refineries in Stage 2. Brownfield integration leverages207

existing feedstock handling, utilities, storage, and transportation infrastruc-208

ture, reducing capital requirements and enabling rapid deployment. In con-209

trast, greenfield facilities located near refineries facilitate access to blending210

infrastructure and established fuel distribution networks, potentially reduc-211

ing downstream logistics costs and simplifying SAF integration into existing212

jet fuel supply chains. Both configurations have been proposed as viable213

pathways for scaling commercial SAF production.42,46,47 Mixed mill-refinery214

configurations were not considered as this study focuses on comparing dis-215

tinct brownfield and greenfield deployment pathways, and the lower capital216

cost of brownfield investments would likely dominate the optimization.217

Table 1 summarizes the key components of the three optimization formu-218

lations considered. The full mathematical model is explained in the Input219

Data and Constraints section. The first formulation adopts a classic central220

planner perspective and minimizes total supply chain cost while satisfying221

three concomitant markets: sugar, light-duty vehicle fuel, and aviation fuel.222

In this case, SAF production is enforced through the blending requirement,223

and no explicit SAF incentives are considered. This formulation serves to224

achieve SAF deployment targets at the lowest overall system cost.225

The second formulation also adopts a central planner perspective but226

shifts the objective from minimizing system costs to maximizing total sug-227

arcane mill profits, emulating an investor’s perspective. While investment228
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decisions remain centrally coordinated and SAF production is mandated,229

this formulation more closely reflects real-world deployment by incorporat-230

ing profitability into the objective function. Aggregate profit maximization231

is used as a simplifying assumption to identify economically attractive infras-232

tructure configurations, implicitly assuming a competitive market in which233

mills face similar cost structures and individually lack sufficient market power234

to influence market conditions. Consequently, this formulation provides in-235

sight into how profitability considerations influence SAF supply chain design236

and investment allocation under mandated SAF deployment. This is consis-237

tent with other supply chain design studies.48–51238

The third formulation removes the SAF blend mandate, setting the239

required blend to zero, and treats the SAF premium as a policy parameter.240

The per-facility bounds on ATJ investment size remain. By incrementally241

increasing the premium until SAF production becomes economically favor-242

able, this formulation identifies the minimum incentive required to induce243

market-driven SAF adoption. Unlike the first two formulations, which as-244

sume SAF deployment is mandated, this case directly evaluates the level of245

policy support necessary to stimulate investment in SAF production. Addi-246

tionally, as refinery profitability is not explicitly represented in the model,247

only investments integrated with sugarcane mills are considered.248

In total, we consider five case studies defined by the decision-making249

paradigm, investment location, and the inclusion of incentives: (1) central250

planner without (w/o) incentives, with ATJ investments at sugarcane mills;251

(2) central planner without incentives, with investments at refineries; (3)252

investor without incentives, with investments at sugarcane mills; (4) investor253

without incentives, with investments at refineries; and (5) investor with (w)254

incentives, with investments at sugarcane mills. Cases 1 through 4 were255

solved, considering SAF blend requirements from 0% (reference case) to 50%256

in increments of 10%, resulting in (4×6) 24 model instances. Case 5 considers257

no SAF blend requirement.258

Input Data and Constraints259

We now present the input data and mathematical constraints that define260

each stage of the supply chain. The full model and nomenclature table are261

presented in SI Section S2.262
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Table 1: Summary of the three optimization formulations (columns) considered in this
analysis. The Objective rows describe the two optimization objectives considered, and
theConstraint rows describe all the possible constraints of the mathematical optimization
formulation. A checkmark (✓) indicates that the corresponding objective or constraint
is included in the mathematical optimization formulation. The SAF blend requirement is
enforced in the SAF Demand Fulfillment constraint. The reference case is considered for
each optimization formulation with a 0% SAF blend requirement and no incentives.

Central
Planner
w/o

Incentives

Investor
w/o

Incentives

Investor
w/

Incentives

Objectives

Minimize Total Supply
Chain Cost

✓

Maximize Total Mill
Profits

✓ ✓

Constraints

Mass Balances ✓ ✓ ✓

Capacity/Production
Restrictions

✓ ✓ ✓

Purchase/Sale
Restrictions

✓ ✓ ✓

Positive Mill Profits ✓ ✓ ✓

Demand Fulfillment
(Sugar, Ground, and
SAF)

✓ ✓

Demand Fulfillment
(Sugar and Ground)

✓

Case Studies 1 & 2 3 & 4 5

Stage 1: Sugarcane Mills263

We consider 335 sugarcane processing mills in Brazil, 220 annexed (pro-264

ducing ethanol and sugar), and 115 producing only ethanol. Figure 3 illus-265

trates a process flow diagram for an annexed sugarcane mill u with integrated266

SAF production.267
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Figure 3: Process flow diagram for sugarcane mill u. Rectangles represent process units
and the variables xu,i refer to the production of product i at a given mill u.
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The ethanol produced at sugarcane mill u has four potential destinations:268

the market, SAF-producing mills, SAF-producing refineries, and onsite in-269

tegrated SAF production. Additionally, each sugarcane mill u can invest in270

SAF capacity, and each SAF-producing mill can purchase ethanol from non-271

SAF-producing mills nearby to increase the total ATJ capacity (individual272

ATJ capacity investments are limited to 700,000 m3 of SAF per year). SAF-273

producing mills include integrated aviation fuel production from internally274

produced and purchased ethanol, considering an ATJ process that produces275

a mixture of gasoline, diesel, and bio-jet fuel. The distribution of ethanol to276

the market for ground transportation is approximated to occur via refineries,277

which handle further distribution to consumers. This configuration is based278

on Brazil’s current ethanol distribution system, in which sugarcane mills de-279

liver ethanol to refineries or distribution depots (which are usually located280

alongside refineries).281

Supporting Information (SI) Section S2.1 defines the mathematical con-282

straints that model each sugarcane mill. Equations S4-S14 represent the283

linear mass balances of each mill.52 Mill productivity is represented by in-284

stalled processing capacity rather than historical utilization rates. Conse-285

quently, the model assumes a total of 816 Mt year−1 of sugarcane processing286

across all mills in the supply chain, representing an overestimation of roughly287

23% relative to the 661 Mt historical production for the 2023/2024 harvest288

season.53289

Equations S15-S17 impose lower bounds on sugar and ethanol production290

at each annexed mill, modeling the typical ethanol-to-sugar ratio range of291

40% to 60%. Equations S18 and S19 represent the linear mass balances on292

ethanol transportation between mills. Equations S20 and S21 represent the293

restrictions on ethanol purchasing and selling to produce SAF.294

The yes/no decision to invest in SAF capacity is represented by a binary295

decision variable, yu, where yu = 1 is yes and yu = 0 is no for mill u. The296

binary variable is used to bound the production of SAF (represented by the297

subscript k) at mill u, xu,k, using a big-M constraint (Equation 1):298

M yu ≤ xu,k ≤M yu , ∀ u ∈ U (Mill SAF Capacity Investment) (1)

The upper bound of M = 700,000 m3 of SAF per year reflects the largest299

single-facility ATJ capacity considered in the literature.19 The lower bound300

of M = 28,000 m3 per year represents a minimum economic plant size, ob-301

tained as the smallest mill in our dataset (1,000,000 t of sugarcane per year)302

converting all of its ethanol to SAF.303
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Figure 4: Process flow diagram for refinery r. Rectangles represent process units, the
variables wr,i represent the total volume in refinery r of species i, variables pr,f represent
the volume of conventional jet fuel blended with SAF at refinery r, and the variables wr,k

represent the volume of blended SAF produced at refinery r.

Furthermore, because SAF costs are not competitive with fossil-based304

jet fuel, requiring mills to invest in SAF without subsidies could result in305

negative profits. Equation 2 avoids this by ensuring each mill has a positive306

annual profit (Θu). The mill profit calculation is defined with the investor307

formulation below.308

Θu ≥ 0 , ∀ u ∈ U (Positive Mill Profits) (2)

Stage 2: Refineries309

Refineries blend SAF with conventional fossil-based jet fuel to a specified310

SAF fraction (η), with a maximum blend volume of 50% SAF. Each refinery,311

r (Figure 4), can purchase SAF from SAF-producing mills in Stage 1 to312

blend with fossil-based jet fuel produced onsite. Additionally, each refinery313

can invest in ATJ capacity and purchase ethanol from non-SAF-producing314

sugarcane mills in Stage 1 to produce SAF in Stage 2.315

SI Section S2.2 defines the mathematical constraints that model each316

refinery. Equations S23 to S26 represent the material balances between Stage317

1 and Stage 2 for ethanol and SAF transactions. Equation S22 restricts318

ethanol sales from SAF-producing mills. Equations S27 to S31 represent the319

linear mass balances of each refinery.320

The yes/no decision to invest in SAF capacity is represented by the binary321
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decision variable zr, where zr = 1 is yes and zr = 0 is no for refinery r. The322

binary variable is used to bound the production of SAF at refinery r, wr,k,323

using a big-M constraint (Equation 3):324

M zr ≤ wr,k ≤M zr , ∀ r ∈ R (Refinery SAF Capacity Investment) (3)

Stage 3: Demand Fulfillment325

All blended SAF from Stage 2 is transported to each airport in Stage 3.326

The supply of blended SAF, wr,k, leaving each refinery r, is constrained to327

meet the mandated SAF blend requirement, in which a fraction (η) of the328

aviation fuel delivered to each airport (up to 50% by volume) must be SAF.329

Equation 4 represents the volume of blended SAF, χr,a, sold from refinery330

r to airport a. Equation 5 represents the demand fulfillment, Dk
a, for each331

airport a in Stage 3.332

wr,k =
∑
a∈A

χr,a , ∀ r ∈ R (Blended SAF to Airports Sum) (4)

333

Dk
a =

∑
r∈R

χr,a , ∀ a ∈ A (SAF Demand Fulfillment) (5)

Equation 6 ensures that the sum over sugar produced, xu,s, at each mill u334

meets a minimum demand, Ds, of 44 Mt (based on 2023 production levels53).335

Additionally, we assume that the sugar quantity can be supplemented by336

sugar purchased from the global market (imports), ps.337 ∑
u∈U

xu,s + ps ≥ Ds (Sugar Demand Fulfillment) (6)

Furthermore, we ensure that total ground transportation demand is met,338

as gasoline is required to replace the ethanol that would otherwise have been339

destined for the Brazilian fleet and is now converted into SAF. The total340

ground transportation demand, Dt, is estimated as a total energy demand341

(1.74 billion (B) GJ) using the total volume of hydrous ethanol and gasoline342

C (a 75% gasoline and 25% anhydrous ethanol blend) consumed in Brazil in343

2023, 16 and 46 Mm3, respectively30 and the energy densities of ethanol (γe)344

and gasoline C (γg), 21,200 and 29,520 MJ m−3, respectively.54 Throughout345

this work γe and the ATJ conversion θe,k are expressed on a hydrous ethanol346

basis (SI Section S4.9.1). The ground transportation demand can be fulfilled347
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by ethanol sent to the market (represented by subscript e1), xu,e1, from mills;348

domestic corn ethanol, pe; gasoline produced as a byproduct of SAF in mills,349

xu,g, and refineries, wr,g; and gasoline from the global market, pg (Equation350

7). The domestic corn ethanol is constrained to 2023 production levels (τe),351

estimated as 6 Mm3 30 (Equation 8).352

(pe +
∑
u∈U

xu,e1)γe + (pg +
∑
u∈U

xu,g +
∑
r∈R

wr,g)γg ≥ Dt (7)

(Ground Transportation Demand Fulfillment)353

pe ≤ τe (Upper Bound on Ethanol Available for Purchase) (8)

Objectives for Decision-Making Perspectives354

For the optimal design of the supply chain, we consider three optimiza-355

tion formulations: a central planner without incentives, an investor without356

incentives, and an investor with incentives (Table 1).357

Central Planner: Minimize Total System Cost.358

Cases 1 and 2 minimize the total supply chain cost. The costs con-359

sidered in our supply chain network include operating costs (OPEX), cap-360

ital costs (CAPEX), logistics costs (transportation), and additional costs361

incurred when sourcing products from global markets to ensure demand is362

met. We consider a piece-wise linear approximation of the CAPEX scaling363

equation to estimate the total CAPEX for mill u, ΩU
u , and refinery r, ΩR

r364

(Equations S32-S41). ATJ capacity investments at sugarcane mills are as-365

sumed to be brownfield using a reference CAPEX of 167 M R$ estimated by366

Geleynse et al. 42 considering a reference SAF capacity of 35,000 m3. ATJ367

capacity investments at refineries are considered greenfield, estimated using368

a 50% larger reference CAPEX (251 M R$).369

The total supply chain OPEX, Λ, is calculated as the sum of the total370

sugarcane mill OPEX contribution (ΛU) and the total refinery OPEX contri-371

bution (ΛR). The sugarcane mill OPEX contribution (Equation 9) considers372

the yearly cost to produce sugar, ethanol, SAF, and electricity. The refinery373

OPEX contribution (Equation 10) considers only the yearly cost to produce374

SAF. The parameters λi refer to the production cost of product i. Table 2375

lists the nominal production cost parameter values.376

ΛU =
∑
u∈U

[
λsxu,s + λexu,e + λbrown

k xu,k + λpxu,p
]

(Mill OPEX) (9)
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Table 2: Nominal production cost parameter values. Data from Mutran et al. 55 except
λbrown
k and λgreen

k , which are from Geleynse et al. 42

Symbol Description Nominal Value

λs Sugar production cost 1,150 R$
t s

λe Ethanol production cost 1,800 R$
m3 e

λbrown
k Integrated SAF production cost 870 R$

m3 k

λgreenk SAF production cost 1,130 R$
m3 k

λp Electricity production cost 7 R$
MWh

377

ΛR =
∑
r∈R

λgreenk wr,k (Refinery OPEX) (10)

The supply chain total logistics cost, Φ, is calculated as the sum of Stage378

1, Φ1 (mills to refineries), and Stage 2, Φ2 (refineries to airports), transporta-379

tion costs. The Stage 1 logistic cost (Equation 11) consists of transportation380

of ethanol from mill u to SAF-producing mill j (ωu,j), transportation of381

ethanol to refineries (νu,r), and transportation of SAF to refineries (ρu,r).382

The parameters du,j and du,r represent the distance between mill u and mill383

j and the distance between mill u and refinery r, respectively. The Stage384

2 logistic cost (Equation 12) consists of the transportation of blended SAF385

from refineries to airports. The parameters dr,a represent the distance from386

refinery r to airport a, the parameter δ (0.16 R$ km−1m−3) represents the387

variable transportation cost of SAF and ethanol, and the parameter ψ (17.82388

R$ m−3) represents the fixed transportation cost of ethanol and SAF. These389

average transportation costs are taken from the appendix of the Brazilian390

Resolution for Freight Prices56 and reflect shipment distance and volume;391

regional variations in road quality, terrain, and transportation infrastruc-392

ture are not explicitly represented. The distances between each stage were393

estimated using the Haversine distance formula (see SI Section S1), which394

calculates the distance between two points on a sphere from their longitude395

and latitude.396
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Φ1 =
∑
u∈U

∑
j∈U

δdu,jωu,j + ψωu,j︸ ︷︷ ︸
mill to mill transport (ethanol)

+
∑
u∈U

∑
r∈R

[δdu,r(νu,r + ρu,r) + ψ(νu,r + ρu,r)]︸ ︷︷ ︸
mill to refinery transport (ethanol and SAF)

(Stage 1 Logistic Cost)

(11)

397

Φ2 =
∑
r∈R

∑
a∈A

[δdr,aχr,a + ψχr,a]︸ ︷︷ ︸
refinery to airport (blended SAF)

(Stage 2 Logistic Cost) (12)

The total additional cost of the supply chain, ∆, (Equation 13) is calculated398

as the cost of purchasing ethanol, sugar, conventional jet fuel, and gasoline399

from the global market to meet demand. Specifically, we introduce a penalty400

cost equal to the 2023 average gasoline price57 for the gasoline needed to401

replace the ethanol that would have been destined for the Brazilian fleet and402

is now converted into SAF. The parameters πi refer to the market price of403

product i. Table 3 lists the nominal prices and the data sources. We consider404

the average Brazilian market price for the period from September 2023 to405

October 2024. The prices were available weekly and aggregated by their406

means, discounted by the Brazilian Inflation index IPCA.58 Watson et al.52407

provide details on the price discount procedure.408

Table 3: Nominal product prices of sugar, ethanol, jet fuel, gasoline, and electricity

Symbol Description Nominal Value

πs Sugar price59 2,940 R$
t s

πe Ethanol price60 2,280 R$
m3 e

πf Conventional jet fuel price57 4,130 R$
m3 f

πg Gasoline price57 2,600 R$
m3 g

πp Electricity price61 324 R$
MWh
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∆ = πsps︸︷︷︸
sugar

+ πf
∑
r∈R

pr,f︸ ︷︷ ︸
jet

+ πepe︸︷︷︸
ethanol

+ πgpg︸︷︷︸
gasoline

(Additional Costs) (13)

Thus, this optimization formulation minimizes the total system cost409

(Equation 14):410

min Λ + Φ +∆+
∑
u∈U

ΩU
u +

∑
r∈R

ΩR
r

s.t. Eqs. (1) to (8)

Eqs. (S4) to (S41)

(14)

As passed to the solver (before presolve), each instance of the MILP411

contains 147,507 continuous variables, 3,319 binary variables, 6,727 equality412

constraints, and 8,870 inequality constraints. Cases with ATJ investments at413

refineries instead fix the 335 mill investment variables and therefore contain414

2,993 binary variables.415

Investor: Maximize Total Mill Profits.416

Alternatively, Cases 3 and 4 maximize total sugarcane mill profits417

(Equation 16). The total sugarcane mill profits are calculated as the dif-418

ference between the total revenue of all mills (Equation 15) and the total419

mills’ CAPEX, OPEX, and logistic costs (Stage 1). We assume the price of420

SAF equals the market price of conventional jet fuel, plus a premium paid421

by airlines or mandated by policy.422

Π =
∑
u∈U

[
πsxu,s︸ ︷︷ ︸
sugar

+ πe(xu,e1 + xu,e2 + xu,e3 − xu,e5)︸ ︷︷ ︸
ethanol

+ (πf + πprem)xu,k︸ ︷︷ ︸
SAF

+ πpxu,p︸ ︷︷ ︸
electricity

] (15)

(Mill Revenue)423

Θ = Π− (ΛU + Φ1 +
∑
u∈U

ΩU
u ) (Total Mill Profits) (16)

Equation 17 shows the optimization formulation. As passed to the solver424

(before presolve), each instance of the MILP contains 147,507 continuous425
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variables, 3,319 binary variables, 6,727 equality constraints, and 8,870 in-426

equality constraints.427

max Θ

s.t. Eqs. (1) to (8)

Eqs. (S4) to (S41)

(17)

Recommended Incentives.428

In Case 5, which determines the necessary incentives for SAF supply429

chains, we consider a third optimization formulation. This formulation takes430

the perspective of an investor seeking to maximize sugarcane mill profits;431

however, we do not impose any SAF production constraints (neither upper432

nor lower system-wide bounds on SAF) and use SAF premium prices to433

determine the incentive to produce SAF favorably. Equation 18 shows the434

optimization formulation. As passed to the solver (before presolve), each435

instance of the MILP contains 147,842 continuous variables, 3,319 binary436

variables, 6,727 equality constraints, and 8,870 inequality constraints.437

max Θ

s.t. Eqs. (1) to (4)

Eqs. (6) to (8)

Eqs. (S4) to (S41)

(18)

Integer Cut Analysis438

Cases 1 through 4 and the integer cut analysis were computed using a439

MIP gap of 0.003%; the mill-specific incentive study used 0.03%, and Case440

5 and the sensitivity scenarios used 0.05%. The MIP gap (mixed-integer441

programming gap) measures how close the best integer (feasible) solution442

is to the best possible continuous (relaxed) solution. This gap is typically443

expressed as a percentage, with a smaller gap indicating that the best solution444

is closer to the lower bound. For both decision-making perspectives, the445

total objective values are on the order of hundreds of billions of R$s per446

year. In contrast, the CAPEX for the smallest ATJ investment permitted in447

this analysis (28,008 m3 of SAF) is 7.3 M R$ year−1, approximately 0.003%448

of the largest objective value (corresponding to the chosen MIP gap). The449

difference in logistics costs between potential investment sites is even smaller,450

averaging ∼ 1× 105 R$ year−1, and is not captured in the MIP gap to avoid451
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excessive computational time. The choice of MIP gap, therefore, matters452

most when selecting specific locations. Total costs, production volumes, and453

emissions are dominated by operating expenditures and are correspondingly454

insensitive to the gap.455

For the supply chain design, there are numerous optimal solutions within456

the chosen MIP gap of the optimization solver. For investments at refineries,457

the chosen MIP gap is less limiting in determining the optimal SAF invest-458

ment sites than for mills, as there are fewer potential locations (nine total)459

and the refineries are adequately spaced from one another. Even so, be-460

cause blending is inexpensive and the logistic differences between refineries461

are small, refinery assignments should also be interpreted as one of many462

near-equivalent configurations. On the contrary, for SAF investments at463

sugarcane mills, there are 335 potential investment sites, with the shortest464

distance between mills in our dataset being less than 3 km. Thus, for Cases 1465

and 3 (each decision-making perspective for upgrading at mills), ten optimal466

solutions within the chosen MIP gap were identified via an integer-cut anal-467

ysis. In this analysis, after each solve, an additional constraint (a no-good468

cut) was added to the optimization model to exclude previously found integer469

solutions and force the solver to search for new ones. This process continued470

until ten optimal solutions were obtained (ten iterations). SI Section S3 pro-471

vides more details on this methodology, and SI Equation S42 describes the472

no-good cut constraint.473

Results and Discussion474

We summarize the key findings from optimizing the supply chain network475

considering different objective functions, investment locations, SAF blend476

requirements, and incentives.477

Sensitivity to the Decision-making Paradigm and SAF Blend Requirement478

The decision-making perspective strongly influences the mills’ optimal479

product portfolio. Figure 5 summarizes the main product flows, estimated480

emissions, total cost, and total profit of the optimal solutions of Cases 1481

through 4 solved at SAF blend requirements from 0% (reference case) to482

50% in increments of 10%, resulting in 24 total model instances.483

The total system cost when minimizing costs is approximately 12 B R$484

less than that when maximizing profits. On the contrary, the maximizing485
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profit cases generate approximately 15 B R$ more in total mill profits (Fig-486

ure 5h and 5i). Furthermore, refinery-based SAF capacity leaves mill profits487

unaffected, whereas sugarcane mill-based capacity reduces profits as SAF488

blend requirements increase. Installing SAF capacity at refineries always489

increases the system cost relative to installing it at mills; however, the dif-490

ference is less than 0.4% of the total system cost. It is important to note491

that this analysis overlooks the actual impacts of integrating SAF production492

with refineries, including effects on overall profit, because revenue streams493

and total mass and energy flows are not readily available for all refineries.494

As expected, maximizing total mill profits favors sugar production over495

the less profitable products, ethanol and unincentivized SAF. On the con-496

trary, minimizing total costs maximizes ethanol production, thereby reducing497

the amount of gasoline purchased to meet ground transportation fuel de-498

mand. The perspective of an investor results in an additional 10 Mt of sugar499

available for exports (Figure 5a). The increased sugar production when max-500

imizing total mill profits results in 6 Mm3 less ethanol production and 4.3501

Mm3 more gasoline purchased annually compared to the perspective of a502

central planner (Figure 5b and 5d). Given that gasoline is used to meet the503

remaining ground transportation demand, this difference in perspectives re-504

sults in more than 6 Mt of CO2 per year (Figure 5e). This scenario yields505

results closer to the current ethanol and sugar production mix and is more506

likely under current policies.507

Additionally, the total sugar production does not vary with the SAF508

blend requirement (Figure 5a). Increasing total SAF production to 50% of509

current jet fuel demand does not affect Brazil’s annual sugar (food) supply.510

On the contrary, Brazil’s installed ethanol production capacity is sufficient511

to meet SAF demand; however, the remaining ethanol supply for ground512

transportation is limited. Because the analysis assumes mills operate at513

their installed processing capacity, these results represent the upper bound514

of SAF production achievable with the existing infrastructure and highlight515

the long-term potential of the Brazilian sugarcane industry.516

Key Finding 1: The emissions reductions from a 50% SAF blend are off-517

set by the emissions increase from increased gasoline consumption in ground518

transportation, resulting in an emissions increase of 2.7 Mt CO2 year−1 in519

Brazil compared to a 0% SAF baseline. While Brazil’s installed ethanol ca-520

pacity can satisfy domestic SAF demand, fulfilling this demand requires521

reallocating ethanol away from ground transportation. A 50% SAF blend522

requires 5.2 Mm3 of ethanol, requiring an additional 3.4 Mm3 of gasoline523
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Figure 5: Nine figures summarizing the production or purchase amounts of (a) sugar, (b)
ethanol for ground transportation, (c) SAF, (d) gasoline, and (f) conventional jet fuel; the
estimated emissions from (e) ground transportation and (g) aviation; (h) the total system
cost; and (i) the total mill profits within the supply chain solved for an increasing SAF
blend requirement from 0% to 50% in increments of 10% with no incentives. Four case
studies were considered, testing two decision-making perspectives and two investment
locations. Case 1: (red) central planner w/o incentives, ATJ investments at sugarcane
mills. Case 2: (purple) central planner w/o incentives, ATJ investments at refineries.
Case 3: (blue) investor w/o incentives, ATJ investments at sugarcane mills. Case 4:
(brown) investor w/o incentives, ATJ investments at refineries. The 0% SAF blend serves
as the reference case for each of the first four case studies. Figure S21 in SI Section S7
presents a total system cost breakdown for each of the first four case studies.
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purchased, annually compared to a 0% SAF baseline (Figure 5b and 5d).524

Replacing bioethanol with gasoline for ground transportation is a suitable525

option to balance energy demands; however, bioethanol has a much lower526

carbon intensity than gasoline (21.3 gCO2 MJ−1 62 and 75.5 gCO2 MJ−1,32527

respectively). Thus, this fuel substitution leads to an additional 6.0 Mt CO2528

year−1 from ground transportation (Figure 5e). We estimate that the com-529

plementary reduction of aviation emissions of a 50% SAF blend, compared to530

a 0% SAF baseline, is 3.3 Mt CO2 year
−1, considering a SAF carbon intensity531

of 45 gCO2 MJ−1 (Figure 5g). These estimates underscore the need to in-532

clude life cycle analysis (LCA) in policy decisions. SI Section S4 documents533

all emission calculations.534

If the ground transportation fleet in Brazil is slow to electrify, ATJ tech-535

nological improvements are necessary for sugarcane ethanol-based SAF to536

reduce net transportation (aviation and light-duty ground transportation sec-537

tors) emissions relative to a 0% SAF baseline. Figure 6 quantifies the ATJ538

technology targets for two key parameters required to reduce net transporta-539

tion CO2 emissions (relative to a 0% SAF baseline) in Brazil: the ethanol-540

to-SAF conversion rate (which controls the volume of ethanol diverted from541

ground transportation) and the SAF emissions (which control the mass of542

CO2 avoided by using SAF). For this sensitivity analysis, coproduct produc-543

tion in the ATJ process (diesel and gasoline) was assumed to be zero, and544

the derivation of the theoretical maximum SAF conversion is provided in SI545

Section S5.1. Figure 6 also shows sugarcane-based ATJ process parameters546

from five recent LCA studies (circle markers).7,63–66 At the nominal ATJ547

conversion (0.41 m3 SAF m−3 ethanol), a 79% reduction in SAF LCA emis-548

sions is required for SAF adoption to be carbon neutral across the aviation549

and light-duty ground transportation sectors relative to a 0% SAF baseline.550

Similarly, with nominal SAF emissions (45 gCO2 MJ−1), the ATJ conversion551

needs to increase by 80%, which lies above the theoretical maximum derived552

in SI Section S5.1; carbon neutrality at nominal SAF emissions therefore553

requires lowering the life-cycle emissions of the delivered fuel, not conver-554

sion improvement alone. By carefully setting upper bounds on the life-cycle555

emissions of delivered SAF, improving the ATJ technology, encouraging car-556

bon capture, and coupling SAF production with the electrification of ground557

transportation, SAF can help Brazil decarbonize.558

The markers in Figure 6 are not all on a common coproduct accounting559

basis: the nominal case charges the entire feedstock and process burden to560

SAF, consistent with the zero-coproduct assumption above, whereas the five561
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literature studies credit their coproducts by allocation or displacement. The562

two vertical dashed lines mark ICAO’s CORSIA default intensities for this563

pathway, at which a net emissions reduction would require ATJ conversions564

of 0.50 and 0.58 rather than 0.74. See SI Section S4.9 for details.565

Figure 6: Sensitivity of the net CO2 emissions under a hypothetical scenario of a 50%
SAF blend compared to the present (0% SAF) as a function of ATJ conversion and SAF
emissions. Green indicates net-negative emissions (emissions reduction) while red indicates
net-positive emissions (emissions increase). The black star is the nominal case (ATJ
conversion of 0.41 m3 SAF m−3 ethanol and SAF emissions of 45 gCO2 MJ−1). Circles A–E
are five additional life cycle studies of the sugarcane-based ATJ process, listed in that order
in SI Table S2.7,63–66 The horizontal dashed line marks the theoretical maximum ethanol-
to-SAF conversion derived in SI Section S5.1; the two vertical dashed lines mark ICAO’s
CORSIA default life cycle emissions for this pathway, 24.1 and 32.8 gCO2e MJ−1.67 SI
Section S4.9 derives every plotted value from the primary data.

Investment Locations in the Optimal Supply Chain Design566

Figure 7 explores the optimal locations of SAF-producing mills (green567

circles), ethanol-supplying mills (blue triangles), and SAF-producing and/or568
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blending refineries (black squares) for Cases 1 through 4, considering a 50%569

SAF blend requirement. Table 4 summarizes the total number of each facility570

type and the total distance traveled between each supply chain stage for each571

case. All transportation metrics are reported as Mt·km, corresponding to the572

movement of one Mt of material over a distance of one km. São Paulo has573

a high number of SAF investments, as this state has the highest sugarcane574

capacity and the highest jet fuel demand.575

Table 4: The total number of SAF-producing mills (green circles), ethanol-supplying mills
(blue triangles), and refineries (black squares), and the total mass-distance traveled in
each stage for Cases 1 to 4 considering a 50% SAF blend requirement.

Case
Study

SAF
Mills

Ethanol
Suppliers

SAF
Refineries

Stage 1
(Mt·km)

Stage 2
(Mt·km)

Total
(Mt·km)

1 7 27 6 489 316 805

2 0 40 7 608 446 1,054

3 6 38 1 325 878 1,203

4 0 55 6 653 1,282 1,935

For investments at sugarcane mills, the optimal supply chain design un-576

der the central planner formulation (Case 1) recommends seven ATJ facil-577

ities distributed across São Paulo (four) and the Northeast (three). This578

particular configuration is one of several near-equivalent designs with the579

same number and total capacity of facilities, but the selected mills differ,580

resulting in a total transportation mass-distance of 805 Mt·km. In contrast,581

the investor formulation (Case 3) recommends six ATJ facilities, all located582

in São Paulo, yielding a higher total transportation mass-distance of 1,203583

Mt·km. This concentration in São Paulo is driven by the region’s high den-584

sity of large-capacity sugarcane mills, close proximity to existing refinery585

infrastructure, and strong SAF demand associated with major population586

centers and airports. When considering refinery-based investments, the cen-587

tral planner (Case 2) selects seven ATJ facilities with a total transportation588

mass-distance of 1,054 Mt·km, whereas the investor formulation (Case 4) se-589

lects six facilities with a substantially higher transportation mass-distance of590

1,935 Mt·km.591

These differences arise because the investor formulations only account for592

Stage 1 logistics, as profits are calculated at the mill level and therefore in-593

clude moving ethanol from sugarcane mills to SAF production facilities and,594

for mill-based SAF production, transporting SAF from the mill to the blend-595
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São Paulo

São Paulo

Figure 7: Four maps showing the optimal locations of SAF-producing mills (green circles),
ethanol-supplying mills (blue triangles), and refineries (black squares) considering a 50%
SAF blend requirement. (a) Case 1: central planner w/o incentives, ATJ investments at
sugarcane mills. (b) Case 2: central planner w/o incentives, ATJ investments at refineries.
(c) Case 3: investor w/o incentives, ATJ investments at sugarcane mills. (d) Case 4:
investor w/o incentives, ATJ investments at refineries. Figures S1 to S20 in SI Section S6
show results for 10, 20, 30, and 40% blend requirements and full supply chain connections.

ing site. As a result, proximity to ethanol-supplying mills becomes the pri-596

mary siting criterion, while downstream transportation associated with SAF597

blending and distribution is not considered in the objective. Consequently,598

for mill-based investments, Case 3 achieves substantially lower Stage 1 trans-599

portation requirements (325 Mt·km) than Case 1 (489 Mt·km) by concentrat-600

ing facilities near ethanol production. Similarly, refinery-based investments601

in Case 4 result in only slightly higher Stage 1 transportation requirements602

(653 Mt·km) than Case 2 (608 Mt·km). However, the geographically con-603

centrated infrastructure selected under the investor formulations increases604
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downstream transportation distances, resulting in higher overall transporta-605

tion requirements despite improved Stage 1 logistics.606

Next, we consider the sensitivity of the optimal locations. Figure 8607

presents ten alternative solutions within a 0.003% MIP gap (i.e., optimization608

solver tolerance) for Cases 1 and 3 (each decision-making perspective for SAF609

investments at mills), considering a 50% SAF blend requirement. A complete610

tabulation of the results presented in Figure 8, including the selected SAF-611

producing mills for each cut iteration and the associated supply chain costs612

and profits, is available in the spreadsheet integer cut organized data,613

included in the SI. For investments at refineries (Cases 2 and 4), there is no614

expected variation in the selected refinery within the 0.003% MIP gap. On615

the contrary, for SAF investments at sugarcane mills, there are 335 potential616

investment sites, with the shortest distance between mills less than 3 km.617

Figure 8 highlights the locations of SAF investments and the percentage of618

times each location was selected in a quality solution (color gradient). The619

Methods section details the optimization model.620

Key Finding 2: Figure 8 reveals three mills located in São Paulo—Ráızen621

Barra, São João de Araras, and São Martinho—that are essential to all con-622

sidered SAF supply chain designs. The three sugarcane mills are selected in623

10 out of 10 (100%) optimal solutions for both decision-making perspectives.624

These three mills all send SAF to Refinaria de Pauĺınia for blending and625

delivery to eight airports in central Brazil, including two in São Paulo, which626

has the largest jet fuel demand. Ráızen Barra and São Martinho are the two627

largest mills within a 160 km radius of Refinaria de Pauĺınia, and among the628

largest in our dataset, each processing 5,500,000 t of sugarcane per year, the629

maximum capacity in the dataset and one shared by seven mills. São João630

de Araras is the largest mill within a 40 km radius of Refinaria de Pauĺınia,631

processing 4,000,000 t of sugarcane per year. These three mills are essential632

for SAF capacity expansion in Brazil.633

Recommended Incentives634

Next, we analyze supply chain costs and results to inform recommended635

minimum incentives. There is minimal variation in additional supply chain636

costs as a function of the SAF blend requirement across all case studies, as637

OPEX is the dominant cost factor and scales linearly with SAF production638

volume. Figure 9a shows the additional cost imposed on the supply chain639

by producing SAF as a function of SAF blend requirement for Cases 1 to 4.640

The additional cost for upgrading at mills is 1.15 R$ L−1 and for refineries641
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Figure 8: Two maps showing the percentage of times (color gradient) each ATJ investment
location (green circles) for investments at mills is chosen among the ten optimal solutions
for two case studies. (a) Case 1: central planner w/o incentives, ATJ investments at
sugarcane mills. (b) Case 3: investor w/o incentives, ATJ investments at sugarcane mills.
Zooms are provided for the state of São Paulo and the Northeast coast in Case 1 and for
the state of São Paulo in Case 3. Red arrows point to three mills—Ráızen Barra, São João
de Araras, and São Martinho—located in São Paulo, which are chosen in 100% of optimal
solutions regardless of the decision-making perspective.

is 1.5 R$ L−1. Furthermore, when comparing investment locations, the cost642

difference is small (0.35 R$ L−1), motivating shifting the economic burden643

from sugarcane mills to refineries with experience producing and distributing644
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jet fuel.645

While the additional supply chain cost provides a useful estimate of the646

economic penalty associated with SAF production, it does not directly in-647

dicate the incentive required to make SAF investment attractive under a648

profit-maximizing objective. To estimate this incentive threshold, Figure 9b649

reports SAF production as a function of the SAF premium (incremented by650

0.1 R$ L−1) added to the conventional jet fuel price. This analysis corre-651

sponds to Case 5, in which SAF production is not mandated and no upper652

bound is imposed. The recommended SAF premium is defined as the mini-653

mum premium required for voluntary SAF production to reach at least 50%654

of Brazil’s current jet fuel demand.655

Figure 9: (a) The additional cost of SAF for Cases 1 to 4 compared to the reference case
(0% required SAF blend) as a function of blend requirement for the four case studies. (b)
The volume of SAF produced as a function of SAF premium price with no mandated SAF
blend requirement (Case 5, no blend mandate, so SAF production is driven only by the
premium). Case 1: (red) central planner w/o incentives, ATJ investments at sugarcane
mills. Case 2: (purple) central planner w/o incentives, ATJ investments at refineries.
Case 3: (blue) investor w/o incentives, ATJ investments at sugarcane mills. Case 4:
(brown) investor w/o incentives, ATJ investments at refineries. Case 5: (green) investor
w/ incentives.

Key Finding 3: The recommended SAF premium price is 2.6 R$ L−1
656

above conventional jet fuel to incentivize SAF production at sugarcane mills.657

For a SAF premium between 0 R$ L−1 and 2.5 R$ L−1 no SAF production658

is observed; however, a sharp increase (15.6 Mm3) is observed at a premium659

of 2.6 R$ L−1, well above the 50% SAF blend requirement in Brazil (2.14660

Mm3). At a SAF premium of 3.1 R$ L−1, the maximum volume of SAF pro-661

duction available with the current installed sugarcane processing capacity,662

16.8 Mm3, is reached. This volume of SAF could be exported to contribute663
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approximately 36% of the global SAF capacity increase required to meet664

projected demand for 2030 under a net-zero emissions by 2050 scenario (∼46665

Mm3 4). However, this volume of SAF production results in no ethanol avail-666

able for ground transportation, leading to higher gasoline consumption and667

increased CO2 emissions in the country. Thus, policymakers seeking decar-668

bonization should consider limits on the volume of SAF incentivized until669

ground transportation can rely on other sustainable solutions, such as elec-670

trification.671

The observed on/off behavior in SAF production is a consequence of the672

mathematical optimization structure and the underlying model assumptions.673

The CAPEX and logistics costs are small compared to the total supply chain674

operating cost (see SI Figure S21), meaning sugarcane mill profits are deter-675

mined by the difference in price and production cost (value-add) multiplied676

by the volume of each product produced. Thus, within the linear optimiza-677

tion framework, there is a SAF price point (incentive) when the value-add of678

producing SAF is greater than selling ethanol to the market, thus shifting the679

mill’s behavior to produce all SAF. If CAPEX or logistics costs contributed680

a larger fraction of the total cost, we would expect the curve to be less sharp,681

i.e., a more gradual slope.682

The SAF price premium recommended by Case 5 to stimulate SAF pro-683

duction from sugarcane ethanol in Brazil is determined by the relative prof-684

itability of SAF compared with conventional sugarcane products. Conse-685

quently, the required incentive is inherently sensitive to changes in market686

prices of sugar, ethanol, and jet fuel, as well as ATJ technology parameters687

(production cost and conversion). To evaluate the robustness of the esti-688

mated incentive requirement, a sensitivity analysis was conducted in which689

key economic and process parameters were independently varied by ±20%690

from their baseline values. The recommended SAF premium for each per-691

turbed scenario was determined as the minimum premium required for SAF692

production to satisfy at least 50% of the total jet fuel demand in Case 5.693

Figure 10 presents the sensitivity of the recommended SAF price premium694

as a tornado diagram.695

Across the range of conditions examined, the required premium ranged696

from approximately 1.5 to 4.0 R$ L−1. The ethanol price and ATJ conversion697

have the greatest influence on the recommended SAF price premium. Higher698

ethanol prices make diverting ethanol to SAF production less economically699

attractive, while lower ATJ conversion efficiencies increase the amount of700

ethanol required to produce a given quantity of SAF. Jet fuel prices also701
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Figure 10: Tornado diagram illustrating the sensitivity of the recommended SAF price
premium to key economic parameters (sugar price, ethanol price, and jet fuel price) and
ATJ process parameters (conversion and OPEX). Each parameter was independently var-
ied by ±20% relative to their baseline value. Bar labels indicate the resulting minimum
SAF price premium (R$ L−1) under each scenario. The bar color represents an increase
(red) or decrease (blue) in the parameter value relative to their baseline.

significantly influence the recommended SAF price premium. Higher jet fuel702

prices increase the value of SAF relative to ethanol, thereby reducing the703

additional incentive required to make SAF production economically attrac-704

tive. In contrast, sugar price and ATJ operating costs have relatively little705

influence on the recommended SAF price premium, as sugar production is706

maintained regardless of SAF production, and variations in ATJ operating707

costs are small relative to product market prices. These findings suggest708

that policies aimed at promoting SAF production from sugarcane ethanol709

should account for volatility in ethanol and jet fuel markets, while contin-710

ued improvements in ATJ conversion efficiency may reduce future incentive711

requirements by lowering feedstock demand.712

Furthermore, we examined the difference between mill-specific incentives713

paid at year-end to cover any profit losses relative to the reference case or a714

flat premium price for selling SAF. The incentive mechanism (mill-specific vs.715

flat premium) has minimal effect on the total incentive paid with premium716

SAF prices at or below 2.5 R$ L−1 (SI Figure S22). The full details of this717

analysis can be found in SI Section S8.718
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Conclusions719

Brazil possesses a unique opportunity to become a global leader in SAF720

production from bioethanol from the sugarcane industry. In this study, we ex-721

plore the optimal design of a SAF supply chain in Brazil, considering different722

perspectives (investor vs. central planner), investment locations, SAF blend723

mandates, and incentives. The production of SAF within the established724

Brazilian ethanol supply chain is attractive to investors with incentives. Our725

results shed light on the secondary effects of a potential SAF market within726

the Brazilian sugarcane industry, leading to the following conclusions:727

Conclusion 1: A 50% SAF blend mandate in Brazil results in 2.7 Mt728

of increased CO2 emissions per year compared to the baseline (0% SAF).729

Reduced ethanol supply resulting from increased SAF production leads to730

additional gasoline purchases annually and a net annual increase in CO2 emis-731

sions. However, by carefully setting upper bounds on the life-cycle emissions732

of delivered SAF, improving ATJ technology, encouraging carbon capture733

at sugarcane mills, and coupling SAF production with the electrification of734

ground transportation, SAF can help Brazil decarbonize.735

Conclusion 2: The state of São Paulo is essential for SAF capacity ex-736

pansion. Across all decision-making perspectives and high-quality solutions,737

SAF investments are concentrated in a small set of sugarcane mills in São738

Paulo, indicating that these sites should be prioritized for near-term capacity739

expansion.740

Conclusion 3: A SAF premium price of 2.6 R$ L−1 (0.5 US$ L−1) above741

the conventional jet fuel price is recommended to incentivize SAF production742

at sugarcane mills. At this premium price, the supply chain produces 15.6743

Mm3 of SAF, well above the 50% SAF blend requirement (2.14 Mm3). How-744

ever, this volume of SAF production results in minimal ethanol available for745

ground transportation. Policy-makers must carefully limit the volumes of746

SAF incentivized until ground transportation can rely on other sustainable747

energy replacements.748

The present analysis addresses key challenges surrounding the integration749

of SAF in the current Brazilian sugarcane supply chain, but it has several750

important limitations:751

Limitation 1: All mills and refineries are represented using a common set752

of techno-economic parameters. Due to limited availability of site-specific753

cost, performance, and operational data, the model assumes identical invest-754

ment costs, operating costs, and process performance across facilities of the755
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same type. In reality, heterogeneity exists among Brazilian sugarcane mills756

and refineries, arising from differences in age, scale, technology, and opera-757

tional efficiency. Consequently, the results should be interpreted as repre-758

sentative system-level trends rather than precise predictions for individual759

facilities. Incorporating site-specific techno-economic data would likely pro-760

duce a more gradual adoption of SAF as incentives increase, rather than761

the stepwise investment behavior observed in Figure 9, while also reducing762

uncertainty in the estimated investment locations, costs, and incentive re-763

quirements. Obtaining such detailed facility-level data was beyond the scope764

of the present study.765

Limitation 2: A complete integration and cost analysis of ATJ invest-766

ments in refineries is not completed, as revenue streams and total mass and767

energy flows are not readily available for all refineries. We hypothesize that768

this analysis will identify additional insights into integration opportunities769

for ATJ investments at refineries and potentially close the cost gap between770

investment locations (mills vs. refineries). This analysis is left for future771

work as obtaining the necessary data from refineries in Brazil was beyond772

the scope of this study.773

Limitation 3: This analysis assumes perfect information. In reality, the774

central planner perspective can be more susceptible to inaccurate informa-775

tion. Market-based mechanisms, such as price signals, are often more robust776

in this regard.68 Before implementing any policy, it is essential to further777

study the impact of uncertainty.778

Limitation 4: This analysis assumes independent mill behavior and779

does not explicitly model competition between sugarcane mills. Capturing780

strategic interactions among mills would require alternative methodological781

frameworks, such as game-theoretic models, Nash equilibrium formulations,782

or equilibrium problems with equilibrium constraints.18,20–24,36 These ap-783

proaches are specifically designed to represent decentralized decision-making,784

heterogeneous stakeholders, and competitive market behavior. Incorporating785

mill-to-mill competition could provide additional insights into ethanol allo-786

cation, SAF investment decisions, and the effectiveness of policy incentives,787

ultimately improving the realism of SAF supply chain design and market788

analysis.789

Limitation 5: This analysis computes distances between supply chain790

nodes assuming a direct route. More rigorous distance calculations are un-791

likely to affect the analysis results, as total transportation costs account792

for less than 0.25% of the total objective value. Additionally, although the793
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Brazilian transportation network for sugarcane-derived products is well es-794

tablished, incorporating infrastructure quality, terrain characteristics, and795

multimodal transportation options could further improve the fidelity of the796

logistics representation.797

Limitation 6: This analysis focuses on costs and leaves LCA as future798

work. This was done, in part, due to the lack of mill and refinery-specific cost,799

performance, and environmental data. It is important to emphasize that, due800

to the lack of rigorous LCA, the emissions increase reported by SAF usage801

(2.7 Mt CO2 year−1) is only an approximation. Integrating LCA in process802

and supply chain design can help ensure environmentally responsible SAF803

production and mitigate the significant impacts of ethanol displacement.804

Limitation 7: This analysis does not explicitly model ethanol storage or805

import/export dynamics. Ethanol availability is based on an annual sug-806

arcane processing capacity; thus, the framework cannot evaluate whether807

surplus ethanol produced during peak harvest periods could be stored and808

used during the off-season to reduce imports. Incorporating seasonal produc-809

tion profiles, inventory constraints, storage infrastructure, and import/export810

market dynamics through a multi-period formulation could provide addi-811

tional insights into ethanol self-sufficiency and the long-term interaction be-812

tween domestic fuel markets and SAF deployment.813

Limitation 8: The ATJ diesel coproduct is neither monetized nor credited.814

The ATJ process produces diesel, SAF, and gasoline (see θe,d and θe,g in815

SI Table S1). While gasoline contributes to meeting ground transportation816

demand, diesel is assumed to be consumed on-site by agricultural and mill817

equipment, outside the adopted light-duty ground transportation boundary.818

As such, the mills earn no revenue for the diesel, so the recommended SAF819

premium is an upper bound. Similarly, no credit is given for its displacement820

of fossil diesel, so the net emissions increase is an upper bound as well.821

Extending the analysis boundary to include heavy-duty fuels would capture822

both effects and is a natural direction for future work.823

Despite the limitations and opportunities for future work, the present824

results provide several key insights to guide the growth of Brazil’s SAF sup-825

ply chain. The general optimization framework is transferable across regions826

through its adaptable representation of feedstocks, conversion technologies,827

infrastructure, and policy constraints, enabling its application to SAF capac-828

ity expansion worldwide.829
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Nomenclature830

Abbreviations:831

ANP National Petroleum Agency832

ATJ Alcohol-to-jet833

CAPEX Capital Cost834

CORSIA Carbon Offset and Reduction Scheme for International Aviation835

ICAO International Civil Aviation Organization836

LCA Life Cycle Analysis837

MILP Mixed Integer Linear Program838

MIP Mixed Integer Program839

MJSP Minimum Jet Fuel Selling Price840

OPEX Operating Cost841

ProBioQAV Brazil’s National Program for Sustainable Aviation Fuel842

SAF Sustainable Aviation Fuel843

SI Supporting Information844

SPK Synthesized Paraffinic Kerosene845

U.S. United States of America846

Units:847

$ US Dollar848

B Billion849

gCO2eq Gram of CO2 Equivalent850

GJ gigajoule851

km kilometer852
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L Liter853

M Million854

m3 Cubic Meter855

MJ megajoule856

R$ Brazilian Real857

t Metric Ton858
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Murthy, G.; Garcia-Perez, M. Evaluation of dry corn ethanol1077

bio-refinery concepts for the production of sustainable avia-1078

tion fuel. Biomass and Bioenergy 2021, 146, 105937, DOI:1079

10.1016/j.biombioe.2020.105937.1080

[48] Basiri, Z.; Heydari, J. A mathematical model for green supply chain1081

coordination with substitutable products. Journal of Cleaner Production1082

2017, 145, 232–249, DOI: 10.1016/j.jclepro.2017.01.060.1083

[49] Sharifzadeh, M.; Garcia, M. C.; Shah, N. Supply chain network design1084

and operation: Systematic decision-making for centralized, distributed,1085

and mobile biofuel production using mixed integer linear programming1086

(MILP) under uncertainty. Biomass and Bioenergy 2015, 81, 401–414,1087

DOI: https://doi.org/10.1016/j.biombioe.2015.07.026.1088

[50] Bozkaya, B.; Yanik, S.; Balcisoy, S. A GIS-based optimiza-1089

tion framework for competitive multi-facility location-routing prob-1090

lem. Networks and Spatial Economics 2010, 10, 297–320, DOI:1091

https://doi.org/10.1007/s11067-009-9127-6.1092

[51] Bowling, I. M.; Ponce-Ortega, J. M.; El-Halwagi, M. M. Facil-1093

ity location and supply chain optimization for a biorefinery. Indus-1094

trial & Engineering Chemistry Research 2011, 50, 6276–6286, DOI:1095

https://doi.org/10.1021/ie101921y.1096

[52] Watson, M.; da Silva, A. V.; Machado, P. G.; de Oliveira Ribeiro, C.;1097

do Nascimento, C. A. O.; Dowling, A. The case for bio-jet fuel from1098

44



bioethanol in Brazil: An optimization-based analysis using histori-1099

cal market data. Ind. Eng. Chem. Res. 2025, 64, 4410–4424, DOI:1100

10.1021/acs.iecr.4c03039.1101

[53] Hayashi, T. Sugar Annual ; USDA, 2024.1102

[54] Sluder, S.; Smith, D.; West, B. An Engine and Modeling Study on Po-1103

tential Fuel Efficiency Benefits of a High-Octane E25 Gasoline Blend ;1104

ORNL, 2017.1105

[55] Mutran, V. M.; Ribeiro, C. O.; Nascimento, C. A.; Chachuat, B. Risk-1106

conscious optimization model to support bioenergy investments in the1107

Brazilian sugarcane industry. Applied Energy 2020, 258, 113978, DOI:1108

https://doi.org/10.1016/j.apenergy.2019.113978.1109

[56] ANTT Resolution No. 5867 of 14 January 2020, issued by the Brazilian1110

National Land Transportation Agency. 2020; https://anttlegis.an1111

tt.gov.br/action/UrlPublicasAction.php?acao=abrirAtoPublic1112

o&num_ato=00005867&sgl_tipo=RES&sgl_orgao=DG/ANTT/MI&vlr_a1113

no=2020&seq_ato=000&cod_modulo=421&cod_menu=8719, Accessed on1114

2024/10.1115

[57] National Agency for Petroleum, Natural Gas, and Biofuels Prices of1116

producers and importers of petroleum and biodiesel derivatives. 2024;1117

https://www.gov.br/anp/pt-br/assuntos/precos-e-defesa-da-c1118

oncorrencia/precos/precos-de-produtores-e-importadores-d1119

e-derivados-de-petroleo, Accessed on 2023/02/1.1120

[58] IBGE Instituto Brasileiro de Geografia e Estat́ıstica: IPCA - Índice1121
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