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ABSTRACT

The urgent need to decarbonize the aviation sector has prompted research into sustainable aviation fuels (SAFs) produced from
renewable resources. This study analyzes the production of e-SAFs from sugarcane in Brazil, integrating methanol obtained from
both bagasse and CO,. A mixed-integer linear programming (MILP) model was developed to optimize the supply chain,
simultaneously considering technological, economic, and logistical factors. The results show that the system is capable of fully
meeting the projected SAF demand for 2037, with approximately 67% of the methanol produced from bagasse and the remaining
33% through CO, conversion with green hydrogen. The co-generated production of ethanol, renewable diesel, renewable
gasoline, and biomethane contributes to the overall system efficiency, achieving an energy efficiency of 57%. The investment
analysis shows that methanol production from bagasse and hydrogen generation through PEM electrolysis are the most capital-
intensive processes. From a financial perspective, the project has a net present value (NPV) of 53,156.35 MUSD, an internal rate
of return (IRR) of 10%, and a discounted payback period of 14.07 years, indicating the economic viability of the initiative. A
minimum sales price of 5.05 USD/L was also calculated to ensure the project's profitability under current market conditions.
Keywords: E-fuel, Methanol-to-Jet, hydrogen, renewable energy, techno-economic analysis.

1 INTRODUCTION

The climate crisis and the urgent need to limit the global average temperature increase to below 1.5°C by midcentury
have made the energy sector central to mitigation strategies (Guilloteau et al., 2025; IEA, 2023). The aviation industry is
responsible for approximately 2-3% of global CO. emissions (Ali et al., 2025), and their relative share is projected to increase if
decisive measures are not implemented. In this scenario, sustainable aviation fuels (SAFs) are one of the most promising
solutions because they reduce emissions without requiring alterations to airport infrastructure or existing aircraft. (Khalifa et al.,
2025; Ten Cate et al., 2025).

In recent years, e-fuels have emerged as a central component of SAF production routes due to their integration of
renewable electricity, green hydrogen, and carbon dioxide (Dahiru et al., 2025; Dybinski et al., 2025). In this category, e-SAF
produced using the methanol-to-jet (MTJ) route is an attractive technological alternative because it combines the flexibility of
various raw materials with well-researched catalytic processes (Elwalily et al., 2025). Methanol has established itself as a
versatile energy carrier that can be obtained from fossil resources, biomass, or a combination of green hydrogen with biogenic
or atmospheric CO: (Abdulghaffari; Kazemeini, 2024).

Brazil's sugar-energy industry is one of the most developed in the world, offering unique conditions for producing

advanced biofuels. In addition to its role in producing first-generation ethanol, sugarcane generates large volumes of bagasse, a
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lignocellulosic residue traditionally used in electric cogeneration that has high potential for thermochemical processes such as

gasification (Deuber et al., 2023). Through gasification, bagasse is converted into synthesis gas (CO + Hz), which can then be
transformed into methanol and, finally, into e-SAF. This approach diversifies the use of sugarcane biomass beyond electricity
and bioethanol production by integrating the concept of a biorefinery.

In addition to bagasse, the production of ethanol generates two significant streams of biogenic CO: that can be used in
the synthesis of methanol. The first stream is the CO: released during alcoholic fermentation. The second stream corresponds to
the CO: separated during the purification of biogas generated from the anaerobic digestion of vinasse. Vinasse is a liquid waste
that poses a significant environmental challenge for distilleries (Fuess; Zaiat, 2018). To improve the use of biogas as biomethane,
the CO2 must be separated, providing an additional flow that can be used in e-methanol production. The combined use of bagasse,
fermentation CO-, and biogas CO: creates a circular economy, where waste from one process becomes an input for another. This
contributes to reducing net emissions (Abdulghaffari; Kazemeini, 2024; Eyberg et al., 2024).

However, implementing these value chains presents significant technological, economic, and logistical challenges. Due
to this complexity, mathematical optimization models, particularly those based on mixed-integer linear programming (MILP),
have become essential for planning advanced biofuel supply chains (Rahemi et al., 2020; Ravi et al., 2023). These models allow
for the simultaneous representation of strategic (e.g., plant investments and location), tactical (e.g., production scale and transport
routes), and operational (e.g., mass and energy balances and costs) decisions, integrating the technological and economic
dimensions into a single framework (Garcia; Palacios; Ensinas, 2024; Infante Cuan et al., 2025).

This study analyzes the production of e-SAF from renewable methanol synthesized using sugarcane bagasse and CO:
released during alcoholic fermentation and separated during vinasse biogas purification. Using a MILP model, the study
integrates technological, economic, and logistical processes into an optimization framework to identify supply chain
configurations. The results help evaluate the viability of this approach for decarbonizing air transport and consolidating Brazil
as a leader in the bioeconomy and sustainable fuel production.

2 CASE STUDY AND METHODOLOGY

In this case study, conducted in Brazil and conditioned by the regional availability of sugarcane (Table 1), an integrated
model was used. Sugarcane, concentrated mainly in the states of Sdo Paulo, Goiés, Minas Gerais, Mato Grosso do Sul, Paran4,
and Mato Grosso, constitutes the strategic input that supports the system. Its abundance and transportation logistics allow for the
evaluation of the viability of a decentralized and integrated biorefinery model, in which milling and fermentation byproducts
play a fundamental role in generating added value.

The system begins at the first-generation distillery, which converts sugarcane into ethanol and generates strategic
byproducts such as bagasse, vinasse, and carbon dioxide. The bagasse is valorized to obtain renewable methanol, while the
vinasse is sent to biodigesters, producing biomethane and additional CO,. These streams become key elements for integration
with e-fuel synthesis routes. In parallel, the carbon dioxide released during fermentation and biodigestion is not considered waste,
but an essential resource. This captured CO; is combined with green hydrogen—produced through proton exchange membrane
(PEM) electrolysis using renewable electricity—for the additional synthesis of methanol. Thus, the model contemplates two

complementary methanol production routes: one based on the utilization of bagasse and the other on the reaction of CO, with
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hydrogen. Both methanol streams converge in the system and constitute the central raw material for producing e-SAF.
Additionally, the system produces co-products such as green electricity, gasoline, and diesel, which strengthen the economic
balance of the model and diversify the energy supply.

Table 1 - Raw material availability by location (IBGE, 2025).

Local Sugarcane (t/year)
Goias 81,599,588
Mato Grosso 19,060,217
Mato Grosso do Sul 51,789,876
Minas Gerais 82,544,375
Parana 38,586,024
Sédo Paulo 439,098,082

To estimate future demand for SAF, the year 2037 was established as the target date. Based on 2024 data (ANP, 2025),
an annual growth rate of 3.5% was applied, projecting the expected increase in aviation fuel consumption and the need for
progressive substitution of fossil fuels. It is important to note that this demand was calculated based on the main fuel distribution
centers in Brazil, which allows the required volumes to be associated with the existing logistics infrastructure and the
consumption hubs concentrated at the most important airports. This methodology ensures a better match between the potential
supply of biomass in sugarcane-producing states and the actual demand of the aeronautical sector, strengthening the feasibility
analysis of the e-SAF supply chain.

This study presents a mixed integer linear programming (MILP) model that optimizes the production of sustainable
aviation fuels (SAFs) from renewable resources while considering technological, economic, and logistical factors. The
implemented model was based on studies of (Garcia; Palacios; Ensinas, 2024; Infante Cuan et al., 2025; Khalid et al., 2025).
The mathematical formulation was implemented in LINGO v.20 software (LINGO, 2022). It is structured into three interrelated
submodels: (1) A physical model; (I1) An economic model and (111) A regional logistics model. The physical model ensures that
the annual production of each resource aligns with the input, output, and consumption balances for each unit and location. The
economic model calculates cash flows, operating costs, raw material costs, and transportation costs, as well as revenues from the
sale of sustainable aviation fuel (SAF) and other by-products. The objective function maximizes the net present value (NPV)
(Equation 1) of the system over a 20-year planning horizon by discounting future cash flows at an 8% minimum rate of return.
The logistics model evaluates different supply chain configurations and determines the optimal locations for conversion units
and operating levels that minimize costs. This ensures the efficiency of sustainable aviation fuel (SAF) supply in Brazil.

Cash flow

NPV = —Investment + Ztm w

The developed MILP model is structured around sets, parameters, variables, and constraints. This structure allows for a
comprehensive representation of the system's physical, economic, and logistical aspects.

Sets: Several sets were defined to structure the model. The RESOURCE set includes all the resources involved (everything
that enters or leaves a unit). The UNIT set corresponds to the process units, and the LEVEL set defines the capacity levels of
each unit. The LOCAL set represents the locations considered for raw material availability and demand, and the MODAL set
represents the available modes of transport.
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Parameters: The main parameters used are IAR and OAR (consumption and production coefficients per unit), CapMax

and CapMin (maximum and minimum capacities), investment costs (capCostA and capCostB), operating and transportation
costs, resource availability (avail), regional demand (demand), and distance between locations (dist). We considered an annual
operating factor of 5,040 hours (fop) and a discount rate of 8% (MARR).

Variables: The model includes binary variables for unit and level selection (y, yLevel), continuous variables for
production and consumption (prod, cons), as well as economic variables.

Constraints: The following constraints were incorporated: maximum and minimum capacity, selection of operating levels,
annual balances of inflows and outflows for each resource, local mass balance per resource, and availability and demand. These
constraints ensure that the production, transportation, and consumption of resources comply with the system's physical,
economic, and logistical limits, allowing for an optimal solution that maximizes the project's Net Present Value.

4 RESULTS AND DISCUSSION

The implemented MILP model allowed for a comprehensive evaluation of sustainable aviation fuel (SAF) production
from sugarcane, considering co-generated products such as ethanol, renewable diesel, renewable gasoline, and biomethane.
Optimization results showed that the projected e-SAF demand of 8,197,732 tons can be fully met with a total production of
6.91x107 tons of methanol. Of this total, approximately 67% is generated from sugarcane bagasse, and the remaining 33% is
generated from CO, captured during the production process. This demonstrates the integration of complementary production
routes and the use of by-products to optimize the system's overall efficiency. In terms of resources, the model showed significant
consumption of sugarcane (580,436,200 tons), water (703,850,200 tons), and electricity (283,784,800 MW). With an average
yield of 77.749 tons/hectare, approximately 7,466,000 hectares of cane would be required to supply the system. This represents
approximately 74% of the 10,065,599 hectares cultivated in Brazil in 2023 (IBGE, 2025). Thus, large-scale implementation of
e-SAF could compete directly with ethanol and sugar production for the food market. This would generate potential land use
conflicts and pressure on existing agricultural systems. This finding underscores the importance of evaluating strategies for
sustainable expansion or crop diversification to minimize socio-environmental impacts. The optimization of the model generated
the following main products: ethanol (37,612,260 tons), SAF (8,197,732 tons), renewable diesel (13,609,160 tons), renewable
gasoline (5,158,124 tons), and biomethane (1,555,577 tons). The overall efficiency of the process was 57%, considering the ratio
between the energy contained in the final products and the energy contained in the processed sugarcane and the electricity
consumed. In energy terms, ethanol accounted for 46% of the energy produced, SAF 15%, diesel 26%, gasoline 10%, and
biomethane only 3%. This indicates that, although SAF represents a smaller percentage in absolute volume compared to ethanol,
its energy and strategic contribution as a sustainable fuel is significant (Figure 1).

The economic evaluation of the advanced fuel production system shows that the total investment required for the plants
amounts to 283,109.402 MUSD, with a raw material cost of 35,967,755 MUSD/year, and transportation costs of 609,629
MUSD/year. Annual revenues from the sale of products was estimated at 99,137,734 MUSD/year, generating an average cash
flow of 34,249.41MUSD/year. Analysis of the relative contribution of each product to profits shows that SAF accounts for 58%
of total revenues, followed by ethanol with 27%, renewable diesel with 10%, renewable gasoline with 4%, and biomethane with

1% (Figure 2). This distribution highlights the centrality of SAF as the economic driver of the system, despite representing only
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a fraction of total fuel production. For this scenario, the sale value of SAF was assumed to be USD 10,500/ton, as a theoretical

reference for evaluating the economic viability of the project. However, this value is well above current market prices, so the

results reflect an idealized scenario that allows for comparison of the relative contribution of products under favorable conditions.
Figure 1 — Energy distribution of products and by-products
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To make the analysis more realistic, the minimum sale price (MSP) of sustainable aviation fuel (SAF) was calculated.
The MSP is defined as the price that ensures the net present value (NPV) of the project is zero. In this case, the MSP was 5.05
USD/L. This provides a tangible economic indicator with which to assess the project's viability under current market conditions,
where high theoretical prices are not sustainable. The project's financial indicators show an NPV of 53,156.35 MUSD, a
discounted payback period of 14.07 years, and an IRR of 10%. These results reflect the system's ability to generate positive
returns on the initial investment. In terms of raw material cost, sugarcane accounts for 43%, electricity accounts for 55%, and
water accounts for only 2%. This reflects the process's high energy intensity and the importance of optimizing electricity and
biomass consumption to improve profitability (Figure 3).

Figure 2 — Distribution of revenues Figure 3 — Distribution of raw material cost
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In terms of investment per unit, the most expensive processes are methanol production from bagasse (46%) and hydrogen
by PEM (33%), followed by methanol conversion to SAF (12%) (Figure 4).

Figure 4 — Distribution of investment costs by units
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BAGMEOH: Methanol production from bagasse; BAGMEOH: Methanol production from carbon dioxide; H2PEM:
Hydrogen production by electrolysis; MEOHSAF: Production of PBS from methanol; DEST1G: Sugarcane distillery;
BD_VINASSE: Production of biomethane from vinasse.

5 CONCLUSIONS

This study, based on a mixed-integer linear programming (MILP) model developed for Brazil, allowed the optimization
of the production of sustainable aviation fuels (e-SAF) from sugarcane, integrating both methanol obtained from bagasse and
CO, streams generated during alcoholic fermentation and vinasse biogas purification. The use of MILP facilitated the
simultaneous evaluation of technological, economic, and logistical factors, considering regional sugarcane availability, process
efficiency, and byproduct integration, allowing the design of supply chain configurations capable of fully meeting the projected
SAF demand by 2037. The results show that the system can produce e-SAF on a large scale with an overall energy efficiency of
57%. The investment is mainly focused on methanol production from bagasse and hydrogen generation through PEM
electrolysis. Financial indicators confirm the project's viability under current market conditions, with a net present value (NPV)
of 53,156.35 MUSD, an internal rate of return (IRR) of 10%, and a discounted payback period of 14.07 years, along with an
estimated minimum SAF selling price of 5.05 USD/L. Finally, the results highlight that e-SAF production in Brazil not only
contributes to the decarbonization of air transport but also promotes the circular economy by valorizing waste and CO,, streams.
However, large-scale implementation requires considering pressures on land use and the need for sustainable expansion
strategies, agricultural diversification, and logistics optimization to minimize socio-environmental impacts.
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