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The aviation sector faces significant challenges in reducing greenhouse gas emissions due to its strong
dependence on fossil fuels. In this context, sustainable aviation fuel (SAF) represents a promising alternative.
This study evaluates the environmental performance of SAF production from agro-industrial residues generated
in a market square in Pereira, Colombia, using a life cycle assessment (LCA) approach. Two conversion
pathways were analysed: Alcohol-to-Jet (ATJ) and the Fischer—Tropsch synthesis (FT) route. The assessment
was conducted under a cradle-to-gate boundary following 1ISO 14044:2021 standards, using SimaPro®
software, with a functional unit of 1 ton of SAF. The results indicate that abiotic depletion of fossil fuels dominates
the environmental profile, contributing more than 93% of total impacts, while global warming potential represents
a secondary contribution. Other impact categories were found to be negligible. Although the FT pathway shows
higher absolute environmental impacts, it achieves a significantly higher SAF yield compared to ATJ. When
normalized per functional unit, FT demonstrates a more favourable environmental performance. These findings
highlight the importance of process efficiency and energy optimization to improve the sustainability of SAF
production systems.

1. Introduction

The aviation sector faces a major challenge: decarbonization. Its high dependence on fossil fuels makes it one
of the fastest-growing global CO, emitters, contributing 2.5% of global emissions (IATA, 2022). Without
appropriate measures, this figure could triple by 2050, posing a risk to achieving international environmental
policy objectives such as those established in the Paris Agreement, the CORSIA mechanism, and the
Sustainable Development Goals (ICAO, 2023). In this context, sustainable aviation fuel (SAF) presents itself as
a potential solution. SAF can be manufactured from organic waste, energy crops, or waste oils, and can reduce
greenhouse gas emissions by 50%—-80% compared to fossil kerosene, depending on the technological pathway
and the raw materials chosen (R. Sadraei et al, 2024) (R. Sadraei et al, 2022). This makes it a good option for
reducing the environmental impact of a sector and does not require a drastic change in the current infrastructure
used by aircraft. (X. Zhang, et al., 2024). In Colombia, and specifically in market squares like the one in Pereira,
the amount of organic waste generated daily varies between 8 and 15 tons (Alcaldia de Pereira, 2023). This
type of waste, which has a high lignocellulose content (peels, leaves, stems, fermenting fruit, etc.), frequently
ends up in landfills (90-100%), thus contributing to methane emissions and other negative characteristics
associated with waste treatment. At the same time, it represents an interesting source of biomass generation,
not only for obtaining agrochemicals but also for obtaining value-added biochemical products (succinic acid and
butanol, among others) through biotechnological conversion routes (acid fermentation, alcoholic fermentation,
and subsequent catalytic synthesis) (J. Castillo and R. Porras, 2024). The inclusion of co-products contributes
to improving the economic and environmental viability of the system by diversifying its product portfolio and
maximizing the use of raw materials (L. Guzman, et al., 2021).
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Although these valorisation routes have clear potential, it is evident that there are no local studies evaluating
the environmental impacts that could arise from their implementation in our integrated processes. Currently,
there is a lack of regionalized models that include tools such as SimaPro® under the NTC-ISO 14044:2021
standard. (MinAmbiente y UPME, 2021), which significantly limits appropriate decision-making for technological
expansion, incentive design, or inclusion in energy sustainability plans. The environmental impact of applying
renewable energy in key process stages, such as distillation, purification, or product separation—stages with
high energy requirements has also not been assessed (Castro, J. et al., 2020). To address this important gap,
this study evaluates the potential environmental impact of producing sustainable aviation fuel (SAF) from agro-
industrial waste generated in a market in Pereira. A Life Cycle Assessment (LCA) is conducted using a cradle-
to-gate approach in accordance with the NTC-ISO 14044:2021 standard, implemented in SimaPro® software
(IEA, 2023; Sadraei et al., 2024). The study includes the analysis of agro-industrial waste generation and its
utilization potential, the development of a complete life cycle model from waste collection to conversion into
value-added products, and the comparison of environmental impacts to identify critical stages. Additionally,
alternative scenarios incorporating renewable energy are evaluated to propose strategies for improving the
environmental performance of the system. The results of this research will not only provide fundamental local
scientific evidence for the design of public policies and technological development in Colombia but will also
facilitate the transition to more sustainable aviation in the Colombian context.

2. Methodology
2.1 LCA Approach and functional unit

The study compares both pathways of creating Sustainable Aviation Fuel (SAF), through two different processes
of converting organic waste collected from Market Squares to SAF: Alcohol-to-Jet (ATJ) and Fischer-Tropsch
(FT). The comparisons followed the requirements of the NTC-ISO 14044 standard from cradle to gate (NTC-
ISO 14044, 2021). Cradle to gate refers to the entire supply chain of waste collection, transportation, processing,
and the production of SAF; hence, the LCA includes all steps in the conversion process from the time of
collection (cradle) through transportation to processing and the production of the product (gate). The functional
unit of this study is based on 1 ton of SAF and is consistent with global guidance on the analysis of advanced
fuels for this type of fuel (Humbird et al., 2011). Both pathways were selected based on their technological
readiness level and how well they fit with ASTM D7566 for the use of derived synthetic hydrocarbons in the
production of aviation fuel.

2.2 Inventory, logistics and characterization of biomass

The construction of the Life Cycle Inventory (LCI) was carried out using official waste generation data and
databases such as Ecoinvent 3.9, following new methods in the national context (Romero et al., 2025), emphasis
is placed on the importance of analyzing the existing biomass capacity in the region to ensure consistency of
the technological pathway. In this regard, the processing site in Pereira was determined using the center of
gravity method. The biomass was characterized with a moisture content of 80.07 %, and analyses were
performed to estimate the hemicellulose, cellulose, and lignin fractions, which influence the efficiency of the
thermal separation stages (Lopez et al., 2024).

2.3 Biomass Supply and Spatial Analysis

The geographic analysis was conducted using the EPSG:3116 coordinate system to evaluate the spatial
distribution of biomass sources. This approach enabled the identification of a significant concentration of agro-
industrial residues within the study area, particularly in major market squares such as Minorista (Impala) in
Pereira and Galeria in Manizales. These locations were considered key supply nodes due to their substantial
contribution to the total biomass availability, which was incorporated into the logistics and life cycle inventory
modeling (Lopez et al., 2024; Romero et al., 2025).

2.4 Process Modeling Assumptions

The 'ATJ' bio productivity process begins with acid hydrolysis using H2SO4 (0.03 kg/kg biomass), followed by
hexose and pentose fermentation, resulting in dehydration and oligomerization with a yield of 0.19 tons SAF/ton
biomass (Humbird et al., 2011). For the FT route, an empirical formula for lignocellulosic biomass was used,
based on methodologies described in Basu (Basu, 2013). The gasification of the first system was configured as
a syngas with a H,/CO, ratio of 1.5, along with cleaning and adjustment stages using Water-Gas Shift (WGS)
for standard configurations, as described in (IEA Bioenergy, 2020).
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3. Results and Discussion
3.1 Logistics analysis and raw material potential

The spatial distribution results of the evaluated market squares, presented in Table 1, reveal a highly favorable
logistics corridor in the Eje Caferero Region. The concentration of biomass generation in key locations enables
the establishment of an efficient supply network, reducing transportation distances and associated
environmental impacts.

Table 1: Geospatial characteristics and waste generation per square.

Municipality Market square Coordinate X Coordinate Y  Organic waste
EPSG:3116 EPSG:3116  generated (t/year)

Manizales Galerias 801362.4134 1067152.806 1642.5

Pereira Impala 818538.5752 1024341.979 1478.25

Pereira Mercasa 840342.272 1052752.689 1642.5

Santa Rosa de Cabal gigﬁ Rosa de 812477.0014 1023535782 9855

Belén de Umbria Belén de Umbria 828840.289 1030209.061 657

Determining the center of gravity (Table 2) allowed us to identify the optimal coordinates for the processing plant
X =819849.1589 and Y = 1043081.633. This location minimizes subjectivity in the supply chain. It establishes
a quantitative baseline for LCA, significantly reducing transportation's contribution to the emissions inventory
(Lopez et al., 2024).

Table 2: Geospatial characteristics and waste generation per square.

Municipality Coordinate X Coordinate Y Incoming organic
EPSG:3116 EPSG:3116 waste (t/year)
Armenia 819849.1589 1043081.633 6405.75

The center of gravity CoG, located strategically within the Eje Cafetero Region, represents the optimal point that
minimizes transportation distances between the main biomass generation sources. The analysis shows that
major contributors such as the Impala market in Pereira, Mercasa, and the Manizales market square form a
geographically clustered supply network. This clustering enables the CoG to be positioned near the highest
density of biomass generation, reducing the average transport distance and associated environmental burdens.
From an LCA perspective, this result is particularly relevant, as transportation is a key contributor to fuel
consumption and emissions in biomass-based systems. By optimizing the facility location through the center of
gravity method, the system achieves a reduction in logistical impacts, improving overall environmental
performance.

Additionally, the selected location ensures accessibility across municipalities such as Santa Rosa de Cabal and
Belén de Umbria, enabling a stable and continuous biomass supply. This logistical robustness supports the
scalability and operational feasibility of the proposed SAF production system.

3.2 Biomass characterization and technological suitability

The residual biomass has a lignocellulosic composition with a total carbohydrate content of 75.51% (Table 3).
A critical finding is the predominance of pentoses (57.99%) over hexoses (17.52%), indicating a hemicellulose-
dominated structure (Sanchez-Castelblanco & Heredia-Martin, 2022), (Consorcio NAM - VELZEA, s. f.), (DANE,
2024).

Table 3: Composition % of carbohydrates and lignocellulosic fractions.

Group Fruits Tubers Vegetables Biomass
Humidity 30,14 20,12 29,81 80,07
Hemicellulose 3,03 2,58 1,07 6,68
Cellulose 8,42 0,99 11,27 20,69
Lignin 3,04 0,72 2,74 6,50

This composition suggests high reactivity for the ATJ route via acid hydrolysis, although it requires the use of
specialized yeasts such as Pichia stipitis to efficiently metabolize the major pentose fraction. Simultaneously,
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the low ash content (2.61%) favors the FT route, minimizing sludge formation problems in the gasifier. However,
the high moisture content (80.07%) identified in previous studies for Pereira waste represents the main
operational challenge for both routes.

3.3LCA

The LCA was performed to evaluate the environmental impacts associated with the production of sustainable
SAF from agro-industrial residues. he analysis considers multiple impact categories to characterize the
environmental profile of the system. The results are presented in Figures 1, 2, 3.

The environmental impact distribution of the Fischer—Tropsch pathway is presented in Figure 1, highlighting the
contribution of each impact category to the overall environmental profile of the process.

Ozone layer depletion (ODP) (optional)

Q,
(kg CFC-11 eq) 0,00%

Abiotic depletion, fossil fuels (MJ) 94,11%

Photochemical oxidation (kg NMVOC) | 0,01%

Global warming (GWP100a) (kg CO2 eq) 5,86%

Eutrophication (kg PO4--- eq) = 0,00%

Environmental impact category

Acidification (fate notincl.) (kg SO2eq) = 0,02%

0,00% 20,00% 40,00% 60,00% 80,00% 100,00%

Percentage (%)

Figure 1: FT Environmental Impact

Figure 2 presents the environmental impact distribution of the Alcohol-to-Jet pathway, allowing the identification
of the main contributing categories and comparison with the FT route.
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Figure 2: ATJ Environmental Impact

A comparative analysis of both pathways is shown in Figure 3, where the relative contribution of the Alcohol-to-
Jet and the Fischer-Tropsch synthesis routes across the evaluated impact categories is illustrated.
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Figure 3: FT vs ATJ Environmental Impact

The environmental performance of the evaluated pathways was analyzed through the contribution of different
impact categories and their distribution across the ATJ and the FT routes. Figures 1 and 2 present the overall
environmental impact distribution for each pathway. In both cases, a highly similar pattern is observed,
dominated by abiotic depletion of fossil fuels, which accounts for 93.55% and 94.11% of the total impacts,
respectively. This clearly indicates that the system is strongly dependent on fossil-based energy inputs,
particularly in energy-intensive stages such as biomass preprocessing, gasification, and fuel upgrading. The
Global Warming Potential (GWP100a) represents the second most significant category, contributing 6.38% in
the first case and 5.86% in the second. Although considerably lower than fossil depletion, this impact remains
relevant due to greenhouse gas emissions associated with process energy consumption. Other categories,
including photochemical oxidation, acidification, eutrophication, and ozone layer depletion, show negligible
contributions (below 0.1%), suggesting that direct emissions are not the primary environmental concern of the
system. While Figures 1 and 2 demonstrate that both pathways share a similar environmental impact structure,
Figure 3 provides a more detailed comparison by showing the relative contribution of each pathway to the total
impact in each category. The results reveal that the FT route contributes more significantly to most categories,
including acidification (51.54%), global warming (55.29%), photochemical oxidation (57.48%), abiotic depletion
(57.53%), and ozone layer depletion (58.75%). This trend reflects the higher energy demand and process
intensity associated with the FT pathway. In contrast, the ATJ pathway dominates the eutrophication category,
contributing 88.70%, compared to only 11.30% for FT. This behavior may be attributed to upstream processes
such as biomass conditioning or biochemical conversion stages, which can involve nutrient-related emissions.
From an absolute impact perspective, these results indicate that the FT pathway generally presents a higher
environmental burden. However, this interpretation changes when considering process efficiency. The FT route
produces significantly more SAF (1.17 ton) compared to ATJ (0.19 ton), which implies that, when impacts are
normalized per functional unit 1 ton of SAF, FT may exhibit more favorable environmental performance. Overall,
the results highlight that the main environmental limitation of both pathways is not the emission profile but their
high dependence on fossil energy inputs. Therefore, improving energy efficiency and integrating renewable
energy sources are critical strategies to enhance the sustainability of SAF production systems.

4. Conclusions

This study evaluated the environmental performance of SAF production from agro-industrial residues through
the ATJ and FT pathways using a life cycle assessment approach. The results indicate that both pathways
exhibit a similar environmental impact distribution, strongly dominated by abiotic depletion of fossil fuels, which
exceeds 93% of the total impact in all cases. This finding highlight that the primary environmental hotspot of the
system is the high energy demand, rather than direct emissions from chemical transformations. Although the
FT pathway shows higher contributions across most impact categories in absolute terms, it also demonstrates
a significantly higher SAF yield (1.17 ton) compared to the ATJ route (0.19 ton). When impacts are normalized
per functional unit, this higher production efficiency suggests that FT can achieve a more favorable
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environmental performance. In contrast, the ATJ pathway presents a notable contribution to eutrophication,
likely associated with upstream biochemical processing stages. However, its overall lower yield limits its
environmental competitiveness. These findings emphasize the importance of considering both impact
magnitude and production efficiency when evaluating SAF production routes. The results also suggest that
future improvements should focus on reducing fossil energy dependency, particularly through process
integration and the incorporation of renewable energy sources. Overall, the FT pathway emerges as a promising
alternative for SAF production from agro-industrial residues, provided that its energy requirements are optimized
to reduce environmental impacts.
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