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Worldwide, the most widely consumed avocado variety is Persea Americana Mill., commonly known as Hass avocado. While the pulp is extensively used, the seed is typically treated as agro-industrial waste despite its high content of bioactive compounds and its potential for value-added applications. In this study, the valorization of Hass avocado seed cultivated in the Colombian Amazon was evaluated through the modeling and simulation of a cascade biorefinery aimed at producing starch, biopolymer films, and biocontrol agents. The process was simulated in Aspen Plus V15, considering regional conditions and a processing capacity of 255.92 t/y. The model integrates stages of seed conditioning, extraction, separation, and product formulation, using appropriate thermodynamic approaches for multicomponent systems. The results showed yields of 1.66% for starch, 5.76% for biofilm, and 10.94% for the biocontrol agent, with an overall yield of 18.37%. These findings demonstrate the feasibility of integral biomass utilization under a cascade approach. The study provides key insights into process conditions for industrial-scale implementation, highlighting the potential of avocado seed as a strategic resource to promote circular bioeconomy models and reduce agro-industrial waste.
1. Introduction
The growing concern over the reduction of greenhouse gas emissions, together with the global energy transition and the adoption of more environmentally friendly materials, has driven the improvement of industrial processes as a priority objective. In this context, process modeling and simulation have emerged as fundamental tools to predict system behavior, optimize resource utilization, and evaluate energy performance prior to industrial-scale implementation. However, some commonly used simulation software, such as Aspen Plus, ProSimPlus, and CHEMCAD, have been primarily developed for chemical and petrochemical processes; therefore, their applicability to agro-industrial systems must be carefully assessed to select appropriate thermodynamic models capable of representing the complexity of food and biomass structures (Jbira et al., 2026, Herrer-Rodríguez et al., 2025).
In parallel, the valorization of agro-industrial residues has gained relevance as a strategy to advance toward more sustainable production systems. In particular, the avocado industry generates large amounts of waste, mainly peel and seed. The latter represents approximately 16% of the total fruit weight and is rich in fiber, phenolic compounds, antioxidants, fatty acids, and various secondary metabolites. In this context, the biorefinery concept enables the integral valorization of this biomass through the production of biomolecules, biomaterials, bioenergy, and biofuels within a single production scheme (Dávila et al., 2017). One of the most relevant compounds found in avocado seed is starch, which can account for up to 66% of its composition, making it a promising alternative to conventional raw materials. This starch exhibits a high amylose content, irregular granular morphology, and highly ordered nanocrystals, characteristics that influence its functional properties (Wang et al., 2022; Macena et al., 2020). In addition, its high gelatinization temperature promotes the formation of stable gels suitable for applications such as bioplastics and biodegradable films (Martins et al., 2025; Muñoz et al., 2024). Furthermore, this biomass can be used to produce biocontrol agents with applications in the food, pharmaceutical, and agricultural sectors, particularly in controlled-release systems that contribute to the protection of products and materials (Quispe-Sánchez et al., 2026; Silva-Ferrer et al., 2026).
Based on the above, cascade biorefineries represent an attractive alternative, as they enable the sequential fractionation of biomass to maximize the utilization of its components and generate multiple high value-added product streams. This approach not only improves resource efficiency but also enhances the economic and environmental sustainability of the system. The present study focuses on the modeling and simulation of a cascade biorefinery based on Hass avocado seed cultivated in the Amazon region. The aim is to valorize this agro-industrial residue through the production of value-added products such as starch, biocontrol agents, and biodegradable films. These products are obtained through process simulation using Aspen Plus, incorporating both experimental and literature data to accurately represent the properties and characteristics of the materials involved. These products have potential applications in bioplastic synthesis, development of antimicrobial compounds, and pest control. Finally, through the integration of process simulation tools and the cascade approach, this work seeks to contribute to the development of sustainable biorefinery systems that promote circular economy principles and efficient resource utilization.
2. Materials and methods
2.1 Process description
Figure 1 shows the process block diagram, illustrating the stages required to produce starch, biofilm, and biocontrol agent from avocado seed. The modeled cascade biorefinery processes 255.92 t/y of Hass avocado seed cultivated in the Colombian Amazon, yielding 4.25 t/y of starch, 14.75 t/y of biofilm, and 28 t/y of biocontrol agent.
The process begins with seed conditioning, where the seeds are washed with water to remove residual pulp and other unwanted substances. The cleaned seeds are then subjected to size reduction to facilitate their transformation in subsequent stages. A portion of the seeds is directed toward biocontrol agent production, while the remaining fraction is used for starch extraction. Subsequently, one fraction of the conditioned seeds undergoes milling and freeze-drying to reduce particle size and remove moisture, respectively. The freeze-dried material is further ground and subjected to maceration in the presence of an ethanol solution. The resulting mixture is filtered to separate solids from the liquid extract, which is then sent to a flash evaporation unit to partially remove ethanol. The concentrated extract is dried to eliminate the remaining solvent and finally subjected to spray drying, producing the biocontrol agent as solid particles and humid air as a residual stream.
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Figure 1: Block diagram of the cascade biorefinery based on Hass avocado seed.
On the other hand, the remaining fraction of the seeds is treated with sodium metabisulfite to facilitate the breakdown of the biomass structure and the release of starch. The material is then ground into a paste, which is filtered to obtain two streams: a liquid stream containing suspended starch and a solid residue. The liquid stream undergoes sedimentation to separate starch from the liquid phase. The recovered starch is subsequently washed to remove the characteristic coloration of avocado seed and centrifuged to obtain a starch paste. Finally, this paste is dried to produce starch. A portion of the starch is stored as the final product, while the remaining fraction is used for biofilm production. For film formation, the starch is mixed with water to form a gel. This gel is then combined with glycerol, an acetone extract of avocado seed, and a polyvinyl alcohol (PVA) solution. The resulting mixture is dried, yielding the biofilm as the final product and humid air as a residual stream (Alviz-Meza et al., 2025).
2.2 Process simulation 
Process simulation constitutes a fundamental tool for the design, analysis, and optimization of systems, as it enables the modeling of physical and chemical transformations of substances and the integration of multiple unit operations within a single framework. Within the context of Computer-Aided Process Engineering (CAPE), these tools facilitate the development, integration, and optimization of complex processes using mathematical models and advanced computational platforms (El-Halwagi, 2017). Software such as Aspen Plus is widely used due to its robustness and its capability to represent complex systems that include stages such as pretreatment, extraction, separation, reaction, purification, and heat transfer (Kazmi et al., 2026; Silva et al., 2026). The selection of the thermodynamic model depends on the characteristics of the system. In this study, the Non-Random Two-Liquid (NRTL) model is employed to accurately describe liquid–liquid equilibria in processes involving both polar and non-polar compounds (Luna et al., 2025). Operating conditions such as temperature, pressure, and mass flow rates were defined based on experimental data and optimal conditions reported in the literature.
In cascade biorefineries, where multiple value-added products are sequentially obtained from a single biomass source, process simulation enables the evaluation of mass and energy balances, process efficiency, and resource utilization. The behavior of multicomponent systems is described using activity coefficient models or equations of state, depending on the nature of the compounds and operating conditions (Rezakazemi et al., 2018; El-Halwagi, 2011). In this context, the CAPE approach also contributes to systematic process integration, allowing the analysis of different configurations, optimization of conversion pathways, and evaluation of overall system performance under various operating scenarios. The processing capacity of the biorefinery was defined based on regional data from the Colombian Amazon, considering post-harvest losses. The process includes stages such as drying, milling, extraction of bioactive compounds, starch recovery, and gelatinization. Hass avocado seed was used as the raw material, considering its composition and content of compounds of interest (Araújo et al., 2021; Dabas et al., 2019). Experimental data were incorporated into the simulator to represent interactions under local conditions. This approach enables the evaluation of technical feasibility, scalability, and system sustainability, promoting efficient resource utilization under circular economy principles.
3. Results and discussion
The simulation of the cascade biorefinery based on avocado seed under Colombian Amazon conditions was performed using Aspen Plus V15. Experimental and literature data were incorporated to accurately represent the interactions between components and enable the production of target products. The main modeling assumptions are summarized as follows:
· The NRTL thermodynamic model was used to describe non-ideal behavior in the liquid phase, while the Redlich–Kwong (RK) equation of state was applied to the vapor phase. This combination is suitable for systems involving both polar and non-polar compounds, particularly in solvent extraction and drying operations.
· Steady-state conditions were assumed, neglecting dynamic variations over time and complex chemical reactions.
· Avocado seed was represented using surrogate components to describe its main fractions: carbohydrates (glucose), proteins (serine/leucine), lipids (oleic acid), ash (calcium oxide), and moisture (water), due to database limitations.
· The processing capacity was set at 255.92 t/y, corresponding to 50% of the estimated availability of avocado residues in the study region.
· Size reduction operations were modeled using a Crusher with unit efficiency and Bond’s law for energy estimation.
· Drying operations (convective and spray drying) were simulated using shortcut models, while vapor–liquid separations were represented using Flash units.
· Solid–liquid separation processes (filtration, decantation, and centrifugation) were modeled using Sep and Cfuge blocks, and stream splitting was represented using ideal Split units.
[bookmark: _Hlk224165205]3.1 Simulation cascade biorefinery
The simulated avocado seed biorefinery enabled the representation of a complex system integrating multiple unit operations and material transformations. This behavior is supported by the appropriate selection of the thermodynamic model, equation of state, and representative compounds used to describe the biomass, which are key aspects in process simulation using platforms such as Aspen Plus (El-Halwagi, 2017; Kazmi et al., 2026). The processing capacity considered was 255.92 t/y of Hass avocado seed, corresponding to 50% of the estimated availability in the study region. Based on this feed, mass balances were solved across all process units, allowing the estimation of mass flow rates and product yields. The incorporation of experimental data and literature values enabled the definition of realistic operating conditions in terms of temperature, pressure, moisture content, and separation efficiencies.
Figures 2 and 3 shows the process block diagram, where the seed conditioning stage and the biocontrol agent production line can be identified, including cooling, freeze-drying, size reduction, extraction, and spray drying operations. The process begins with seed washing (WASH), modeled using an ideal separation block (Sep), commonly applied to represent solid–liquid washing stages in biomass simulations (Dávila et al., 2017). In this step, a water-to-seed ratio of 2:1 was defined, achieving the removal of impurities and pulp fractions in the range of 10–15%, with partial moisture retention in the solid. Subsequently, the seed undergoes size reduction (SEED-CUT) using a cone crusher (Crusher), reaching particle sizes of approximately 1.5 cm, which enhances mass transfer in subsequent stages.
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Figure 2: Process flow diagram of the cascade biorefinery based on Hass avocado seed (Part 1).
[bookmark: _GoBack]To produce the biocontrol agent, a fraction of the conditioned seed is subjected to cooling (COOLING) prior to freeze-drying (FREEZ). This operation was represented using a Flash model, which describes phase equilibrium under specified temperature and pressure conditions, a common approach in separation process simulation (Rezakazemi et al., 2018). The material is then conditioned to ambient temperature using heat exchangers (Heater) and further reduced in size (TRITUR) to particles smaller than 40 μm, increasing the surface area available for extraction. The extraction of bioactive compounds (EXTR) was modeled using a Mixer block in the presence of ethanol as solvent, typically used to represent extraction and formulation tanks. The resulting mixture is filtered (FILTR) using a Sep block, yielding a wet solid phase and a liquid stream rich in target compounds. The extract is subsequently concentrated through partial evaporation (FLASH2) at 42 °C and vacuum drying (VACDRY) at 60 °C and 300 mbar, both modeled using Flash units to ensure efficient removal of volatile solvents. The concentrated extract is mixed with additives to form an emulsion, which is pumped (Pump) to the spray drying system operating at 6 bars. Finally, spray drying (SPRYD) is performed at 140 °C using a Spray model that captures the heat and mass transfer phenomena characteristic of this operation, widely used for stabilizing bioactive compounds (Kazmi et al., 2026). The final biocontrol agent presents a moisture content of 13%.
For starch production, the remaining seed fraction is brought into contact with sodium metabisulfite in an extraction stage (EXTRACT), followed by size reduction using a rotary crusher (BLEND). The resulting stream is subjected to filtration (FILT), yielding a liquid phase with starch in suspension and a solid phase composed of seed residues, which is directed to the production of the acetonic extract used in biofilm formulation. The starch-rich liquid stream is then sent to sedimentation (SEDIM), producing a starch paste and an aqueous residual stream. Subsequently, the paste is washed with water (ST-WASH) using a 10:1 ratio and centrifuged (CENTR) to achieve a moisture content of approximately 40%. Finally, the material is dried (ST-DRY) at 60 °C to obtain starch. A portion of the product is stored, while the remainder is used as raw material for biofilm production.
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Figure 3: Process flow diagram of the cascade biorefinery based on Hass avocado seed (Part 2).
The avocado seed extract used in the biofilm is obtained through acetone extraction (MWEXTR), followed by filtration to separate the liquid extract. This extract is then concentrated by evaporation at 40 °C (FLASH1), removing the solvent and yielding a phase rich in bioactive compounds. In the film formulation, 5% of this extract is used relative to the starch mass, while the excess is stored. The starch designated for film production is gelatinized in the presence of water (GEL) and mixed with the concentrated extract in the formulation stage (FORM). At this stage, glycerol and a polyvinyl alcohol solution are added as plasticizing and film-forming agents. Finally, the mixture is dried (BIO-DRY) at 70 °C, producing a starch-based film reinforced with PVA.
3.2. Simulated biorefinery yields
The yields obtained in this study (1.66% for starch, 5.76% for biofilm, and 10.94% for the biocontrol agent) differ from literature values due to separation losses and model simplifications. Although avocado seed contains 40–66% starch (Macena et al., 2020; Wang et al., 2022), actual extraction yields typically range from 10% to 30%, explaining the lower value obtained.
For the biofilm, yields may increase to 120–250% relative to the initial starch due to the addition of plasticizers (Martins et al., 2025; Muñoz-Gimena et al., 2024). Thus, the 5.76% yield is consistent when considering both losses and additives. The biocontrol agent yield (10.94%) falls within reported ranges for encapsulation and spray drying processes (5–20%), supporting model reliability. Overall, the global yield (18.37%) aligns with typical biorefinery values (15–40%) (Dávila et al., 2017), indicating efficient biomass utilization under a cascade approach.
4. Conclusions 
The simulation of the cascade biorefinery based on Hass avocado seed enabled the evaluation of the technical feasibility of a system aimed at the valorization of agro-industrial residues. Using Aspen Plus®, the main unit operations involved were consistently represented, including conditioning, extraction, separation, and drying stages, employing appropriate thermodynamic models to describe multicomponent systems. The results demonstrate that it is possible to obtain value-added products such as starch, biofilms, and biocontrol agents from a single biomass source, supporting the cascade biorefinery approach under circular economy principles. The obtained yields reflect the inherent limitations of separation processes and the simplifications of the simulation model; however, they fall within ranges reported in the literature for similar systems. The production of biofilms and biocontrol agents showed a higher relative utilization of the biomass, highlighting their potential as strategic products. Overall, this study provides a solid foundation for future optimization, scale-up, and techno-economic assessment, contributing to the development of sustainable processes for the integral utilization of agricultural residues.
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