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Cascade biorefineries are promising technologies able to transform agricultural waste into valuable products. These systems are essential for enabling a circular bioeconomy and therefore must operate sustainably and efficiently, particularly in terms of mass and energy utilization. Still, energy management and its influencing factors have received limited attention. For this reason, in this study an exergy resilience sensibility analysis is carried out for a cascade biorefinery for avocado hard waste. The analysis is complemented by simulation tools as source of process data. Several scenarios were analysed based on the biorefinery and its unit’s performance. The results showed that the biorefinery is dominated by high irreversibilities and underutilized high-quality waste streams. The process is very sensible to improvement, especially from a combine waste stream valorisation and targeted optimization using heat integration strategies. The first strategy obtained an increase up to 52% when all streams are reused, and a reduction of half of the base losses (1000 MJ/h). The improvement of local exergy efficiency of key stages (starch extraction and biocontrol stages) also has a strong impact on system performance. However, the process has an efficiency limit of approximately 50–52%, were the unavoidable losses dominated the process total losses, addressing these complex inefficiencies can increase the process efficiency near 55%. Nevertheless, achieving such improvements would require structural and operational modifications, as these types of losses are strongly linked to intrinsic process design.
1. Introduction
Recently, Colombia have turn into a mayor producer of avocado in the world (being number two), with exports in 2021 value at USD 204.6 million (1). However, several challenges are poised to limit its economic potential in the future, especially the poor resources and waste management of the avocado value chain. Resources and wastes from this productive chain are characterized by being rich in nutrients and compounds, that can be used in several sectors, like food, pharma and cosmetic, among others (2). For that reason, cascade biorefineries are an opportunity to enhance the avocado value chain, by transforming biomass into several valuable products (materials and energy), reducing waste and boosting economic growth of rural regions (3). Nonetheless, cascade biorefineries are based on green chemistry principles, requiring to be efficient, safe and environmentally friendly (4). For that reason, the assessment on how these systems can improve its energy is a key factor for its implementation.
Exergy analysis offer the evaluation of system’s performance based on the quantification of thermodynamic irreversibilities (losses) (5). Furthermore, it can evaluate resource utilization as it can convert mass and energy flows into a single metric (6). Moreover, the exergy analysis has been applied to several industries, recently to biorefineries, as it can be applied to in early development stages. Works like Fontalvo-morales et la., analysed extractive avocado biorefineries, finding a efficiency of 50%, with losses up to 7763 MJ/h, with wastes having the most contribution to them (7). Similarly, Herrera et al., found for avocado oil extraction, wastes impacting strongly the process performance with almost 90% of the total losses, achieving a efficiency around 30% (8). Both works, showcase the performance of avocado biorefineries, nonetheless, the effect of exergy resilience has been barely explored, showcasing an to understand the potential implications of uncertainties or variations in the input conditions of the process. Then, this work conducts the first exergy resilience assessment to a cascade biorefinery, combined with simulation in the Aspen plus software. The resilience assessment is based on a sensibility analysis in which several scenarios are explored to assess the effect of changing exergy conditions of the biorefinery have on the overall exergy efficiency. Several exergy parameters are used, such as global exergetic efficiency, efficiency by stages of the process, exergy losses, among others. From this work, several insights into the usefulness of resilience sensibility analysis in optimizing and assessing system performance of biorefineries.
2. Materials and methods
Process description
Figure 1 presents the cascade biorefinery for avocado waste, illustrating the units and material flows. The system consists of four main subprocesses: (i) seed conditioning, (ii) starch production, (iii) biopolymeric film synthesis, and (iv) biocontrol agent production. Avocado residues enter Section 1 under ambient conditions (25 °C, 1 bar). Seeds are washed and cut into pieces (~1.5 cm) and split 1:1 between Sections 2 and 5. In Section 2, seeds contact 0.05% sodium metabisulfite at ambient temperature, are milled to 80 µm, filtered to remove coarse solids, decanted, washed, and centrifuged. The wet starch paste is hot-air dried to <7% moisture and split 50:50, one part as final starch product.
The other starch portion moves to Section 3, gelatinized at 80 °C with water, and mixed with PVA and glycerol. Filtration residues undergo acetone extraction, filtered and concentrated, then added to the biopolymer for antioxidant and antimicrobial properties. The mixture is dried at 70 °C to form the starch-based biopolymer film.In Section 4, pretreated seeds are freeze-dried to remove ~90% water, ground, and extracted with ethanol to isolate bioactive compounds. The liquid phase is filtered and concentrated via vacuum evaporation, removing up to 90% ethanol. The dry bioactive paste is emulsified with maltodextrin and gum arabic, ethanol is added for agglomeration, and the mixture is spray-dried to obtain the final biocontrol agent.
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Figure 1. Process Flow Diagram of the Hass Avocado Waste Cascade Biorefinery.
For the mass and energy extended balances, a simulation was carried in Aspen Plus® V15, following the work of Alviz-Meza et al., with Non-Random Two-Liquid (NRTL) model and Redlich-Kwong (RK) equation of state selected as thermodynamic package for liquid and vapor phase behaviour. Furthermore, unit models and operating conditions, were determined based on experimental data and literature values (9).
1. 
2. 
2.1. 
Exergy resilience of cascade biorefinery
The assessment carried out is based on previous work by the authors, for a deep exergy analysis of a PVC production process (10). The analysis focuses on assessing the effects of several key variables or parameters on the global exergy efficiency of the process. For this, the methodology follows one assumption: for each case or scenario, one variable is explored change while others are constant. The selection of these variables is based on the results of the exergy analysis of both the overall process and its individual stages, with priority given to those exhibiting low efficiency or high losses (both avoidable and unavoidable). 
From this, key studies are conducted: the effect of reusing residues, how reusing waste flows contributes to increasing efficiency; the effect of local exergy efficiency on global efficiency, observing the improvement of a specific stage can improve process performance; the effect of reducing exergy destruction, study of how the reduction of the unavoidable losses improve the global efficiency; lastly, the effect of the output exergy of the process, highlighting where the most critical losses are located and should be prioritized in further studies such as energy integration. For the analysis, Eq. (1) to Eq. (6) are employed, as for the process and stages, the exergy of flows is quantified and how it is used. 
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3. Results and discussion
Figure 2 shows the effect of reusing a waste stream of the biorefinery individually (left) and accumulated (right). The base case had and efficiency of 1.3%, the inclusion of wastes individually had a positive effect on the overall exergy of the process. Where the valorisation of the waste form the biocontrol agent process, increased the efficiency substantially up to 39%, alongside a reduction of nearly half the total irreversibilities. The wastes streams of that section had important streams with high mass flow with high exergy value, like solvents (ethanol) and solid residues. Meanwhile, the other processes had minor contributions both to increase the exergy and lowering the losses. Nonetheless, the accumulated contribution of all the reuse of these streams substantially increased the efficiency of the process, achieving an efficiency of 52%, and a reduction of most than half of the losses of the base case.
 
Figure 2. Effect of waste stream reutilization on global exergy efficiency of the Hass Avocado Waste Cascade Biorefinery.
Figure 3 shows the effect of improving local exergy efficiency of key stages on the global exergy efficiency of the cascade biorefinery. Starch extraction and biocontrol agent production had the highest losses of exergy of the biorefinery. The improvement of the performance of both processes had positive effect on the overall process performance. For instance, an optimized starch extraction process could increase the efficiency of the process to 50% alone. Similarly, the bioagent control process had lower impact on the overall performance of the process, as it achieved 22% efficiency. consequently, improving both stages is required if a more efficient process is desired. However, this implies dealing with unavoidable losses inherent to the stage’s characteristics, requiring structural (often costly) changes of the units present in each process, as unavoidable losses required to be suppressed.
 
Figure 3. Effect of local exergy efficiency of key stages on the global exergy efficiency of the Hass Avocado Waste Cascade Biorefinery.
Figure 4 shows the potential effect of reducing unavoidable exergy losses on the global exergy efficiency of the biorefinery. the reduction of unavoidable losses improved substantially, the process performance, increasing efficiency from 1.3% to 50%, while simultaneously reducing irreversibilities to 1001 MJ/h (from almost 2000). This improvement is significant compared to that achieved through waste reutilization, which reaches efficiencies close to 52%, there is a high volume of unavoidable losses, because of constant unoptimized heating and cooling of flows. The use of heat could improve the handling of heat load across the process. Although, it could be insufficient, as the nature of these losses is inherent to the configuration and condition of the processes. This may involve changes in flow rates, temperatures, or losses, and may even require altering the structure or configuration of the equipment within a stage, depending on how the process has been subdivided.

Figure 4. Effect of potential unavoidable exergy losses reduction on the global exergy efficiency of the Hass Avocado Waste Cascade Biorefinery.
Figure 5 showcases the effect of exergy output accumulation on the global exergy efficiency and the relative exergy destruction. As expected, opposite but consistent trends happened: as output exergy increases, both the global exergy efficiency rises strongly while relative exergy losses decrease significantly. The initial changes of the assessed variables are low as waste from stages are low (seed conditioning, starch extraction, biofilm production), maintaining a poor performance with low efficiency and high relative losses close to 100%. However, both curves change rapidly—efficiency increases steeply and losses drop considerably. This indicates that recovering additional exergy, likely from high-quality waste streams (bioagent production waste streams). The process transitions from a highly irreversible regime to a more efficient one, highlighting that improving the utilization of available exergy—especially from key stages—can lead to substantial global gains. Nonetheless, the process reached its ceiling, as the system gets closer to the practical thermodynamic limit determined by unavoidable losses (efficiency of 50%).
 
Figure 5. Effect of the accumulated output exergy on global efficiency and total irreversibilities of the Hass Avocado Waste Cascade Biorefinery.
Overall, these results indicated that the process initially operates in a regime dominated by high irreversibilities and poor exergy utilization, highlighting the importance of targeting specific stages with significant exergy destruction or waste generation, as improvements in these areas can produce substantial global benefits. These improve can be done through process integration techniques, like heat and mass integration procedures (11), considering stages like bioagent control and biofilm production.
4. Conclusions
In this study an exergy resilience sensibility analysis is carried out for a cascade biorefinery for avocado hard waste. Several scenarios based on the biorefinery performance were analysed. The results showcased that the global exergy performance of the cascade biorefinery is highly sensitive to both waste valorisation strategies and local stage improvements. Firstly, the valorisation of waste streams, positively impacted the process efficiency, reaching 39% efficiency for individual stream reuse (biocontrol agent production stage) and up to 52% when all wastes are integrated (all waste streams), while nearly halving total irreversibilities. On the other hand, local exergy efficiency of key stages also has a strong impact on system performance, for instance, optimizing starch extraction can increase process efficiency up to 50%. However, the optimization of key units can entail the reduction of unavoidable losses. In the same idea, the sole reduction of the unavoidable losses can potentially increase the process efficiency near 55%. However, achieving such improvements would require structural and operational modifications, as these losses are strongly linked to intrinsic process constraints. Lastly, the output exergy influence indicated that the process has high recovery potential masked by poor integration and a few dominant loss key stages, further gains would require advanced heat integration and potential redesign of unit operations.
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Total Irreversibilities (MJ/h)	Base	Seed conditioning	Starch extraction	Biofilm production	Biocontrol agent production	1964.8966569812137	1919.040145205583	1870.0712849808729	1866.5550984797776	1197.6764019373998	Exergetic Efficiency (%)	Base	Seed conditioning	Starch extraction	Biofilm production	Biocontrol agent production	1.3044342816506571E-2	3.607779017612156E-2	6.0674551259148668E-2	6.2440710383415143E-2	0.39841441728373317	




Total Irreversibilities (MJ/h)	Base	Seed conditioning	Starch extraction	Biofilm production	Biocontrol agent production	1964.896657	1919.0401449999999	1824.2147729999999	1725.8732150000001	958.6529597	Exergetic Efficiency (%)	Base	Seed conditioning	Starch extraction	Biofilm production	Biocontrol agent production	1.2999999999999999E-2	3.5999999999999997E-2	8.4000000000000005E-2	0.13300000000000001	0.51800000000000002	




Global Exergy Efficiency (%)	2.5796611421431082E-2	0.12579661142143109	0.22579661142143109	0.32579661142143113	0.4257966114214311	0.52579661142143108	0.62579661142143106	0.72579661142143104	0.82579661142143101	0.92579661142143099	0.99579661142143094	1.3044342816506571E-2	6.3610452463255404E-2	0.11417656211000424	0.16474267175675308	0.21530878140350188	0.26587489105025069	0.31644100069699954	0.36700711034374833	0.41757321999049712	0.46813932963724592	0.50353560638997008	Starch Extraction Exergy Efficiency (%) 


Global Exergy Efficiency (%)



Global Exergy Efficiency (%)	5.9267777378568032E-2	0.15926777737856804	0.25926777737856804	0.35926777737856808	0.45926777737856805	0.55926777737856803	0.65926777737856801	0.75926777737856799	0.85926777737856797	0.95926777737856794	0.99926777737856798	1.3044342816506571E-2	3.5053507650184931E-2	5.7062672483863285E-2	7.9071837317541652E-2	0.10108100215122001	0.12309016698489836	0.1450993318185767	0.16710849665225505	0.1891176614859334	0.21112682631961177	0.21993049225308314	Biocontrol Agent Production Exergy Efficiency (%) 


Global Exergy Efficiency (%)



Total Irreversibilities (MJ/h)	0	0.1	0.2	0.30000000000000004	0.4	0.5	0.6	0.7	0.79999999999999993	0.89999999999999991	0.99999999999999989	1964.8966569812137	1869.0313610152145	1696.473828276416	1489.4047889898577	1296.1403523224033	1151.1920248218125	1064.2230283214581	1023.6374966212926	1009.7224571812359	1006.5915733072231	1006.2436973212217	Global Exergy Efficiency (%)	0	0.1	0.2	0.30000000000000004	0.4	0.5	0.6	0.7	0.79999999999999993	0.89999999999999991	0.99999999999999989	1.3044342816506571E-2	6.11968987512167E-2	0.14787149943369493	0.2518810202526689	0.34895657301704452	0.42176323759032619	0.46544723633429519	0.48583310241481414	0.49282254221384914	0.49439516616863199	0.49456990216360797	Unavoidable losses reduction 


Total Irreversibilities (MJ/h)


Global Exergy Efficiency (%) 



1093.3926607930987	1623.6966631557575	1741.8969866696402	1857.6577300416793	2679.0244626777394	1.3044342816506571E-2	3.6077790176121671E-2	8.3707998618763657E-2	0.13310436618567212	0.5184744406528986	Accumulated output exergy (MJ/h) 


Global Exergy Efficiency (%) 



1093.3926607930987	1623.6966631557575	1741.8969866696402	1857.6577300416793	2679.0244626777394	1	0.97666212540354003	0.92840240056588541	0.87835317372638144	0.48788976064157347	Accumulated output exergy (MJ/h) 


Relative exergy loss 
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