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The rising global population is driving significant changes in climate and environmental conditions, emphasizing the urgent need for sustainable practices across all sectors. This study evaluates the technical performance of a cascade biorefinery for processing avocado waste from Colombia. This waste can be transformed into value-added products such as starch and bioplastic films. The assessment was conducted using the Water-Energy-Product (WEP) framework, analyzing key metrics on water and energy consumption along with product outputs. Eight critical process parameters and eleven technical indicators were calculated. Results indicate efficient resource use, with a 61.93 % fractional water consumption and an energy-specific intensity of 89.22 MJ/t. However, challenges remain, including a 46.93 % wastewater production ratio and high energy costs (50.38 %). Scenario analysis suggests that integrating renewable energy sources and enhancing material recirculation could further optimize efficiency. These findings highlight the potential of cascade biorefineries to support circular economy principles and sustainable waste management, providing a scalable model for agricultural residue valorization.
Introduction
The increasing demand for sustainable solutions in agro-industrial waste management has driven the exploration of biorefineries to valorise residues and reduce environmental impact. Avocado (Persea Americana Mill.), a widely cultivated fruit in Latin America, generates substantial waste, particularly from its seed, which accounts for approximately 20 % of the total fruit weight (Charles et al., 2022). Although rich in bioactive compounds, starch, and fiber, avocado seeds are largely discarded, contributing to organic waste accumulation. Implementing cascade biorefineries offers an opportunity to transform these residues into value-added products while optimizing resource use through water and energy efficiency strategies.
Colombia has experienced a significant expansion in Hass avocado cultivation, particularly in the Putumayo region, where production plays a crucial role in the local economy (García et al., 2021). Despite this growth, the avocado supply chain remains primarily focused on fresh fruit commercialization, neglecting the potential of by-products such as seeds and peels (Fajardo, 2023). To address this gap, a cascade biorefinery model has been proposed to process Hass avocado wastes into starch and biofilms, employing computer-aided process engineering for technical evaluation.
Water and energy management are critical in biorefineries, as these factors directly influence economic feasibility and environmental sustainability. The Water-Energy-Product (WEP) assessment methodology provides a structured approach to evaluating process efficiency by analyzing key indicators such as fractional water consumption, production yield, energy-specific intensity, and material recirculation (García-Maza et al., 2024). This approach allows for an in-depth examination of resource optimization and potential areas for improvement, ensuring sustainable and economically viable process development (Caporusso et al., 2022).
This study focuses on the technical assessment of a Hass avocado waste cascade biorefinery in the south of Colombia, with a particular emphasis on water and energy efficiency. Using computer-aided simulation, the cascade biorefinery process was modelled to determine material and energy balances, evaluate resource consumption, and assess the efficiency of key performance indicators. The analysis includes best- and worst-case scenarios to benchmark process performance and identify strategies to enhance sustainability. By integrating the WEP evaluation framework, this research provides valuable insights into the feasibility of implementing cascade biorefineries for avocado waste valorization. Unlike previous research, which primarily focuses on single-product valorization, such as Araújo et al. (2020) on the process optimization of microwave-assisted extraction of bioactive molecules from avocado seeds, this study examines a multi-product strategy that integrates starch extraction and biofilm production, while assessing water and energy efficiency. Additionally, process simulation was used to model resource consumption under a specific operational scenario, offering a more comprehensive technical assessment compared to prior works. The findings contribute to the advancement of circular economy strategies in the agro-industrial sector, supporting the transition toward more sustainable and efficient resource utilization practices.
Materials and methods
Modelling of the cascade biorefinery topology
The cascade biorefinery consists of three main sections: starch extraction and bioplastic film production. These sections were designed to maximize raw material utilization while minimizing waste generation through material recirculation. The process begins with the washing and size reduction of avocado wastes, followed by starch extraction using wet milling, decantation, and drying (Tesfaye et al., 2018). The extracted starch is used in biofilm production, where it undergoes gelatinization with glycerol to produce biofilm1. To obtain biofilm 2, part of the incoming waste is converted into polylactic acid (PLA) through hydrolysis, fermentation, and polymerization steps (Heo et al., 2019). 
The Non-Random Two-Liquid (NRTL) model with the Redlich-Kwong (RK) equation of state was selected on the simulator Aspen Plus® V14 to describe liquid and vapor phase behavior, ensuring accurate thermodynamic modeling of the biorefinery process (Smith et al., 2021). Operating conditions, such as pressure, temperature, and reaction kinetics, were determined based on experimental data and literature values. The raw material input was set at 2645.4 tons per year, corresponding to 50 % of the estimated avocado waste availability in the selected region (South of Colombia). In Figure 1, a process flow diagram illustrates the integration of different processing units and material flows within the system of the cascade biorefinery topology.
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Figure 1: Process Flow Diagram of the Hass Avocado Waste Cascade Biorefinery.
Water-Energy-Product (WEP) Technical Assessment
The sustainability and efficiency of the cascade biorefinery were evaluated using the Water-Energy-Product (WEP) assessment methodology (Aguilar-Vazquez et al., 2024), which quantifies process performance based on key indicators related to water consumption, energy efficiency, and material utilization. The WEP assessment framework has been previously used to evaluate biorefinery efficiency; however, this study expands its application by incorporating a multiproduct set of process indicators tailored to an avocado waste cascade biorefinery. The assessment included the following metrics described in Table 1.
Table 1: Technical indicators, descriptions and equations.
	Variable
	Description
	Equation

	[bookmark: _heading=h.tyjcwt]Production yield (%)
	Amount of product obtained per unit of raw material.
	

	Fractional water consumption (m3/t)

	The volume of water consumed during product manufacturing.
	

	Total cost of freshwater ($/day)
	Overall cost of freshwater usage per unit of time.
	

	Wastewater production ratio (%)
	The net freshwater consumption, calculated as the required input minus the wastewater produced.

	

	Solvent reuse index (%)
	The proportion of solvent recovered and reused relative to the total solvent consumed in the process.
	

	Total cost of energy ($/day)
	Overall expenditure on energy consumption per unit of time.
	

	Energy specific intensity (MJ/t)
	
Energy usage per ton of product obtained
	

	Net Energy ratio (Dimensionless)
	
The ratio of the energy content of the products to the energy input into the process.

	


	Energy utilization index (Dimensionless)
	Shows the ratio between the energy that could be gained from the product as fuel and the energy needed.
	

	[bookmark: _heading=h.3dy6vkm]Natural gas consumption index (m3/t)

	Amount of gas used per ton of product obtained.
	

	Electric energy consumption index
	Amount of kilowatt-hours consumed per ton of product obtained.
	



The best- and worst-case scenarios were established to benchmark process efficiency by analyzing variations in key performance indicators such as energy consumption, production yield, and material recirculation. In the best-case scenario, the cascade biorefinery achieved optimal efficiency, with a production yield of 100 %, while in the worst-case scenario, the production yield dropped to 0 %. Fractional water consumption was 0.35 m³/t in the best-case scenario, reflecting efficient water use, whereas in the worst-case scenario, it increased to 0.88 m³/t due to ineffective water recycling. Wastewater generation was minimal in the best-case scenario, but in the worst-case scenario, the wastewater production ratio reached 75 %. The total cost of freshwater was reduced to 0.48 per day in the best−case scenario, but it rose significantly to 15.60 per day in the worst-case scenario, indicating excessive reliance on external water sources. Energy-specific intensity was 40.41 MJ/t in the best-case scenario, reflecting efficient energy utilization, whereas in the worst-case scenario, it increased dramatically to 240.82 MJ/t. Similarly, the electric energy consumption index was 6.9 kWh/t in the best-case scenario but doubled to 27.6 kWh/t in the worst-case scenario. Natural gas consumption was fully optimized in the best-case scenario, contributing to an improved net energy ratio, but in the worst-case scenario, its efficiency dropped to only 25.15 %, highlighting significant inefficiencies in energy utilization.
Results and discussion
WEP Technical Evaluation Parameters of the Hass Avocado Waste Cascade Biorefinery
The performance of the Hass avocado waste cascade biorefinery was assessed using the Water-Energy-Product (WEP) methodology to quantify the sustainability and efficiency of the process. The evaluation considered key operational parameters, including raw material input, product yield, water consumption, and energy utilization. The biorefinery processed 27.40 kg/h of avocado waste, generating 21.46 kg/h of final products, with a total of 1.01 kg/h of recirculated material. Unconverted material was measured at 3.52 kg/h, indicating a high conversion efficiency. The cascade biorefinery had a freshwater consumption of 0.31 m³/h, while wastewater generation was up to 0.13 m³/h. In terms of energy consumption, the total energy demand for the process was 728.04 MJ/h, distributed across the different production stages, including starch extraction and biofilms production.
WEP Technical Evaluation Indicators of the Cascade Biorefinery
Table 2 shows the summary of the WEP technical indicators obtained for the Hass avocado waste cascade biorefinery to obtain starch and biofilms.
Table 2: Results of the technical evaluation of the cascade biorefinery from Hass avocado waste.
	Indicator
	Units
	Value

	Production Yield
	%
	78.34

	Fractional Water Consumption (FWC)
	m3/t
	0.55

	Total Cost of Freshwater (TCF)
	USD/day
	3.02

	Wastewater Production Ratio (WPR)
	% of water utility
	39.80

	Index of Reused Unconverted Material (IRUM)
	% of material not converted
	28.80

	Total Cost of Energy (TCE)
	USD/day
	1,013.52

	Energy Specific Intensity (ESI)
	MJ/t
	62,004.30

	Natural Gas Consumption Index (NGCI)
	%
	50.29

	Electric Energy Consumption Index (EECI)
	%
	13.78

	Net Energy ratio (NER)
	Dimensionless
	0.18

	Energy Usability Index (EUI)
	Dimensionless
	0.24



The parameters evaluated in the process highlight the technical efficiency achieved in the cascade biorefinery. The total mass of Hass avocado waste processed is 27.40 kg/h, from which 21.46 kg/h of products are generated, equivalent to a mass yield of 78.34 %. This shows a significant utilization of the raw material, with only 3.52 kg/h of unconverted material. In addition, the flow of recirculated material (1.01 kg/h) suggests that the integration of the process optimizes the use of resources, reducing losses and promoting internal reuse. In terms of resource consumption, the process uses a moderate volume of fresh water (0.31 m³/h) and generates a low volume of wastewater (0.13 m³/h), indicating efficient water management in line with sustainability principles. However, total energy consumption is 728.04 MJ/h, underscoring the need to explore energy integration strategies to reduce operating costs and improve environmental performance. These parameters provide a solid basis for assessing the viability of the process, highlighting both its strengths and opportunities for improvement. 
Efficiency of Technical Evaluation Indicators 
To further assess the effectiveness of the cascade biorefinery, the technical evaluation indicators were compared against best- and worst-case scenarios to determine their efficiency. Figure 2 illustrates the effectiveness of the nine metrics evaluated in the production process of starch and biofilms derived from Hass avocado wastes. It is important to note that the NER and EUI metrics were excluded from this analysis due to their specific nature and calculation methods, which do not yield values suitable for normalization into percentages. Consequently, these metrics did not contribute to the overall evaluation. The remnant indicators, however, provide insight into the efficiency of the process concerning energy consumption, mass utilization, and output. Additionally, it highlights potential areas where optimization alternatives could enhance performance. The efficiency evaluation highlights both strengths and areas for improvement in the cascade biorefinery process. The Production Yield (78.34 %) reflects effective conversion of avocado waste into valuable products, underscoring the robustness of the process design. However, the Index of Reused Unconverted Material (IRUM, 28.80 %) suggests a missed opportunity to optimize material recirculation. Enhancing resource efficiency could involve refining extraction parameters (e.g., pH, temperature, solvent ratio) or employing advanced separation methods such as ultrafiltration and supercritical fluid extraction (Poveda-Giraldo et al., 2021). Additionally, secondary valorization of unconverted residues, such as fermentation for bioethanol or biochar synthesis (Trinca et al., 2024), could further reduce waste and enhance sustainability.

Figure 2: Performance of the technical indicators for the Hass avocado wastes cascade biorefinery.

Water and wastewater management indicators present a controlled but improvable performance. The Fractional Water Consumption (FWC, 61.93 %) and Total Cost of Freshwater (TCF, 83.23 %) indicate good efficiency, but the Wastewater Production Ratio (WPR, 46.93 %) suggests that nearly half of the water used becomes wastewater. Implementing advanced water treatment and reuse strategies, such as membrane filtration (ultrafiltration, reverse osmosis) and electrocoagulation, could improve process sustainability (Radelyuk et al., 2023). A closed-loop water system, where wastewater is treated and reused, would further enhance efficiency, particularly in regions with limited water resources. Energy-related indicators highlight mixed performance. While the Energy-Specific Intensity (ESI, 89.22 %) demonstrates high efficiency, the Total Cost of Energy (TCE, 50.38 %) and Natural Gas Consumption Index (NGCI, 33.59 %) indicate a need for better energy cost management. The Electric Energy Consumption Index (EECI, 66.67 %) suggests a higher reliance on electricity compared to natural gas. To improve energy efficiency, heat recovery systems such as waste heat exchangers and cogeneration using biogas from process residues could be explored (Stampfli et al., 2019; Potrc et al., 2021).
A comparison with the extractive-based biorefinery studied by García-Maza et al. (2024) reveals notable differences in process performance. The extractive-based biorefinery, which utilizes the entire Creole-Antillean avocado (pulp, peel, and waste), had a lower production yield (61.63 %) than the cascade biorefinery (78.34 %), likely due to differences in feedstock optimization. Water efficiency was significantly higher in the cascade biorefinery, with an FWC of 0.55 m³/t compared to 2.45 m³/t in the extractive-based system. Additionally, WPR efficiency was 94 % in the extractive-based biorefinery versus 46.94 % in the cascade, indicating greater wastewater challenges in the former. Energy performance also varied: TCE efficiency was higher in the extractive-based biorefinery (95 %) compared to 50.38 % in the cascade system, reflecting higher energy intensity. The ESI efficiency was 74 % in the extractive-based system and 89.22 % in the cascade biorefinery, demonstrating lower energy consumption per ton of product in the latter. The NGCI efficiency (77 %) in the extractive-based biorefinery was more than twice that of the cascade system (33.59 %), indicating a higher dependency on natural gas. Conversely, EECI efficiency was 90 % in the extractive-based biorefinery, compared to 66.67 % in the cascade, suggesting greater reliance on electricity. These performance differences are largely due to variations in process design and feedstock selection. The extractive-based biorefinery operates at a higher processing capacity, while the cascade biorefinery focuses solely on avocado waste, affecting resource utilization and efficiency. This comparison underscores the importance of tailored process configurations to optimize energy, water, and material flows in biorefinery systems.
Conclusions
The technical assessment of the Hass avocado waste biorefinery in the south of Colombia demonstrated the feasibility of implementing a cascade biorefinery model to optimize resource utilization and minimize waste. The Water-Energy-Product (WEP) evaluation framework provided key insights into process efficiency, highlighting the importance of water and energy management in sustainable bioprocessing. The cascade biorefinery achieved a production yield of 78.34 %, demonstrating efficient conversion of avocado waste into value-added products. Efficiency indicators revealed the strengths and challenges of the process. Water usage was relatively efficient, with a Fractional Water Consumption (FWC) of 61.93 %, but the Wastewater Production Ratio (WPR) of 46.93 % indicates a need to enhance water recycling systems. Energy analysis showed an Energy Specific Intensity (ESI) of 89.22 %, reflecting high-energy efficiency, but costs related to energy consumption (Total Cost of Energy, 50.38 %) and reliance on non-renewable sources (Natural Gas Consumption Index, 33.59 %) underscore opportunities for integrating renewable energy systems. By comparing best- and worst-case scenarios, the study identified key opportunities to enhance process efficiency, particularly in reducing natural gas and electricity consumption. The findings underscore the potential of cascade biorefineries in the circular economy, providing a foundation for further research and industrial application of sustainable bioprocesses for agricultural residues.
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