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The reuse of hard avocado (Persea americana Mill) waste is promising due to the significant concern generated by its high demand. This biomass contains physical, chemical, and even energetic properties that make it suitable for creating value-added products, such as the production of biofuels or bioplastics. This study is applied to a biorefinery that integrally utilizes all the biomass derived from hard avocado waste produced in southern Colombia to create three bioproducts: starch, and two biofilms, thereby reducing economic, ecological, and even social impacts, quantifying the sustainable return on investment, compare it with the economic return, and analyze different scenarios to identify the effect of the weighting factors of the technical, environmental, and safety indicators. The Sustainability Weighted Return on Investment (SWROIM) combines traditional return-on-investment indicators with sustainability indicators, evaluating the entire process through a single value; the higher this value, the more sustainable and profitable the process is. The results of this study determined that the biorefinery presents a SWROIM of 186.23%, an economic ROI of 38%, which indicates profitability since it is a positive and high value, a Potential Environmental Impact (PEI) of 20.8 PEI/h, and an overall production yield of 78.34%, which is a highly acceptable percentage for generating value-added subproducts from the initial biomass. The return-on-investment methodology integrates the most important aspects in sustainable development. Therefore, it is a comprehensive study that demonstrated a strong environmental cost-benefit balance.
Introduction
Avocado waste contains biodegradable polymers which can be potentially used in agro-industrial processes. In 2023 alone, avocado seeds (Persea americana Mill) generated 1,682 tons of waste (Mena-Chacon et al., 2025). For this reason, proper management of these residues is necessary and, whenever possible, their valorization should also be pursued. When integrated systems are considered, one of the most well-known industrial approaches is biorefineries, which, together with refineries and agro-industries, increasingly develop biofuels and environmentally friendly fuels (Munguía-López & Ponce-Ortega, 2022). This study focuses on a biorefinery that simultaneously produces three products: starch, and two biofilms to maximize the valorization of avocado waste from southern Colombia. Colombia has more than 110,000 hectares dedicated to avocado cultivation and, in 2020, achieved a production exceeding 167,000 tons. (Suarez, 2025). On the other hand, the sustainability-weighted return-on-investment metric (SWROIM) simultaneously evaluates the traditional return on investment together with environmental indicators, the value of this SWROIM is proportional to the profitability of the process, considering both economic and environmental aspects (Juárez-García et al., 2022). However, existing studies have largely focused on single-product valorization pathways or isolated economic or environmental assessments. Limited research has addressed the integrated evaluation of multiproduct avocado waste biorefineries, particularly combining economic and environmental performance indicators such as SWROIM and considering regional agro-industrial conditions, therefore, the novelty of this work lies in the integrated assessment of the economic and environmental feasibility of an avocado waste multiproduct biorefinery from southern Colombia, providing a comprehensive evaluation of process performance and sustainability.
Materials and methods
Based on process simulation, exergy analysis, and the evaluation of the inherent safety index (ISI), the sustainable weighted return on investment (SWROIM) was developed by considering environmental, exergy, process safety, and eco-environmental factors. The process flow diagram showing the production of the three main products (biofilm 1, biofilm 2, and starch) is presented in Figure 1. The total feedstock processed is 27.4 kg/h. The process is divided into two main stages. In the first stage, a biofilm is obtained through the hydrolysis of avocado waste. In the second stage, the remaining two bioproducts were produced: starch was extracted, and the first biofilm was obtained through a gelatinization process.
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Figure 1. Process flow diagram of an avocado hard waste biorefinery.
The biorefinery was simulated using Aspen Plus® software (version 14). The environmental assessment was performed using the Waste Reduction (WAR) algorithm, through which the Potential Environmental Impact (PEI) output rates of the process were obtained, as developed by the present authors. The economic evaluation was carried out using conventional economic analysis methodologies, and its detailed assessment is also presented previously by the authors (Garcia-Maza et al., 2025). The exergy analysis of the process was conducted through an exergy balance approach. The safety evaluation was performed using the Inherent Safety Index (ISI) methodology, and the detailed results are reported by the authors (Aguilar-Vasquez et al., 2025). And the technical analysis was carried out using Water-Energy-Product (WEP) methodology which is in detailed by authors (Valdez-Valdes et al., 2025). Finally, the SWROIM value, which is the main focus of this study, is calculated. At the end, the ROI and SWROIM metrics are compared, with priority given to the SWROIM value over the ROI. That is, a process with a high SWROIM and a low ROI is preferred over one with a high ROI and a low SWROIM.
The equation for SWROIM used in this study is the one proposed by El-Halwagi (Equation 6), which includes sustainability indicators that are compared with proposed target values. That is, depending on the process and the authors, the target value is defined in a subjective manner using weighting factors (El-Halwagi, 2017) Finally, a sensitivity analysis is performed to evaluate how one analysis affects another when two or more analyses are assessed simultaneously.
Environmental Analysis of a Biorefinery Using Avocado Hard Waste
The environmental analysis considers eight impact indicators, including Human Toxicity Potential by Ingestion (HTPI), Human Toxicity Potential by Inhalation or Dermal Exposure (HTPE), and Ozone Depletion Potential (ODP), among others. These indicators are classified into atmospheric impacts and toxicological impacts, allowing the identification of whether the process is more affected by atmospheric conditions or toxicological conditions. In addition, the Potential Environmental Impact (PEI) of the process is calculated. This index represents the overall environmental burden associated with the process and quantifies the potential impact generated or emitted per unit of product or time. The following equation shows the formulation used to calculate this index.

                		(1)                           

In this context,  represents the PEI output rates for both the chemical and power generation processes, while accounts for the PEI related to residual energy. The term denotes the mass flow rate of stream , corresponds to the mass fraction of component in that stream, and represents the overall potential environmental impact of substance . A target value of 50% is established, indicating that the objective is to adequately reduce the process PEI by 50%.
Economic Analysis of a Biorefinery Using Avocado Hard Waste
The economic analysis is used to assess the economic feasibility of the process. This Techno-economic evaluation is a systematic approach for estimating capital and operating costs by considering raw materials, processing stages, products, and operational requirements (García-Maza et al., 2025). Through this methodology, the return on investment (ROI) was obtained. This indicator allows the identification of the annual profit of the process and provides a quantitative measure of its economic performance (Darío González-Delgado et al., 2021). The total capital investment (TCI) required for the process was considered. Therefore, after determining the TCI (USD), ROI was calculated using Equation (2).

                                                 			 (2)                               
Exergy Analysis of a Biorefinery Using Avocado Hard Waste
An exergy analysis is essential to demonstrate how an energy-generating equipment or process affects exergy-based sustainability, with the aim of identifying opportunities to optimize and achieve a more effective use of energy (Aydın & Kopaç, 2025).On the other hand, the exergetic efficiency measures the performance of a process in terms of exergy flow (Darío González-Delgado et al., 2021). For the calculation of exergetic efficiency, the following equation is used:
                                                           			 (3)
Where  is the total exergy flow lost, and  is the total exergy flow entering the system. For the exergy efficiency, a target value of 80% is established. This implies that the goal is to utilize all the energy available in the process with minimal losses and to reduce irreversibilities to the lowest possible level.
Safety analysis of a Biorefinery Using Avocado Hard Waste
The inherent safety analysis is carried out using the ISI methodology. This tool helps to identify the intrinsic risks of a process by considering worst-case scenarios, which are integrated into a total index calculated using the corresponding equation. Evaluating the risks of a process is of vital importance for decision-making, since these hazards not only affect the environment but also the personnel involved and the plant itself (Aguilar-Vasquez et al., 2025b). When performing the ISI evaluation, a reference target value is adopted. This target value is 24, indicating that a resulting ISI lower than 24 is considered inherently safe, whereas values higher than 24 indicate that the process is inherently unsafe.
                                                                     			 (4)
Technical Analysis of a Biorefinery Using Avocado Hard Waste
For the technical analysis, the waste production rate (WPR) is taken as a reference parameter. This indicator is expressed as a percentage, and a target value of 30% was established.
                                                                       			 (5)

Where  is the wastewater volumetric flow, and is the freshwater volumetric flow.
SWROIM analysis of a Biorefinery Using Avocado Processing Waste
The SWROIM methodology is used to evaluate the safety, environmental viability, energy performance, economic feasibility, and technical performance of a process through a single global value. In this study, the methodology is applied to a biorefinery based on Hass avocado waste (Zuorro et al., 2021). This global value is calculated using the corresponding equation, where AEP represents the annual net profit of the studied process, wᵢ denotes the weighting factor of sustainability indicator i (i.e,  , , and ). The indicator i represents the current actual value of the process, while the target indicator corresponds to the desired value for the process.
                                    			 (6)
Results and Discussion
The biorefinery based on avocado hard waste achieved a total production rate of 3.76 kg/h for the first biofilm, 3.44 kg/h for the biofilm 2; and 1.92 kg/h for starch. Table 1 presents the weighting factors, target values, and current values obtained from the previous studies for each specific analysis. In the proposed biorefinery, biofilm 1 is produced by gelatinizing avocado seed starch with glycerol, resulting in a flexible material. Conversely, biofilm 2 is a composite material formed by mixing starch with polylactic acid (PLA) obtained through biochemical conversion (hydrolysis, fermentation, and polymerization).
Table 1. Results for each analysis for a hard waste avocado biorefinery
	Assessment
	Indicator
	Indicatori
	Indicatortarget
	wi

	Safety
	Total Inherent Safety Index of the process, ISI
	25
	24
	1

	Exergetic
	Overall exergy efficiency (%)
	68
	80
	1

	Environmental
	PEI output rate (PEI/h)
	20.80 
	10.40 (50% less)
	1

	Technical
	Wastewater Production Rate WPR (%)
	46.93
	30
	1



The current values obtained for the process for each indicator can be compared with the established target values. In terms of safety, an ISI value of 25 was obtained, which is only one unit above the target value (24), indicating that the process can be considered relatively safe. Regarding exergy efficiency, since the value achieved was slightly low (68%), the target was set to be 80%. In the environmental assessment, a 50% reduction was established as the target, since the result was 20.8 PEI/h, the objective is to reduce it by 50%, resulting in a target value of 10.4 PEI/h. Finally, in the technical evaluation, a value of 46.93 was obtained; therefore, a 30% efficiency in wastewater production (WPR) was set as the target to reduce the generation of wastewater.
SWROIM evaluation for an avocado hard waste biorefinery


Figure 1. ROI VS SWROIM for a hard waste avocado biorefinery
The SWROIM was calculated using Equation (6), while the ROI was determined using Equation (2). The total capital investment (TCI) was USD 1,624,733.17, and the annual profit after taxes (APAT) was USD 610,507.12, resulting in an ROI of 38%. An ROI of 38% is moderately economically attractive compared to other alternatives, and it suggests that the recovery of the investment may require a certain amount of time. However, the SWROIM value was considerably high (186.23%), indicating a strong overall performance in terms of sustainability. This implies that, although the economic performance is not outstanding, the process performs very well in terms of safety, energy efficiency, environmental impact, and waste valorization.
SWROIM sensibility analysis for an avocado hard waste biorefinery
Regarding the sensitivity analysis, weighting factors of 1.0 and 0.5 were assigned depending on the analysis to be prioritized. That is, when the technical analysis is prioritized, a weighting factor of 1.0 is assigned to this criterion, while the remaining analyses are fixed at 0.5. Accordingly, the following pattern was applied.
Table 2. Weighting factors among cases.
	Case
	
	
	
	

	Base case 
	1.0
	1.0
	1.0
	1.0

	Case 1
	0.5
	1.0
	0.5
	0.5

	Case 2
	0.5
	0.5
	1.0
	0.5

	Case 3
	1.0
	0.5
	0.5
	0.5

	Case 4
	0.5
	0.5
	0.5
	1.0


As observed in the figure 2, the base case exhibits the best performance (186.23%), since all analyses are given equal priority. This is followed by Case 3, in which safety is prioritized, resulting in a SWROIM value of 141.29%. Finally, Case 1 shows the lowest performance, indicating that the process should be optimized in terms of energy use and reuse to minimize losses and reduce irreversibilities.

Figure 2. Sensibility analysis of SWROIM by case for a hard waste avocado biorefinery
Conclusions
The SWROIM methodology (Safety and Sustainability Weighted Return on Investment Metric) was applied to an avocado hard waste biorefinery, exergy was identified as the most dominant factor requiring improvement. The total SWROIM value reached 186.23%, with an ROI of 38%, which is preferable to a scenario with a high ROI and a low SWROIM when justifying the investment. Additionally, the weighting factors and target indicators proved to be highly useful in determining how far the current process is from achieving the proposed improvements. Likewise, these factors, through a sensitivity analysis, helped identify which analyses within the process should be prioritized and which ones have the greatest influence on the overall sustainability evaluation. The SWROIM methodology proved to be effective for evaluating the process in an integrated manner through a single value and for comparing the economic profitability of a process with its sustainability performance. The Hard avocado waste biorefinery was found to be more sustainable than conventional alternatives.
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