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Billions of tons of avocado waste are generated annually from consumption and food-processing industries. This waste has high organic content and moisture, and its storage and transportation are challenging. Biorefineries offer a promising solution by converting waste into valuable products while reducing environmental impacts. However, the environmental performance of avocado waste biorefineries in southern Colombia remains unclear. In this study, a biorefinery was designed to produce starch and two biofilms from avocado waste. Environmental performance was assessed using the Waste Reduction Algorithm Graphical User Interface (WARGUI), considering eight indicators related to toxicological and atmospheric impacts based on the Potential Environmental Impact (PEI). The novelty of this work lies in the implementation of an integrated multiproduct system for the optimal utilization of avocado biomass cultivated in this region of Colombia.
Results show that the energy source significantly influences environmental impact, with higher values observed when coal is used compared to gas or liquid fuels. The impact per unit mass remained nearly constant (1.16 PEI/kg), indicating process stability, while the total impact per unit time (20.38 PEI/h) varied, especially at the process outlet. Energy consumption and product type were the main contributors to environmental impact.
Introduction
The large-scale generation of avocado waste is primarily driven by factors such as the lack of public awareness, the presence of food-processing industries that do not have sufficient knowledge regarding the proper disposal and valorization of avocado residues, and farmers who are similarly unaware of where or how to discard these waste materials. Consequently, substantial accumulations of inadequately managed residues are produced, leading to environmental burdens that mainly affect the atmosphere through greenhouse gas emissions, as well as water bodies through leachate formation, and soil through localized contamination, among other impacts (Grisales-Mejía et al., 2024).
The integration of a biorefinery enables these residues to be converted into valuable products in a technically and economically feasible manner. This gradually mitigates the environmental problems while simultaneously improving the profitability and efficiency of the process itself. A biorefinery system can operate under a multi-optimization framework from a biomass to obtain multi-products at once, focusing on economic, environmental, or social criteria, or integrating all three pillars simultaneously (Rodríguez-Martínez et al., 2022). This is one of the advantages of applying a biorefinery approach, as it inherently combines these sustainability pillars, while allowing emphasis on one dimension over the others depending on the specific objectives and the desired product. 
The avocado (Persea americana Mill) is composed of a pericarp and a seed. The pericarp is divided into three layers, which are the epicarp, the mesocarp, and the endocarp. In general, commercial and industrial consumption is associated with oil extraction, pulp separation, or guacamole production. Typically, the epicarp or peel and the seed constitute the largest fraction of agro-industrial residues. The countries with the highest avocado production are Mexico, Colombia, Peru, the Dominican Republic, among others (Urbano Marinho et al., 2025). therefore,Colombia is known as one of the major producers of hard-type avocado in Colombia, and therefore this study specifically focuses on this region. On the other hand, in the WAR algorithm, the designed biorefinery is evaluated, It consists of four cases (Waste, Waste and product, Waste and energy, Waste, product and energy), for which we performed the environmental assessment. This software is a methodology that determines the Potential Environmental Impact (PEI) of a process. Therefore, it helps identify which case is better by establishing boundaries within the process. The best result is based on the output PEI value, considering both waste streams and energy flows (Cardona et al., 2004). In this study, the environmental impacts associated with avocado waste in southern Colombia were quantified by means of eight environmental indicators for the four previously mentioned cases, the goal is to determine which one exhibits the lowest Potential Environmental Impact for the bio-products produced: two biofilms and starch from avocado waste biomass.
Materials and methodology
2.1 Modelling of the Avocado waste Biorefinery
The biorefinery was developed for the small-scale valorization of three bioproducts: starch, and two biofilms. To enhance the efficiency of the process, solvent recirculation, extraction equipment, and decantation units were used, which reduce energy losses and improve the quality of the final product. The biorefinery was developed through a single simulation for the three products. The simulation was carried out using Aspen Plus V14, the NRTL (Non-Random Two-Liquid) model was selected together with the Redlich-Kwong (RK) equation of state. details of simulation can be found in a previous paper published by authors (Valdez-Valdes et al., 2025). 
[image: ]
Figure 1: Block flow diagram for the avocado waste biorefinery process.
Process topology is summarized in Figure 1, the feedstock flow rate was established at 2,645.4 tons per year, representing 50% of the estimated availability of avocado residues in southern Colombia. The hard-type avocado residue enters the system at a process flow rate of 27.4 kg/h. Processing capacity was selected based on waste availability in south-Colombia. After cutting and cleaning, the biomass is divided into three routes to obtain the final products. Solvents such as ethanol, plasticizers, neutralizing agents, among others, are used in the process. Operational process data were gathered based on information reported in literature, including pressures, temperatures, and other physicochemical parameters of the substances used or of the equipment authors (Valdez-Valdes et al., 2025).
2.2 Environmental Evaluation via Waste Reduction Algorithm (WAR)
An environmental assessment provides information on the different impacts of a process or project, either in the present or in the future, with the purpose of protecting the ecosystems most affected within the study area. The results make it possible to identify opportunities for improvement that support decision-making and to quantify the benefits or gains of the process through Potential Environmental Impacts (PEI). The environmental impact per unit of product is measured as PEI/kg and is used to compare one process with another. In contrast, the impact per unit of time (PEI/h) is used to evaluate the total environmental impact of the overall process. The evaluation is carried out by establishing system boundaries, which were divided into four cases to more accurately determine how the inclusion or exclusion of each parameter influences the results. For these four cases, eight impact indicators are applied. These indicators evaluate both chemical and process-related risks and are as follows:
[bookmark: _Hlk217623805]Table 1: Environmental Impact indicators used for the evaluation of the avocado waste based biorefinery.
	[bookmark: _Hlk217323196][bookmark: _Hlk217364648]Impact Indicator
	Description
	Equation

	
Human Toxicity Potential by Ingestion (HTPI)
	
Evaluates the toxicity of chemical products, whether they exist as solids or liquids, and it approximates the value of a lethal dose capable of killing 50% of the sample. 
	



	
Human Toxicity Potential by Inhalation or Dermal Exposure (HTPE)

	
Determined for a gaseous substance based on an 8-hour exposure.
	


	Ozone Depletion Potential (ODP)
	Describes how much a given substance can destroy the ozone layer by comparing it to a reference substance

	

	Global Warming Potential (GWP)
	It is calculated by comparing how much a substance contributes to global warming in contrast to carbon dioxide.
	

	Acidification potential or acid rain potential (AP)
	Measures how much a substance or emission acidifies the environment. It is expressed in sulfur dioxide (SO₂) equivalents.
	

	Photochemical Oxidation Potential (PCOP)
	Measures how much a substance contributes to the formation of oxidants in the presence of solar radiation. 
	

	Terrestrial Toxicity Potential (TTP)
	Indicates how much risk a substance or emission poses to terrestrial ecosystems such as soil or plants. 

	

	Aquatic Toxicity Potential (ATP)
	Measures the toxicological impact on an aquatic species. It is represented as LC₅₀, or the lethal concentration that kills 50% of the sample.
	


Results and Discussion 
The mass flows of the products obtained in the biorefinery are as follows: Starch showed a production rate of 1.92 kg/h; the first biofilm, 3.76 kg/h; and the second biofilm, 3.44 kg/h, resulting in a total production of 9.12 kg/h. The total raw material fed into the process was 27.4 kg/h, and approximately 78.5% of the waste was effectively utilized.
3.1 Global environmental impacts of a waste based avocado biorefinery
The following results were obtained from the calculations in Table 1, whose results were calculated and obtained using the WARGUI software. A similarity between cases 1 and 3 can be observed, as well as between cases 2 and 4. In general terms, it can be stated case 1 exhibits the most acceptable range across the evaluated indicators. In the following graph, the output Potential Environmental Impact (PEI) of the biorefinery process based on hard-type avocado residue is summarized.
Table 2: Environmental Impact indicators for by category for the avocado waste biorefinery.
		Case 1 (Waste)
	HTPI
	HTPE
	TTP
	ATP
	GWP
	ODP
	PCOP
	AP
	Total

	Output PEI (PEI/h)
	4.97
	1.87
	4.97
	0.03
	0.00
	0.00
	8.97
	0.00
	20.80

	Generated PEI (PEI/h)
	-2.06
	-5.49
	-2.06
	-0.45
	0.00
	0.00
	-0.01
	0.00
	-10.10

	Output PEI (PEI× 10⁻²/kg of product)
	28.10
	10.60
	28.10
	0.15
	0.00
	0.00
	50.70
	0.00
	118.00

	Generated PEI (PEI × 10⁻²/kg of product)
	-11.70
	-31.00
	-11.70
	-2.55
	0.00
	0.00
	-0.06
	0.00
	-57.00



	Case 2
(Waste and Product)
	HTPI
	HTPE
	TTP
	ATP
	GWP
	ODP
	PCOP
	AP
	Total

	Output PEI (PEI/h)
	5.31
	1.91
	5.31
	0.03
	0.00
	0.00
	8.97
	0.00
	21.50

	Generated PEI (PEI/h)
	-1.72
	-5.46
	-1.72
	-0.45
	0.00
	0.00
	-0.01
	0.00
	-9.36

	Output PEI (PEI × 10⁻²/kg of product)
	30.00
	10.80
	30.00
	0.18
	0.00
	0.00
	50.70
	0.00
	122.00

	Generated PEI (PEI × 10⁻²/kg of product)
	-0.10
	-30.80
	-9.74
	-2.52
	0.00
	0.00
	-0.06
	0.00
	-52.90



	
Case 3
(Waste and Energy)
	
HTPI
	
HTPE
	
TTP
	
ATP
	
GWP
	ODP × 10⁻⁷
	
PCOP
	
AP
	
Total

	Output PEI (PEI/h)
	4.97
	1.87
	4.97
	0.05
	14.00
	5.33
	8.97
	1.46
	22.40

	Generated PEI (PEI/h)
	-2.06
	-5.49
	-2.06
	-0.43
	14.00
	5.33
	-0.01
	1.46
	-8.46

	Output PEI (PEI × 10⁻²/kg of product)
	28.10
	10.60
	28.10
	0.29
	0.79
	0.30
	50.70
	8.22
	127.00

	Generated PEI (PEI × 10⁻²/kg of product)
	-11.70
	-31.00
	-11.70
	-2.42
	0.79
	0.30
	-0.06
	8.22
	-47.80



	
Case 4
(Waste, Product and Energy)
	HTPI
	HTPE × 10⁻²
	TTP
	ATP
	GWP × 10⁻³
	ODP × 10⁻⁸
	PCOP
	AP × 10⁻²
	Total

	Output PEI (PEI/h)
	5.31
	1.91
	5.31
	0.06
	0.14
	0.00
	8.97
	1.46
	23.20

	Generated PEI (PEI/h)
	-1.72
	-5.46
	-1.72
	-0.42
	0.14
	0.00
	-0.01
	1.46
	-7.74

	Output PEI (PEI × 10⁻²/kg of product)
	0.30
	0.11
	0.30
	0.00
	0.01
	0.00
	0.51
	0.08
	1.31

	Generated PEI (PEI × 10⁻²/kg of product)
	-0.10
	-0.31
	-0.10
	-0.02
	0.01
	0.00
	0.00
	0.08
	-0.44






Figure 2 shows the comparison of the PEI for the four evaluated cases, both generated and at the process outlet, expressed per unit of time. Negative magnitudes indicate how the results contribute to a reduction in environmental impact due to the valorization of avocado residue. Conversely, positive magnitudes represent the output PEI, allowing comparison among cases and confirming that case 1 maintains a range of values that is more environmentally acceptable.

[bookmark: _Hlk217655670]Figure 2: Global environmental Impacts for the avocado waste biorefinery by case.
3.2 Toxicological Impacts of the Avocado Waste Biorefinery
[bookmark: _Hlk217223214]The toxicological impacts are subdivided into four indicators. The results for these indicators are shown in Figure 3. From the figure, it can be observed that the HTP indicator displays the most favorable behavior among the four indicators evaluated. As shown in Table 1, in all cases the HTPI and TTP indicators present the same highest impact value, 5.31 PEI/h. This indicates that the process has a high impact in terms of terrestrial toxicity and human toxicity by ingestion, while exhibiting low toxicity associated with dermal or inhalation exposure. The negative values indicate a contribution to reducing the overall environmental impact of the process.


[bookmark: _Hlk217323860]Figure 3: Toxicological impacts for the avocado waste biorefinery.
[bookmark: _Hlk217323737]3.3 Atmospheric Impacts of the Avocado Waste Biorefinery
The atmospheric impacts are subdivided into four indicators. The results for these indicators are shown in Figure 4. It is observed that the indicator with the greatest impact contribution is photochemical oxidation (PCOP), with a value of 8.97 PEI/h. 

Figure 4: Atmospheric impacts generated and outputs from the biorefinery process.
This value remains constant across the four cases, indicating that the selected system boundaries do not affect its outcome. However, it is relatively high value, which may be attributed to the presence of compounds such as alcohols, including ethanol, methanol, and glycerol, and to process stages including recirculation of ethanol, evaporation, glucose fermentation, among others.
3.4 Impacts by energy source
The results obtained are quantified in Table 3. The three types of energy sources considered were gas, oil, and coal. This evaluation was conducted based on Case 4 (Waste, Product, and Energy), which represents the most comprehensive balance within the entire study. Table 3 shows that gas is the most beneficial energy source for this case study (1.62 PEI/h). Coal generates more than twice the impact of gas, making it the least favorable option for this Ambiental evaluation. Oil represents a second alternative; however, its impact remains higher than those of the optimal energy source, which is gas. Gas is also among the most cost-effective alternatives in the energy industry.
Table 3: Environmental Impact indicators for energy sources.
	Energy source
	HTPI × 10⁻²
	HTPE × 10⁻³
	TTP × 10⁻²
	ATP × 10⁻²
	GWP × 10⁻²
	ODP × 10⁻⁷
	PCOP × 10⁻⁵
	AP
	Total

	Gas
	0,01
	0,19
	0,01
	2,42
	14,00
	5,33
	10,30
	1,46
	1,62

	Oil
	13,40
	11,00
	13,40
	31,80
	22,30
	0,00
	5,19
	5,49
	6,31

	Coal
	11,50
	1,79
	11,50
	38,90
	28,30
	29,80
	10,40
	8,77
	9,68


Conclusions
The study successfully evaluated a biorefinery process based on avocado hard waste from southern Colombia. Using the WAR software, four cases were established, of which the first case exhibited the best performance and the lowest environmental impact. The lowest Potential Environmental Impact (PEI) was 20.38 PEI/h, demonstrating good environmental performance when combined with multiproduct technology and energy integration. In addition, atmospheric indicators showed a lower contribution than toxicological indicators for this process. Finally, the use of natural gas contributed in a more environmentally friendly manner and represented the best cost–benefit option. This study is of great importance for illustrating how biological waste treatment can help mitigate environmental problems through the implementation of environmental protection models, achieving profitability levels greater than 70%.
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