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The increasing production and consumption of avocado (Persea americana Mill.) have led to the generation of large amounts of agro-industrial residues, creating the need for sustainable, safe, and economically viable valorization alternatives. In this context, biorefineries represent an attractive approach for converting avocado hard waste into value-added products; however, their implementation requires a rigorous evaluation of process safety to prevent accidents and operational risks. This study presents an inherent safety assessment of a multiproduct biorefinery based on avocado hard waste from southern Colombia, designed to produce starch and two bio-based films, using the Numerical Descriptive Inherent Safety Technique (NuDIST). Unlike traditional index-based methods, NuDIST employs numerical scoring to evaluate chemical and process-related hazards, including flammability, explosiveness, toxicity, operating temperature, pressure, and heat of reaction. Technical data were compiled from literature sources, safety data sheets, and specialized databases to support the categorization of hazards and the definition of evaluation ranges. The results yielded a total NuDIST score of 333.9, indicating a moderate but acceptable inherent safety level when compared with similar processes reported in the literature. Chemical hazards were found to dominate the overall risk profile, mainly due to the use of sulfuric acid, while operating conditions contributed less significantly to the total score. Additionally, the biorefinery achieved an overall production yield of 78%, demonstrating that the process is not only inherently safe but also technically and environmentally feasible. These findings highlight the usefulness of NuDIST as a simple, consistent, and less subjective tool for inherent safety assessment in emerging biorefinery systems and contribute to closing existing gaps in the application of inherent safety methodologies to agro-industrial waste valorization processes.
Introduction
Recent research has highlighted both the nutritional relevance of avocado (Persea americana Mill.), and the significant amounts of waste and by-products generated during its Agro-industrial processing. Avocado residues mainly consist of seeds, peels, and pulp, which are rich in valuable compounds such as polyphenols, starch, and pectin. The recovery and separation of these compounds enable the production of value-added by-products while promoting sustainable waste management and resource valorization (Gaglio et al., 2026).The use of biorefineries has been proposed as a promising opportunity in which, through the integration of biomass—specifically hard avocado waste from southern Colombia—a more sustainable approach to waste utilization can be achieved by assigning added value to each compound or component of the avocado (Alvear-Alayon et al., 2025). A safety assessment is essential to prevent accidents, economic losses, physical damage, and loss of reliability and credibility within an organization. Therefore, it is necessary to conduct an analysis that identifies and highlights the existing hazards to which workers in the industry may be exposed (Zuorro et al., 2020), (Ahmad et al., 2014) For this purpose the evaluation was conducted using the Numerical Descriptive Inherent Safety (NuDIST) technique, which allows the inherent safety of the process to be identified, and the hazards present in the process to be qualitatively assessed without the use of subjective indices. Higher scores indicate higher hazard and is not desirable compared to lower scores (Shiun lim et al., (2019).This study aims to valorize hard avocado waste through the production of three products using an integrated multiproduct biorefinery. The process enables the generation of two biofilms and starch. The overall process is evaluated using (NuDIST) method to assess its feasibility in terms of process safety through a global percentage-based safety score. Both chemical hazards, such as flammability and toxicity, and process-related hazards, including operating temperature and pressure, are considered. The resulting overall score is compared with those of similar processes reported in the literature to determine whether the proposed biorefinery falls within an acceptable safety range.
Materials and Methods
The authors developed the simulation of the hard avocado waste biorefinery using Aspen Plus® software v14, and the resulting mass and energy balances were required for the NuDIST evaluation, whose equipment flow diagram is shown in figure 1. Detailed information regarding the simulation can be found in a previous paper published by the authors (Valdez-Valdes et al., 2025). Within the diagram, the main processes for obtaining the three products can be observed. The process begins with the washing and drying of the avocado waste, which enters the system with a raw material flow rate of 27.4 kg/h. Subsequently, the process is divided into two streams: in the lower section, the second biofilm is extracted, while in the upper section, the first biofilm and starch are obtained.
[image: ]
Figure 1: Process Flow Diagram of avocado hard waste biorefinery studied.
Safety assessment via NuDIST method
First, a comprehensive review of the literature was conducted to collect the technical data sheets of all substances involved in the hard avocado waste biorefinery process. Based on this information, the evaluation was divided into two categories: NuDIST parameters for chemical safety assessment and NuDIST parameters for process safety assessment, as shown in (Table 1). Using the equations presented, the Total Chemical Safety Score (CSTS) was calculated, followed by the Total Process Safety Score (PSTS). Finally, the overall NuDIST total Score was obtained as the sum of the total chemical safety score and the total process safety score.
Each equation calculates a safety index according to the specific aspect being evaluated. For example, the process inventory index estimates the amount of chemical inventory required to operate the biorefinery.
Table 1: Parameters for the NuDIST-based safety evaluation of the avocado hard waste biorefinery.
	
	
	
	
	


	



Chemical safety parameters
	Parameter
	Equation

	
	Flammability ()
	

	
	Toxicity ()
	

	
	Explosiveness ()
	

	
	Reactivity ()
	

	
	Total Chemical Safety Score (CSTS)
	 =+ +

	
	
	

	

Process assessment parameters
	Temperature ()
	

	
	Temperature ()
	

	
	Pressure ()
	

	
	Heat of reaction ()
	

	
	Heat of reaction ()
	

	
	Process inventory index 
	

	
	Total Process Safety Score (PSTS)
	+++



For flammability equation, x corresponds to the flash point (°C) of the substances involved in the studied process. For explosivity, x represents the difference between the UEL and LEL, expressed as a percentage by volume (vol%), for each substance in the process. For toxicity, x is defined as the TLV-STEL value (ppm) of the process substances, while for reactivity, x corresponds to the NFPA reactivity rating assigned to each substance in the process. For the case of process safety, for temperature, x corresponds to the highest temperature (°C) recorded in the process. For pressure calculation, x represents the highest pressure recorded in the process (bar), while for heat of reaction, x is defined as the highest heat of reaction value (kJ/mol) recorded. Finally, for the process inventory, x corresponds to the production yield of the process, expressed as a percentage (%). Finally, the overall process score was calculated using Equation (1). This objective score was compared with similar studies reported in the literature to identify potential shortcomings and opportunities for optimization.
                                                      NuDIST Total Score =CSTS +PSTS		 (1)
Results and Discussion
The process was fed with an avocado waste stream of 27.4 kg/h, from which 1.92 kg/h of starch, 3.76 kg/h and 3.44 kg/h of the first and second biofilm, respectively, were obtained. It means that 9.12 kg/h of avocado waste was converted into by-products.
Chemical Safety total score (CSTS) 
All CSTs of the substances involved in the process for an avocado waste biorefinery were determined. Table 2 presents the results obtained for the main nine substances.
Table 2: Chemical safety score for the main substances for the avocado hard waste biorefinery.
	



CSTS
	Substance

	
	Methanol
	Oleic Acid
	Sodium metabisulphite
	Calcium Oxide
	Ethanol
	Sorbitol
	Sulfuric Acid
	L-lactide
	Water

	
	170.13
	3.88
	99.75
	5.73
	75.17
	0.34
	224.08
	9.34
	0.37

	



Figure 2. Parameters for the main hazard substance in the avocado hard waste biorefinery.
Sulfuric Acid was identified as the substance presenting the highest chemical risk. Although ethanol exhibits higher flammability than methanol, methanol has significantly wider explosivity limits. Following sulfuric Acid, methanol was identified as the second most hazardous compound in the process, with a CSTS value of 170.13. Sulfuric acid at typical concentrated strengths is a colorless, oily, and highly corrosive liquid that reacts violently with water and many organic materials, releasing large amounts of heat, and can cause severe burns, respiratory irritation, and permanent eye damage upon contact or inhalation. It is also a strong oxidizer that reacts aggressively with metals and other chemicals, posing significant hazards in storage, handling, and process operations (Dionisio et al., 2018). For this process sulfuric acid can react violently with calcium hydroxide, ethanol, and sodium metabisulfite (Aguilar-Vasquez et al., 2025). Sulfuric acid is mainly used in the hydrolysis and neutralization stages of the process to obtain the second biofilm. Lower-hazard alternatives for hydrolysis include hydrochloric or phosphoric acid, while sodium or calcium hydroxide can be used for neutralization. Greener options, such as enzymatic hydrolysis, are also available, although their cost–benefit may be limited by slower reaction rates and higher costs.
Process Safety Total Score (PSTS)
For the second part of the NuDIST evaluation, the process safety parameters were calculated, considering the maximum operating temperature, which reached 252 °C, and the maximum pressure of 10.21 bar, since higher values represent a greater potential hazard within the process. Additionally, the process involves five reactions, through which the three desired products are obtained, including hydrolysis, fermentation, neutralization, pre-polymerization, and polymerization.
Among these, the pre-polymerization reaction presents the highest risk due to its highly exothermic nature. This reaction is presented in equation (2).

                                                                                       (2)

Prepolymerization is carried out to obtain the second biofilm, and it corresponds to the reaction with the greatest heat release magnitude in the process. Using the equations presented in table 1. The results are the following:
Table 3. Scores for Process Safety Total Score (PSTS)
	Parameter
	Score

	Maximum temperature (°C)
	252.00

	Temperature (ST)
	4.85

	Maximum pressure (bar)
	10.21

	Pressure (SP)
	4.94

	Heat of reaction (kJ/mol)
	8.02

	Heat of reaction (SHR)
	0.19

	Production yield (%)
	0.78

	Process inventory (SPI)
	99.92

	PSTS
	109.89



With the total scores obtained for the chemical safety parameters and the process safety parameters, the analysis can be summarized by comparing these two values. The CSTS reached a value of 224.08, while the PSTS was 109.89, indicating that the risks associated with chemical substances are higher than the hazards related to operating conditions. The process inventory parameter yielded a value of 99.92%, which is a considerably high percentage. This result indicates that the risk should not be underestimated, as nearly 100% of the materials or operating conditions within the process have the potential to generate a hazardous event for the biorefinery.
NuDIST Total Score for the avocado waste biorefinery 
Table 4. Sum of the NuDIST chemical and process safety evaluations
	Total NuDIST score

	 Chemical Safety Total Score (CSTS)
	224.08

	 Process Safety Total Score (PSTS)
	109.89

	 Total NuDIST score
	333.97



In the literature, few studies have been found that apply the NuDIST evaluation to biorefineries. One of these was conducted by the authors (Zuorro et al., 2020), in which a Shrimp Waste Valorization biorefinery was evaluated, obtaining a total NuDIST score of 380.2 (Ahmad et al., 2014) also applied the NuDIST methodology to methyl methacrylate (MMA) manufacturing, for which a total NuDIST score of 332 was reported.

Figure 3: Comparison of NuDIST values for several processes.
The total NuDIST score obtained for the hard avocado waste biorefinery is close to the average values reported in the literature for similar industrial and biorefinery systems, which places the proposed process within a low to slight inherent risk category. This result suggests that, despite the multiproduct nature of the biorefinery and the involvement of several chemical transformations, the overall configuration does not present excessive safety concerns when evaluated from an inherent safety perspective. Furthermore, the process achieved an overall production yield of 78%, reflecting an adequate conversion of avocado waste into value-added products and indicating relatively low material losses throughout the process stages. This level of efficiency demonstrates that the incorporation of safety-oriented design principles, as reflected by the NuDIST evaluation, does not adversely affect process performance. On the contrary, the results highlight that a balanced integration of productivity and safety can be achieved, supporting the technical feasibility of the biorefinery while maintaining acceptable operational conditions and minimizing the likelihood of hazardous scenarios.
Conclusion
The inherent safety assessment conducted using the Numerical Descriptive Inherent Safety Technique (NuDIST) demonstrated its effectiveness in systematically identifying and prioritizing the main hazards associated with a multiproduct biorefinery based on avocado hard waste from southern Colombia. The overall NuDIST score of 333.97 places the evaluated process within a moderate and acceptable risk range when compared with similar industrial and biorefinery systems reported in the literature, indicating that the proposed configuration does not represent an extreme hazard to safe operation. The analysis revealed that chemical-related hazards dominate the overall safety profile of the biorefinery, with sulfuric acid identified as the most critical substance due to its high toxicity and reactivity. In contrast, process-related parameters such as operating temperature, pressure, and heat of reaction exhibited a comparatively lower influence on the total safety score, suggesting that the selected operating conditions are appropriate and do not significantly exacerbate inherent risks. Nevertheless, the high value obtained for the process inventory parameter highlights the need for careful material handling and inventory management, as a large fraction of the process stream may contribute to hazardous scenarios if not adequately controlled.
From a performance perspective, the biorefinery achieved an overall production yield of 78%, demonstrating that a high degree of waste valorization can be attained without compromising inherent process safety. This result supports the technical, environmental, and potential economic feasibility of integrating avocado hard waste into a cascade biorefinery framework. Moreover, the limited number of previous studies applying NuDIST to biorefineries underscores the relevance of this work in addressing an existing gap in the literature and in expanding the applicability of inherent safety assessment tools beyond conventional petrochemical processes. The findings emphasize the importance of incorporating inherent safety evaluations at early design stages of agro-industrial biorefineries, as they enable the identification of critical substances and operating conditions, guide safer process design decisions, and reveal opportunities for future improvement, such as the substitution of hazardous chemicals or further process optimization. Consequently, NuDIST emerges as a practical, transparent, and robust methodology for supporting safer and more sustainable biorefinery development.
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CSTS: 224,08 Sulfuric Acid

224,08	Sulfuric Acid	
Flammability(SFL, max)	Explosiveness (SEXP, max)	Toxicity (STOX,max)	Reactivity (SR,max)	74.327774340354068	0	99.75050786043596	49.999667880994096	


Shrimp Waste Valorization biorefinery 	
 Total NuDIST value	380.2	Methyl methacrylate (MMA) manufacturing	
 Total NuDIST value	332	Biorrefinery From Avocado Hard Waste  (This process)	
 Total NuDIST value	333.97	
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