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Avocado has gained popularity around the world for its flavor, texture, and nutritional benefits. In northern Colombia, native avocados (Laurus Persea L) are produced. In this region, the need has been identified for the valorization of crop residues that accumulate, causing the presence of rodents and bad odors. The deterioration of the fruit is due to the lack of good marketing strategies, better access routes, and the pests that attack the crops. Because of the above, it is possible to valorize the avocado waste produced in Montes de María by means of a thermal biorefinery to obtain oil, chlorophyll, and biochar, mainly from pulp, peel and seed, respectively. This type of biorefineries use heat systems as the main means for biomass conversion, some of which correspond to pyrolysis, gasification, and combustion to obtain products or energy. In the present study, a techno-economic resilience analysis of a thermal-based avocado biorefinery in Montes de María was carried out. According to the results, the process is resilient to changes in the cost of raw material (avocado), sales price, processing capacity and costs associated with the operation. The resilience results in an equilibrium processing capacity of 1,600 t/y, a value that is far from the installed processing capacity of 10,500 t/y, which indicates that the biorefinery will not be affected by a decrease in process capacity. Likewise, it was observed that despite the doubling of the raw material cost, the process would not have losses because its equilibrium cost is 1,100 $/y, the value used in this study is 36 $/t (avocado cost). With respect to the NVOC, the critical value is 1,885 $/t, but this value is much higher than the normalized variable operating costs, indicating that the process is prepared for possible changes. Economics of scale analysis focuses on the evaluation of the capacity of a process to adapt to changes and remain viable in the face of them.
1. Introduction
Avocado is a fruit with high nutritional value and diverse applications in the food, cosmetic, and pharmaceutical industries. With the growing consumption of avocados, there has also been an increase in the generation of waste such as seeds and peels, which are typically discarded despite their high potential for valorization (Rodriguez et al., 2022). In this context, biorefineries represent a sustainable alternative for the integral utilization of this type of biomass, transforming these residues into value-added products such as biochar, chlorophyll-rich extracts, natural oils, and biofertilizers (Martínez-Hernández et al., 2014; Sandoval et al., 2023).
Among the emerging challenges in biorefinery design is the incorporation of the concept of economics of scale analysis, which refers to the system’s ability to maintain profitability and technical feasibility under variable economic conditions, such as fluctuations in raw material prices or changes in operating costs (Herrera et al., 2022; Herrera et al., 2024). The integration of waste valorization strategies and resilience assessment contributes to the development of more robust, circular, and economically sustainable biorefineries, aligned with the principles of green engineering and the bioeconomy.

In this work, an avocado biorefinery was modeled to produce value-added products such as oil, biochar, chlorophyll, fertilizer, and defatted pulp. The simulation was carried out using Aspen Plus software, based on both literature and experimental data, and considering the specific conditions of the Montes de María region. The most suitable solution model was selected to represent the process behavior, achieving yields similar to those reported in the literature.
2. Materials and methods
2.1 Process description
Figure 1 illustrates the stage-by-stage block diagram of a thermal-based avocado (Laurus Persea L.) biorefinery. This process consists of four sections: avocado conditioning, avocado oil production, biochar production, and chlorophyll-rich extract production. Each of these stages presents a series of operations and unit processes to valorize all parts of the avocado to obtain value-added products.
[image: ]
Figure 1: Process flow diagram of a thermal-based avocado (Laurus Persea L.) biorefinery.
In this sense, in the first stage of the process, focused on the conditioning of the avocado, 10,500 t/y of avocado enter (green stream), which is discarded from the total avocado production in the Montes de María region. In this section, the avocado, together with its impurities, is washed in the presence of water (blue stream) and NaClO (purple stream), generating impurities with NaClO in solution (violet stream). Subsequently, the avocado is peeled, separating the peel from the pulp and the seed; after this, the pulping process takes place, where the pulp is separated from the seed. Then, the avocado seed and the avocado peel are washed with water; in this way, impurities and traces of avocado pulp are removed. The residual water from these washes is mixed and goes through a centrifugation process, where the residual water (light green stream) is separated from the traces of avocado pulp. These traces of avocado pulp are mixed with the pulp generated in the pulping process and represent the input of the second stage of the process (thin green stream), referring to the production of avocado oil, where a homogenization process by grinding is started to facilitate the drying of the pulp. Subsequently, the pulp is dried to reduce the humidity, generating steam (light blue stream). Then, the oil is extracted by Soxhlet extraction in the presence of a mixture of fresh hexane (fuchsia stream) and recirculated hexane. Afterward, the oil is centrifuged to separate the pulp, producing a by-product, pulp without oil (light red stream) (Ariza et al., 2011). Next, distillation is carried out to separate the oil from the hexane, a part of the latter is purged (pink stream) and the other is condensed to re-enter the oil extraction stage. After distillation, the oil is refrigerated to prevent oxidation, producing 1,000.01 t/y of avocado oil (red stream).
Now, the seed (thin green stream), previously washed, enters the third stage of the process, referring to the production of biochar, where a grinding operation begins to reduce the size of the wet avocado seed. Subsequently, a drying process is carried out to reduce the humidity present, releasing steam (blue stream). Then, the grinding operation is carried out again to reduce the particle size of the dry seed and proceed to a sieving process, where the seeds that remain on the top of the sieve mesh, which does not comply with the particle size, are recirculated to the seed grinding section after drying. Next, the pyrolysis process of the avocado seed particles is carried out by thermal degradation of the biomass in an environment with a limited oxygen supply. Then, the thermally degraded avocado seed particles are condensed, generating gases (yellow stream) and producing 504.78 t/y of biochar (red stream) (Durak and Aysu, 2014). Finally, the peel (thin green stream), previously washed, enters the fourth stage of the process, concerning the production of a chlorophyll-rich extract, where a drying operation is started to reduce the humidity present, releasing steam (light blue stream). Then, the grinding operation is carried out to reduce the particle size of the dried peel and proceed to a chlorophyll extraction process in the presence of a mixture of fresh ethanol (orange stream) and recirculated ethanol. Then, the peel is separated with traces of ethanol, producing a by-product, fertilizer (light red stream). Next, evaporation is carried out to separate the chlorophyll-rich extract from the ethanol, a part of the latter is purged (pastel orange stream) and the other is condensed to re-enter the chlorophyll extraction stage. After evaporation, 31.32 t/y of chlorophyll-rich extract are produced (red stream) (Weemaes, 1999).

2.2 Economics of scale analysis 
[bookmark: _Hlk205156575][bookmark: _Hlk205156568][bookmark: _Hlk205156586]There are several indicators used to assess the profitability of a chemical process, which can be divided into two categories: techno-economic indicators and financial indicators. Techno-economic indicators are designed to measure the overall performance and profitability of a process, considering both internal operations and external factors, such as value generation efficiency, resource utilization, and return on investment. These indicators aim to reflect the outcome and the value created from the available resources. Among the economic indicators, some account for the time value of money, while others do not. One of the most important is Gross Profit (GP), which represents the process earnings before taxes. It can be calculated with or without the inclusion of asset depreciation (Depreciated Gross Profit, DGP), using Equation 1. From an economic standpoint, the process is more attractive the higher this value is. Profit After Tax (PAT) can also be calculated, which provides a more realistic measure of the net gain from the process. It is calculated using Equation 2, where the term (itr) corresponds to the tax rate set by the government for income derived from the process. Similarly, a higher PAT value indicates a more economically attractive process.









[bookmark: _Hlk205156542][bookmark: _Hlk205156554][bookmark: _Hlk205156547][bookmark: _Hlk205156536]On the other hand, if we want to determine the Normalized Variable Operating Costs (NVOC), it is necessary to take the variable operating costs and divide them by the amount of product obtained, as shown in Equation 3. NVOC allows us to evaluate the resilience of processes in response to changes in costs. In addition, economics of scale analysis involves the use of indicators such as Net Present Value (NPV), Payback Period (PBP), and Return on Investment (ROI), as shown in Equations (4), (5), and (6), respectively. These indicators are used to assess changes in the process and the value of money over time (El-Halwagi, 2011).
3. Results and discussion
Based on the information obtained from the modeling and evaluation of the linear production chain of avocado oil, a proposal was made for the development of a product that utilizes the seed (biochar), the peel (chlorophyll-rich extract), and the generated residues. To this end, a biorefinery topology was modeled with an installed capacity of 10,500 t/year. This study assessed the economics of scale of the avocado biorefinery, considering the plant's commissioning in 2021, which allowed for an evaluation of the processes under scenarios of increased costs. Moreover, this type of analysis made it possible to determine the time required for the projects to begin generating profits.
Figure 2a shows the break-even point for the proposed topology, represented by the intersection of the lines, which does not exceed 3,000 t/year of avocado processing. This indicates that the process will not be significantly affected if processing capacity decreases, as the break-even point is well below the installed capacity of 10,500 t/year. The further the intersection point is from the installed capacity, the greater the resilience of the process.
[image: ] [image: ]
Figure 2: a) Resilience of Annual sales and Annual Operating costs of the avocado biorefinery, b) Annual income via sensitivity to changes in Raw material costs (avocado) in the biorefinery.
[bookmark: _heading=h.pogy6ao0m7wa]Figure 2b illustrates the behavior of the process in response to fluctuations in avocado price. According to the figure, the process presents a critical threshold for the topology at 1,100 USD/t. If the price of avocado were to double, the project could incur losses. However, since the avocados used in the biorefinery are discarded fruits not suitable for consumption, their price is not expected to increase significantly.
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[bookmark: _heading=h.noev75j0e0q1][bookmark: _heading=h.lfira2sa1gns][bookmark: _heading=h.ipe3ldf5rnqq][bookmark: _heading=h.vgdtq7]Figure 3: a) Net Present Value of the avocado biorefinery, b) Effect of avocado oil selling price on %ROI for the avocado biorefinery.
The biorefinery topology was analyzed considering a useful lifespan of 15 years. Within this period, a net present value (NPV) of 504.18 million USD was obtained, as shown in Figure 3a. Furthermore, it is observed that the process begins to generate profits by approximately the middle of the third year of operation (3.34 years). After this point, the initial investment can be recovered, considering the time value of money. This avocado biorefinery, aimed at the integral utilization of the fruit, is economically viable, as the benefits outweigh both the investment and the associated costs (Riveros & Leal, 2016).
The economics of scale analysis also evaluated the effect of avocado oil price (the main product) on return on investment (ROI), as shown in Figure 3b. It was found that negative returns on investment (-2.9%) begin to occur when the selling price of avocado oil is equal to or less than 3 USD/kg. For this analysis, a selling price of 15 USD/kg was considered. A directly proportional relationship is observed between the selling price and the ROI. Additionally, it can be noted that from 9 USD/kg onwards, the ROI increases at a faster rate.

    
[bookmark: _heading=h.3fg1ce0][bookmark: _heading=h.bu5a7fd62syl]Figure 4: a) Effect of ROI on NVOC normalized operating costs, b) Payback Period via sensitivity to changes in Normalized Annual Operating Costs (NVOC) in the biorefinery.
Figure 4a shows the relationship between return on investment and normalized variable operating costs (NVOC) to produce oil, biochar, chlorophyll, fertilizer, and defatted pulp. The NVOC of the process is 791.28 USD/t, with a critical value identified at 1,885 USD/t. The current NVOC is significantly below the critical threshold, indicating that the process is resilient to potential changes in operating costs. The maximum ROI for the topology is 140%, which would occur under the hypothetical condition of zero variable costs. Figure 4b illustrates the effect of operating costs (NVOC) on the payback period (PBP). When the NVOC equals the selling price of avocado oil, the gross profit before taxes becomes zero, and the PBP tends toward infinity. A stability zone for the NVOC is identified up to 1,250 USD/t; however, beyond 1,700 USD/t, the PBP begins to increase significantly.
[bookmark: _heading=h.zgtwpk3bn9e][bookmark: _heading=h.dqv3fyb3x4ur]4. Conclusions 
The economics of scale analysis conducted on the avocado biorefinery indicates that the process is not significantly affected by changes in processing capacity, as the raw material depends on the harvest, which varies throughout the year. This variability can lead to fluctuations in production levels. However, it is important to note that the price of avocado is a sensitive variable in this case; if its value were to double, it could lead to losses. Therefore, the biorefinery uses discarded, overripe fruit that is not suitable for human consumption, with the expectation that its price will not increase significantly. When compared to other avocado utilization processes, it is evident that this process is more profitable than those that only make use of the seed and/or pulp. Although the increase in equipment results in higher operational expenses, it also boosts the production of various value-added products. Specifically, five products are produced from the seed, pulp, and skin of the avocado, making it an alternative for valorizing this type of agricultural waste. The economics of scale analysis provided insight into how the process behaves in response to variations in processing capacity, raw material price, sales price, and normalized operating costs.
Nomenclature
NaClO – Sodium Hypochlorite
GP – Gross Profit
DGP – Depreciated Gross Profit
PAT – Profit After Tax
itr – Tax rate set by the government for income derived from the process
TAC – Total Annualized Cost
VOC – Variable Operating Costs
AOC – Annualized Total Operating Costs
FCH – Fixed charges
NPV – Net Present Value
AFC – Annualized Fixed Costs
n – years
I – Inflation rate
PBP Payback Period
FCI – Fixed capital investment
TCI – Total Capital Investment
ROI – Return on Investment
NVOC – Normalized Variable Operating Costs
mi Ci^v – Product of product flow rate and selling price
kg – Kilogram 
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