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Agro-industrial waste, particularly Hass avocado seeds, represents an underutilized resource with
environmental implications. This study evaluated the techno-economic feasibility of a cascade biorefinery in the
Colombian Amazon for the production of starch, biofilms, and biocontrol agents through process simulation in
Aspen Plus® and economic assessment based on mass and energy balances and cost correlations. The system
processes 255.92 t/y of seeds, generating 4.25 t/y of starch, 14.75 t/y of biofilm, and 28.00 t/y of biocontrol
agent. The total capital investment (TCl) was 360,484.74 USD, while annualized operating costs (AOC) reached
1,422,816.44 USD/y. Economic results demonstrated strong profitability, with a return on investment (ROI) of
47.67%, a net present value (NPV) of 0.75 MMUSD, and a short payback period of 1.09 years, indicating rapid
capital recovery. Financial metrics, including EBITDA, EBIT, and EBT, further support the operational
robustness and capacity for reinvestment, exceeding 270,000 USD. Overall, the proposed cascade biorefinery
presents a sustainable and economically viable strategy for agro-industrial waste valorization within a circular
bioeconomy framework.

1. Introduction

Agro-industrial residues have emerged as a major issue in modern industrialized societies, as they generate
substantial volumes of complex liquid, solid, and gaseous waste streams (Squillaci et al. 2021). Although these
residues have traditionally been regarded as serious environmental and public health concerns (Gaur et al.
2022), they are increasingly being reinterpreted as valuable and sustainable resources (Freitas et al. 2021). In
this context, the implementation of biorefinery systems aimed at converting agro-industrial waste into high-value
bioproducts supports circular bioeconomy strategies by enhancing biomass utilization efficiency (Ahmad et al.
2021). Avocado is a globally traded fruit due to its high nutritional value, with Colombia producing diverse
varieties such as ‘Hass’, ‘Lorena’, and ‘Fuerte’ thanks to its agroecological conditions (Aguilar-Vasquez et al.
2024). The Hass avocado seed (Persea americana Mill.), representing about 13% of the fruit's mass, is
commonly discarded as agricultural waste (Avhad and Marchetti 2016). This study proposes a cascade
biorefinery using these seeds to produce value-added products like biofilms, biocontrol agents, and starch, while
evaluating economic feasibility through financial indicators, following approaches by Herrera-Rodriguez et al.
(2022) and Tesfaye et al. (2021). Research addressing the economic valorization of Hass avocado residues
remains limited, although some relevant contributions exist. For instance, Davila et al. (2017) investigated the
use of avocado pulp, peel, and seed for the production of oil and phenolic compounds, reporting favorable
feasibility outcomes. Similarly, Restrepo-Serna et al. (2022) analyzed the potential of avocado peels and seeds
for producing compounds such as quercetin and catechin, highlighting their capacity to enhance profitability
within conventional processing schemes. Building on this background, the present study introduces a novel
techno-economic assessment of a non-conventional cascade biorefinery based exclusively on Hass avocado
seeds from the Colombian Amazon region, targeting the production of biofilms, biocontrol agents, and starch.
Although cascade processing strategies are not new in bioprocessing, the findings presented here indicate that
their application to Hass avocado seed valorization can represent an economically viable alternative.

Paper Received: 4 February 2026; Revised: 11 March 2026; Accepted: 4 April 2026

Please cite this article as: Garcia-Maza S., Tejada-Tovar C., Gonzalez-Delgado A.D., 2026, Techno-Economic Evaluation of a Seed-Based
Cascade Biorefinery from Hass Avocado in the Amazon Region, Chemical Engineering Transactions, 125, 265-270
DOI:10.3303/CET26125045



266

2. Materials and methods

A techno-economic assessment was conducted to determine the financial performance and key economic
indicators of a seed-based cascade biorefinery from Hass avocado in the Amazon region for 2026. Mass
balances for raw materials and products, energy consumption, and the processing capacities of the equipment
involved were obtained through a simulation performed in Aspen Plus®. The economic evaluation was carried
out using Microsoft Excel. All calculations followed the methodology proposed by Peters and Timmerhaus
(1991) and later implemented by El-Halwagi (2017b). Detailed descriptions of the equations employed can be
found in Garcia-Maza and Gonzalez-Delgado (2024). Additionally, FOB costs for equipment, utilities, raw
materials, and products were obtained from various suppliers in the international market.

2.1 Global process description

Figure 1 presents a stage block diagram of a seed-based cascade biorefinery studied in this work. 255.92 t/y of
Hass avocado seeds from the Colombian Amazon region enter the process, are conditioned, and produce 4.25
tly of starch, 14.75 tly of starch-based biofilm, and 28.00 t/y of biocontrol agent.
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Figure 1: Block diagram of a seed-based cascade biorefinery from Hass avocado in the Amazon region.

2.2 Considerations for techno-economic evaluation

To develop a seed-based cascade biorefinery from Hass avocado for the production of biofilms, a biocontrol
agent, and starch, it was essential to gather data on equipment prices, raw materials, utilities, and product
values, along with information on process revenues, labor, taxation, and land expenses for 2024. In this context,
the correlations proposed by Peters and Timmerhaus (1991) were employed to assess the economic
performance of the process. The analysis begins with the estimation of the total capital investment (TCI) or
CAPEX (Capital Expenditure), calculated through Eq. (1), where FCI (fixed capital investment) accounts for
expenditures related to equipment, infrastructure, site preparation, control systems, and auxiliary facilities, WCI
represents working capital investment, and SUC corresponds to start-up costs, including legal services,
marketing, and workforce training. Costs directly dependent on plant capacity, such as buildings, piping, and
purchased equipment (FOB), are determined using Eq. (2).

Annualized operating costs (AOC) or OPEX (Operational Expenditure) are categorized into variable costs
(VAOC), composed of raw material costs (RM) and utility costs (U), and fixed costs (FAOC), composed of direct
production costs (DPC), fixed charges (FCH), plant overhead costs (POH), and general expenses (GE), as
indicated in Eq. (3). Annualized fixed costs (AFC) are calculated using Eq. (4). The total annual operating cost
(TAC) is defined in Eq. (5), derived from the annualized fixed costs (AFC) and annualized operating costs (AOC)
(El-Halwagi 2017a). Table 1 summarizes the techno-economic parameters considered in the analysis.

TCI = FCI + WCI + SUC (1
Capacityg\®” (2)
FOBz = FOB, (u)
Capacity,
AOC = RM + U + DPC 4 FCH + POH + GE (3)
FCI, — FCI
AFC = # (4)

TAC = AFC + AOC (5)
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Table 1: Techno-economic considerations for a seed-based cascade biorefinery from Hass avocado in the
Amazon region.

Item Value
Processing capacity, Hass avocado seed (t/year) 255.92
Hass avocado seed cost (USD/t) 22.00
Product flow, starch (t/year) 4.25
Product flow, bioflim (t/year) 14.75
Product flow, biocontrol agent (t/year) 28.00
Starch price (USD/t) 1000.00
Biofilm price (USD/t) 958.33
Biocontrol agent price (USD/t) 60,000.00
Utilities (USD/t of Hass avocado seed) 44.33
Biorefinery FOB price (USD) 31,391.06
Plant life (years) 15
Salvage value 10 % of depreciable FCI
Construction time (year) 2
Operating time (h/year) 8640
Operational units 4
Location Colombian Amazon region
Tax rate in 2026 35 %
Discount rate in 2026 9.79 %

2.3 Economic indicators of the techno-economic evaluation

Ten economic indicators were determined, including the gross profit with depreciation (DGP), calculated
according to Eq. (6), and the plant profit after taxes (PAT), obtained from Eq. (7). The ratio between process
revenues and capital cost (CCF) was further assessed using Eq. (8). The payback period (PBP) was estimated
through Eq. (9), while the depreciable investment payback period (DPBP) was evaluated using a cumulative
approach across two-time intervals, as indicated in Eq. (10) and Eq. (11).

Project profitability was analyzed using the return on investment (ROI), as defined in Eq. (12), whereas the net
present value (NPV), presented in Eq. (13), accounts for the cumulative profits over the plant’s operational
lifetime. The first economic potential (EP1) corresponds to the difference between sales revenue and raw
material costs, as described in Eq. (14). The second economic potential (EP2) is calculated by deducting utility
costs (U) from EP1, following Eq. (15). Finally, the third economic potential (EP3) is determined by subtracting
the annualized operating costs from the total sales revenue, as expressed in Eq. (16) (El-Halwagi 2017b).

DGP = Z mCY — TAC 6)
i
PAT = DGP(1 — itr) (7)
cop - ZimiCt — Aoc (8)
TCI

FcI 9)
PBP = ——

PAT
DPBP = year before discounted non FCI expenses + (10)
( discounted non FCI expenses — Cummulative NPV before discounted non FCI expenses )

Cummulative NPV after discounted non FCI expenses — Cummulative NPV before discounted non FCI expenses

wcl (11)

Discounted non FCI expenses = —Land cost — W

- —_— 0,

NPV = ZAFCn aA+H™
n
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EP1 zzmiciv_zijjRM (14)
i Jj

EP, = Zmicg’ - ijC]-RM -u (15)
i 7

EP; = Z m;CY — AOC (16)
i

2.4 Financial indicators of the techno-economic evaluation

Ultimately, three financial metrics were applied to assess the process’s operational performance, with a focus
on profitability prior to accounting for taxes, interest, and depreciation. Earnings before interest and taxes (EBIT)
reflects the operating profit of a chemical process and is determined according to Eq. (17). Earnings before
taxes (EBT) represents profit before tax liabilities and is calculated using Eq. (18). Earnings before interest,
taxes, depreciation, and amortization (EBITDA) serves as an indicator of the company’s operating cash flow
and is obtained through Eq. (19) (El-Halwagi 2017c).

EBIT = zmicg’ —4A0C (17)
7

EBT = EBIT — interest/rent (18)

EBITDA = EBIT + AFC (19)

3. Results and discussion
3.1 Techno-economic evaluation analysis

Table 2 presents the results of the techno-economic evaluation associated with CAPEX (Capital Expenditure)
for the seed-based cascade biorefinery from Hass avocado, including both direct and indirect fixed capital
investments (DFCI and IFCI). Furthermore, the fixed capital investment (FCI), working capital (WCI), start-up
costs (SUC), total capital investment (TCl), salvage value of the FCI, and annualized fixed costs (AFC) are also
presented.

Table 2: CAPEX for the seed-based cascade biorefinery from Hass avocado in the Amazon region.

Capital costs Total
DFCI (USD) 105,850.65
IFCI (USD) 83,878.16
Fixed capital investment (FCI; USD) 189,728.81
Working capital (WCI; USD) 151,783.05
Start-up (SUC; USD) 18,972.88
Total capital investment (TCI; USD) 360,484.74
Salvage value FCI (USD) 18,746.87
Annualized fixed costs (AFC; USD/year) 11,398.80

According to the data shown in Table 2, the seed-based cascade biorefinery from Hass avocado in 2026
required a total capital investment (TCI) of USD 360,484.74. In comparison, Herrera-Rodriguez et al. (2022)
reported a TCIl more than ten times higher for the production of Creole avocado oil (Laurus Persea L). Similarly,
Tesfaye et al. (2021) estimated a fixed capital investment (FCI) of USD 804,885 per year for a process focused
solely on starch production from Hass avocado seeds. In another study, Davila et al. (2017) reported FCI values
ranging from 20 to 30 times higher for a cascade biorefinery converting Hass avocado seeds into phenolic
extracts, ethanol, xylitol, and oil. These comparisons indicate that the investment obtained in this study is
relatively favorable. Table 3 outlines the contribution of each parameter to the annualized operating costs
(AOC), also known as OPEX (Operational Expenditure), for the Hass avocado seed-based cascade biorefinery.
Raw material (RM) and utility (U) costs are included within the variable annualized operating costs (VAOC).
Meanwhile, fixed charges (FCH), direct production costs (DPC), plant overhead (POH), and general expenses
(GE) are included within the fixed annualized operating costs (FAOC).
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Table 3: OPEX for the seed-based cascade biorefinery from Hass avocado in the Amazon region.

Operating costs Total (USD/year)
Raw materials (RM) 328,205.00
Utilities (U) 11,343.91
Variable Annualized Operating Cost (VAOC) 339,548.90
Fixed charges (FCH) 11,194.00
Direct production cost (DPC) 582,140.03
Plant overhead (POH) 273,280.00
General expenses (GE) 216,653.51
Fixed Annualized Operating Cost (FAOC) 1,083,267.53
Annualized Operating Costs (AOC) 1,422,816.44

According to the data summarized in Table 3, the seed-based cascade biorefinery from Hass avocado in 2026
reached an annual AOC of USD 1,422,816.44. In comparison, the studies by Restrepo-Serna et al. (2022),
Davila et al. (2017), and Tesfaye et al. (2021) reported costs equivalent to approximately 16—20 times the DPC
estimated in this work (USD 582,140.03 per year), more than 100 times that DPC, and roughly 0.7 times the
same DPC, respectively. These differences are mainly explained by variations in process scale, which make
the results of the first two studies considerably higher than those obtained here. Conversely, the lower value
reported by Tesfaye et al. is attributed to the fact that their process focuses exclusively on starch production
from Hass avocado seed. Overall, these findings suggest that the integrated production of biofilms, biocontrol
agents, and starch from avocado seeds can be economically appealing.

3.2 Economic indicators analysis

Table 4 shows the calculated economic performance indicators for the seed-based cascade biorefinery from
Hass in 2026. The results show that DGP and PAT exceed 50 MUSD, reflecting strong economic performance,
while a CCF below 1 year™ confirms project attractiveness. The PBP (1.09 years) and DPBP (4.24 years)
indicate fast capital recovery, both below typical thresholds. Profitability is further supported by an ROI above
40 %. However, the NPV of 0.75 MMUSD suggests opportunities for economic improvement. In contrast, EP1,
EP2, and EP3 are significantly high, exceeding 1.35, 1.30, and 0.25 MMUSD, respectively. The PBP is among
the lowest compared to Herrera-Rodriguez et al. (2022) and Restrepo-Serna et al. (2022), who documented
values of 1.11 and 1.17 years, respectively. Although Restrepo-Serna et al. (2022) reported a higher ROI (54.9
%), Tesfaye et al. (2021) reported similar outcomes in PAT for starch production from the same raw material.

Table 4: Economic indicators for the seed-based cascade biorefinery from Hass avocado in the Amazon
region.

Indicator Total
Gross profit (depreciation included) (DGP; USD) 264,384.32
Profitability after tax (PAT; USD) 171,849.81
Cumulative cash flow (CCF; year™) 0.77
Depreciable payback period (DPBP; years) 4.24
Return on investment (ROI; %) 47.67
Net present value (NPV; MMUSD) 0.75
Economic potential 1 (EP1; USD/year) 1,370,394.56
Economic potential 2 (EP2; USD/year) 1,359,050.65
Economic potential 3 (EP3; USD/year) 275,783.12

3.3 Financial indicators analysis
Table 5 summarizes the financial performance indicators estimated for the seed-based cascade biorefinery from
Hass avocado in 2026.

Table 5: Financial indicators for the seed-based cascade biorefinery from Hass avocado in the Amazon
region.

Indicator Total
Earnings before taxes (EBT; USD) 275,783.12
Earnings before interest and taxes (EBIT; USD) 272,178.27

Earnings before interest, taxes, depreciation, and amortization (EBITDA; USD) 287,181.91
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The analysis shows that EBT, EBIT, and EBITDA each exceed 270 MUSD, reflecting strong positive outcomes.
These figures suggest that the proposed cascade biorefinery would be capable of sustaining its operations
financially, while also generating sufficient surplus to support process enhancements, fund research and
development activities, or service outstanding debt.

4. Conclusions

Agro-industrial waste, particularly Hass avocado seeds, poses environmental challenges while remaining largely
underutilized. This study aimed to assess the techno-economic feasibility of a cascade biorefinery in the
Colombian Amazon for producing starch, biofilms, and biocontrol agents. The results revealed low capital
investment, competitive operating costs, high profitability, rapid payback, and strong financial performance.
These findings demonstrate that transforming avocado seed waste into high-value products is not only
economically viable but also a compelling pathway toward sustainable industrial development.
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