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RESUMEN: La agroindustria ecuatoriana genera subproductos asociados a las
cadenas de banano, cacao, arroz, caina de azlicar, maiz, citricos y camarén, muchos de
los cuales se descartan sin aprovechamiento. Estos materiales contienen fibras,
carbohidratos, proteinas, compuestos fendlicos, pectinas, polisacaridos y quitina
susceptibles de transformacion mediante rutas biotecnolégicas. Se desarrollé una
investigacion documental, no experimental, de alcance descriptivo-comparativo,
orientada a analizar su potencial para obtener bioinsumos y bioproductos. La
busqueda reproducida en Scopus para 2022-2026 recuperdé 459 resultados en la
interfaz y 455 registros unicos en el archivo exportado; el corpus final integré 45
fuentes cientificas seleccionadas por pertinencia y trazabilidad. La informacidn se
organizé en una matriz de decision con cinco criterios: disponibilidad del residuo,
potencial biotecnoldgico, diversidad de productos, aplicabilidad productiva y aporte
ambiental. Los residuos se agruparon en materiales lignocelulésicos, subproductos
con contenido funcional relevante y residuos acuicolas orientables hacia
biopolimeros. Banano y cacao alcanzaron la mayor prioridad; cafia de azucar,
camaron, citricos y arroz también se clasificaron como de prioridad alta, mientras que
maiz obtuvo prioridad media. Se concluye que los residuos agroindustriales
ecuatorianos presentan un potencial de valorizacion diferenciado; dentro del alcance
documental y de la matriz empleada, banano y cacao constituyen las alternativas
iniciales mas favorables, aunque su implementacion debe confirmarse mediante
caracterizacion local y evaluaciones técnicas, econdmicas y ambientales.
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ABSTRACT: Ecuadorian agroindustry generates by-products from banana, cocoa,
rice, sugarcane, maize, citrus and shrimp chains, many of which are discarded without
recovery. These materials contain fibers, carbohydrates, proteins, phenolic
compounds, pectins, polysaccharides and chitin that can be transformed through
biotechnological routes. A non-experimental documentary study with a descriptive-
comparative scope was conducted to analyze their potential for producing bioinputs
and bioproducts. The reproducible Scopus search for 2022-2026 retrieved 459 results
in the interface and 455 unique records in the exported file; the final corpus comprised
45 scientific sources selected for relevance and traceability. The information was
organized in a decision matrix using five criteria: residue availability, biotechnological
potential, product diversity, productive applicability and environmental contribution.
Residues were grouped into lignocellulosic materials, by-products with relevant
functional content and aquaculture residues suitable for biopolymer production.
Banana and cocoa achieved the highest priority; sugarcane, shrimp, citrus and rice
were also classified as high priority, whereas maize obtained medium priority. It is
concluded that Ecuadorian agroindustrial residues have differentiated valorization
potential; within the documentary scope and the matrix applied, banana and cocoa
are the most favorable initial alternatives, although their implementation requires
local characterization and specific technical, economic and environmental
assessments.

Keywords: Industrial biotechnology, residual biomass, circular economy,
fermentation, biofertilizers, productive sustainability

INTRODUCTION

Dentro de la estructura productiva del Ecuador, la agroindustria vinculada al banano,
cacao, arroz, cana de azucar, maiz, citricos y camardn genera, ademas de sus productos
comerciales, una cantidad significativa de subproductos que no ingresan a ningun canal
de aprovechamiento posterior. Cascaras, bagazos, cascarillas, pseudotallos, raquis,
pulpas, mucilagos y exoesqueletos quedan fuera del producto final en cada ciclo
productivo. Aunque su manejo habitual los sitla como material de descarte, analisis
fisicoquimicos de estos subproductos revelan la presencia de fibras, carbohidratos,
proteinas, compuestos fendlicos, pectinas y polisacaridos cuya utilidad en procesos
agricolas e industriales ha sido confirmada en distintos estudios (1,2).

When a recovery mechanism is not established, this biomass can affect soils and water
sources or be lost without its components having a subsequent use.. The linear scheme
of extraction, processing and disposal of waste maintains environmental pressures in
productive areas. This problem has been described in international and regional
literature on agroindustrial waste and its transformation into resources (2—4).

The proportion and characteristics of the waste vary depending on the production chain,
the fraction of the material processed and the technological level used. In Ecuador, rice
husks, sugarcane bagasse, cocoa shells and other biomasses have been studied;
However, these works usually analyze a residue or a route in isolation, which makes a
joint comparison difficult(1-3,5,6).
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Among the documented alternatives to modify this situation, applied biotechnology has
gained relevance because it allows, through controlled biological processes, to convert
waste materials into products with a specific application. Routes such as solid state
fermentation, submerged fermentation, enzymatic hydrolysis, anaerobic digestion and
microbial bioconversion have shown the capacity to generate biofertilizers,
biopesticides, enzymes, biopolymers, bioethanol, biogas and antioxidant compounds
from different types of biomass. The choice of one or another route does not only
respond to the type of waste available, but is also conditioned by its physicochemical
stability, the regularity with which it can be obtained and the intended use for the final
product (7-10).

Waste does not behave in the same way when it comes to its use, since its response
depends on the composition of each waste. Materials such as bagasse, husk, straw and
pseudostems, of a lignocellulosic nature, can be used as fermentation substrates or as a
source for energy generation (4,11,12). However, using them directly is inefficient due
to the recalcitrance that characterizes the lignocellulosic matrix. Within these materials,
cellulose is arranged in microfibrils whose crystalline areas are held together by a
network of hydrogen bonds, and all of this is embedded in a matrix formed by
hemicellulose and lignin. This structural organization decreases the porosity of the
material and makes it difficult for microorganisms and hydrolytic enzymes to reach the
glycosidic bonds. Added to this is that lignin operates as a physical barrier and can cause
enzymes to adsorb in a non-productive way. For these reasons, these biomasses usually
require physical, chemical or biological pretreatments and subsequent hydrolysis, so
that their carbohydrates can be efficiently transformed into fermentable sugars (1,4,11-
13).

Cocoa and citrus peels present a different profile: they highlight the presence of
bioactive compounds, pectins and antioxidant fractions with possible pharmacological
and agri-food applications. In the case of cocoa mucilage, its soluble portion is composed
mainly of glucose, fructose and sucrose, low molecular weight molecules that yeasts and
bacteria can assimilate without extensive depolymerization. This availability facilitates
fermentation, although the high water content, rapid microbiological deterioration and
composition variability can complicate storage and standardization of the process
(14,15).

The waste from the shrimp industry offers a different panorama. The chitin, proteins
and minerals present in them allow us to obtain chitosan, protein hydrolysates and
biomaterials useful in agriculture, food and water treatment. Chitin is a linear
polysaccharide of N-acetyl-D-glucosamine with B-(1->4) bonds, high crystallinity and low
solubility. In the exoskeleton it is associated with proteins and calcium carbonate, so its
recovery requires demineralization and deproteinization; Deacetylation is subsequently
applied to obtain chitosan or hydrolysis to generate oligomers and amino sugars. These
procedures consume reagents and energy and can generate effluents that must be
treated (16—19). Thus, while mucilage can be used as a fermentation substrate with less
conditioning, shrimp residue requires separation and structural modification.

Ecuador presents favorable conditions because several chains generate byproducts for
a good part of the year and some waste is concentrated in packing plants, mills, pilers

® www.ecuacientifica.com €) publicaciones@ecuacientifica.com @@ +593 979 119 620 ‘l



T —ft

Ecuacientifica ISSN: DO
‘ V 4 3091-1796 https://doi.org/10.56519/r001gm43
Vol. 4 No. 10 PP. 127-145 Agosto 2026

or processing plants. However, operational availability is not uniform: it depends on
seasonality, humidity, territorial dispersion and storage capacity. Banana and cocoa
offer a relatively regular generation, while corn and citrus present more marked
variations that must be incorporated into the sizing of the processes (5,20-23).

The problem persists at another level. The information available on the use of these
wastes appears distributed in research that addresses specific materials or processes,
without there yet being a synthesis that allows linking the type of biomass with the
applicable technology and the product that can be obtained. For those who make
decisions in the productive sector or design lines of research, this dispersion represents
a specific obstacle when establishing priorities.

Starting from this gap, this work maintains that agroindustrial waste from Ecuador
presents a potential for biotechnological valorization differentiated according to its
composition and the technologies available for each type of biomass. For this purpose,
the available scientific literature on transformation processes applicable to different
types of residual biomass was reviewed and a comparative tool was built that allows
each waste to be related to its processing route and the products that can be obtained
from it. The results seek to support the identification of priority alternatives, guide
future lines of research and provide concrete elements for the design of circular
economy strategies within the Ecuadorian agroindustry.

MATERIALS AND METHODS

A descriptive and comparative documentary review was carried out to identify
biotechnological recovery routes applicable to banana, cocoa, rice, sugar cane, corn,
citrus and shrimp waste. These chains were selected for their productive relevance,
recurrent generation of byproducts and availability of scientific evidence on their
transformation (3,5,7,16,21,22,24-30).

The literature search was updated and reproduced in Scopus on July 14, 2026. The
following equation was run on the title, abstract, and keyword fields:

TITLE-ABS-KEY(("agro-industrial waste*" OR "agroindustrial residue*" OR "agricultural
by-product*" OR "residual biomass") AND (banana OR cocoa OR cocoa OR rice OR
sugarcane OR maize OR corn OR citrus OR shrimp) AND ("biotechnological valorization"
OR bioconversion OR fermentation OR "enzymatic hydrolysis" OR biofertilizer* OR
biopolymer* OR chitosan OR pectin OR bioethanol OR biogas)) AND PUBYEAR > 2021
AND PUBYEAR < 2027 AND (LIMIT-TO(DOCTYPE,"ar") OR LIMIT-TO(DOCTYPE,"re")) AND
(LIMIT-TO(LANGUAGE, "English") OR LIMIT-TO(LANGUAGE, "Spanish"))

The search was limited to the period 2022-2026, to original articles and reviews
published in scientific journals, in their final state and written in English or Spanish. With
these parameters, 459 records were recovered.

The query returned 459 results in the Scopus interface. The exported CSV contained 455
unique titles; 454 had DOI and EID, and one lacked both identifiers. Comparison by DOI,
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EID, and title showed no duplicates. Documents without directly extractable information
on composition, process, product, performance or application, as well as thematically
redundant ones, were excluded from the synthesis.

The comparison between the export and the bibliography identified 16 publications in
the final corpus from the reproduced search. 29 sources were added from previous
searches and retrospective tracing to cover Ecuadorian context, multi-criteria analysis
and experimental performances. The final corpus brought together 45 unique sources,
organized by residue, composition, process, product, performance and application (1,7).

Traceability was verified using the source consistency index (SCl), defined as:

Dk+Tk+Fk+Rk+Ek 1)

ICF, = :

In the equation, Dy indicated the presence of DOI or persistent identifier; Ty, the
fulfillment of the time interval; Fy, the final publication in a scientific journal; R, the
direct relationship with the object studied; and Ex, the availability of extractable
information. Each component received 0 or 1 and ICF, > 0.80 was required. Forty-one
sources reached 1.00; The references (21.31-33) obtained 0.80 for being before 2022,
but were retained for their quantitative balances. The ICF evaluated documentary
traceability, not risk of bias.

The decision matrix included five criteria: availability, biotechnological potential,
product diversity, productive applicability and environmental contribution, taking as
reference multi-criteria approaches applied to agricultural waste (34,35). The s;; scores
were assigned on an ordinal scale from 1 to 3 according to Table 1. In the event of
insufficient or contradictory evidence, the lower level was adopted.

Table 1. Criteria and operational rules used for the decision matrix.

Criterion 1=Low 2 = Medium 3 = High

. . . Continuous or high-scale
Limited, localized or Seasonal or regional

Availability . . . generation, supported by
irregular generation generation .
documentation
Three or more
Biotechnological A preliminary Two routes or mainly differentiated routes,
potential exploitation route laboratory evidence supported by at least two
sources
Product . Two or three product Four or more product
. . One product family - 1
diversity families families
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Criterion 1=Llow 2 = Medium 3 = High

. . Documented application
Application in  two PP

Productive One conceptual in three or more sectors
applicabilit application sectors or  laboratory or ilot/productive
PP Y PP validation . P P
evidence
. . Two or more benefits
Environmental A documented benefit

supported by at least two
sources

Unproven benefit

contribution or qualitative evidence

Source: Own elaboration based on multi-criteria and environmental approaches (34,35).

For diversity, bioethanol, biogas and bioenergy were counted as a family; chitin,
chitosan and derived biomaterials were grouped as biopolymers, avoiding duplicating
products from the same route.

The scores were normalized in the range of 0 to 1 using the expression:

Sij—l 2)

No Delphi queries were performed nor were statistical methods applied to estimate the
relative importance of the criteria. Because there was not enough empirical evidence to
establish a hierarchy between them, the uniform weighting vector was adopted:

w = (0,20; 0,20; 0,20; 0,20; 0,20) 3)

The priority index of each residue was calculated by:

5
2 : 4)
Pi = . szij
j=1

High priority was established when P; > 0.70, equivalent to an original score of 12 to 15;
medium priority when 0.30 < P; < 0.70, equivalent to 8-11 points; and low priority when
P: < 0.30, equivalent to 7 points or less.

Stability was examined with 10,000 iterations and seed 20260714. Weights were
generated uniformly between 0.16 and 0.24 and renormalized to sum to 1. The
procedure was run in Python 3.12.13 with NumPy 2.3.5.

Finally, a comparative matrix was prepared that related each biomass to its
transformation route, product and application. The priority was established based on
documented availability, biotechnological potential, applicability and environmental
contribution, within a circular economy perspective (1,7,34,35).

® www.ecuacientifica.com €) publicaciones@ecuacientifica.com @@ +593 979 119 620 ‘|



Ecuacientifica ISSN: DO
‘ V 4 3091-1796 https://doi.org/10.56519/r001gm43
Vol. 4 No. 10 PP. 127-145 Agosto 2026

RESULTS

The agro-industrial waste analyzed does not follow the same pattern compared to the
available biotechnological recovery routes. What determines the potential of each
material is its composition, the regularity with which it is generated within the production
chain and the quantity of products that can be derived from it. Based on this logic, the
reviewed waste was grouped into three categories: lignocellulosic materials, waste with
relevant functional content and by-products of aquaculture origin that can be directed
towards biopolymers.

Within the first group were cane bagasse, rice husks and straw, banana pseudostems and
rachis, and corn residues. They all share a matrix based on cellulose, hemicellulose and
lignin, suitable for fermentation, hydrolysis, anaerobic digestion and production of
biodegradable materials. Their abundance and low cost are advantages, but they typically
require pretreatments to release fermentable sugars and improve enzymatic or microbial
action (1,4,7,11-13,30).

Cocoa and citrus residues made up the second group. Its peels, mucilage and albedos
contain pectins, phenolic compounds, fermentable sugars and antioxidant fractions that
allow obtaining functional ingredients and agri-food products (14,15,24,25,36,37). In
Ecuador, cocoa shell and mucilage deserve attention due to their availability in producing
areas and due to the evidence on fermentation and circular bioeconomy (14,22,38).

The third group corresponded to shrimp waste. Chitin, proteins and minerals guide them
towards chitosan, protein hydrolysates and biomaterials. The processes of
demineralization, deproteinization, and deacetylation differ from the energetic
fermentation of lignocellulosic materials, and their products have applications in
agriculture, food, and water treatment (16—-19).

Table 2. Biotechnological routes identified for Ecuadorian agroindustrial waste.

Biotechnological

String Residue Composition route Product Application
productive main predominant . expected end
possible
. . Biofertilizers, .
Fiber, Fermentation, . Agriculture,
. bioethanol,
Pseudostem, cellulose, hydrolysis and . . energy and
Banana . . . biogas, fibers .
rachis and peel hemicellulose anaerobic and biodegradable
and sugars digestion . . materials
biomaterials
. . Fermentation, Antioxidants,
Fiber, phenolic . L. 0
extraction of bio-inputs, Agribusiness,
Shell and compounds, . .
Cocoa . functional pectin and food and
mucilage sugars and .
. compounds and fermented agriculture
pectins . .
bioconversion products
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Bi hnological
String Residue Composition loteior;:)eoglca Product Application
productive main predominant . expected end
possible
Pretreatment, .
. Bioenergy,
fermentation, .
. . biochar, Energy,
. Lignocellulose, anaerobic .
Rice Husk and straw > . . . adsorbent environment
silica and fiber digestion and . .
. . materials and  and agriculture
thermobiological
. substrates
conversion
Lignocellulose, Hydrolysis, Bioethanol, Ener
Bagasse and  residual sugars fermentation and enzymes, . &Y,
Sugar cane . . . - agriculture and
cachaca and organic enriched biofertilizers industr
matter composting and energy ¥
| Bioethanol
Stubble, Lignocellulose Saccharification, |oet. anc?, Energy,
stubble and . . organic acids .
Corn . and residual fermentation and agriculture and
processing starches compostin and bioprocesses
waste & biofertilizers
Pec-tln, . . Pectin, Food,
essential oils, Extraction, L .
. Peel and . . antioxidants, agribusiness
Citrus fiber and fermentation and S
albedo henolic hvdrolvsis essential oils and
P yaroly and bioethanol bioproducts
compounds
. - Chitin, chitosan,
Exoskeletons, Demineralization, . .
- . . protein Agriculture,
. heads and Chitin, proteins  deproteinization,
Shrimp . . . hydrolysates  food and water
processing and minerals  deacetylation and
. . and treatment
remains hydrolysis

biomaterials

Source: Own elaboration based on bibliographic review (12-18,21-30,36-43).

Table 2 confirms that there is no single valuation path. Banana, cane, rice and corn
converge in lignocellulosic use; cocoa and citrus allow the recovery of functional
compounds and pectins; and shrimp is oriented towards biopolymers. This
differentiation forces each biomass to be related to the process it can sustain according
to its composition (4,11-18,22,24,25,27-30,36—-38).

To complement this qualitative comparison, a theoretical-documentary mass balance
per ton of waste was constructed. In the lignocellulosic routes, the theoretical mass of
ethanol was estimated by the expression:

MELOH, tedrico — M(0'568f(: + 0'581fH) 5)

where M represents the dry mass of the residue and fC and fH correspond to the mass
fractions of cellulose and hemicellulose. The coefficients 0.568 and 0.581 are obtained
by considering the stoichiometric hydration of glucan to glucose (180/162) and of xylan
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to xylose (150/132), followed by the theoretical yield of 0.511 kg of ethanol per kilogram
of monosaccharide. The effective yield was expressed as:

MEtOH,efectivo — MEtOH,tesrico X Np X Np X Nf 6)

where np, nh and nf represent the efficiencies of pretreatment, hydrolysis and
fermentation. To convert the mass of ethanol to volume, a density of 0.789 kg L™ was
used. In cocoa mucilage, the conversion of directly fermentable sugars was considered.
For pectin and chitosan, the following was applied:

mproducto =M X Yextraccién 7)

The equations were used as a theoretical reference; The values in Table 3 correspond to
performances documented in the original sources (14,19,20,30-33,44,45).

Because the publications did not provide equivalent time profiles for all seven chains, it
was not possible to calculate a common kinetic constant. When the studies reported the
final concentration and processing time, an average productivity was calculated using:

Cp 8)

In the other cases, the overall yield per unit of residue was maintained, without
assuming kinetic behaviors that had not been demonstrated experimentally.

Table 3. Mass balances and documentary yields by agroindustrial chain.

Chain Base of the Condition Performance Equivalent Main
balance processing documented per ton limitation
The high
112 L of humidity of the
. i fresh
Simultaneous ethanol t™;
saccharification approximate pseudostem
1t of dried . . 112 L or 88.4 kg of increases the
Banana and fermentation specific
pseudostem . . ethanol mass
for approximately productivity of transported and
72 h 1.56 Lt h™" P
(20) the energy
required for
stabilization.
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Chain Base of the Condition Performance Equivalent Main
balance processing documented per ton limitation
The
A .
1t of fresh Fermentation 7191gl concentration
. . ethanol; . of sugars
mucilage; with Approximately .
. average changes with
Cocoa approximate Saccharomyces It 719kgor9lLof .
. . -~ productivity of the variety,
density of 1 kg cerevisiae at 25 °C A ethanol .
» 0.75gL'h maturity and
L for96 h
(14) post-harvest
handling.
. 214
Combined mg_1 The presence of
ethanol g . L
pretreatment, . 214 kg or silica and lignin
. . biomass and . .
Rice 1tdrystraw enzymatic . . approximately 271  determines the
. bioconversion .
hydrolysis and efficiency of L of ethanol efficiency of the
fermentation 72.5 % (33) pretreatment.
The balance
191.96 kg of
Acid 9et|‘?:nogl'o depends on the
Sugar 1t of dried pretreatment, entose’ recovery and
& hydrolysis and P . 243.3 L ethanol co-
cane bagasse . fermentation .
fermentation of | fermentation of
yield of 86.11%
C5 and C6 sugars (44) hexoses and
pentoses.
480 Lt
theoretical The yield
i ; 24 h ith
maxm_11um, 0 Between 45 and C anges.W|t
Pretreatment, Lt'asa the cultivar,
1tofdry . 240 L compared to L
Corn saccharification process . humidity,
stubble . . a theoretical
and fermentation  estimate and maximum of 480 L harvest and
45Lt7"inan hydrolysis
experimental efficiency.
study (31,45)
The yield
0 .

. 1tof Acid extraction at ,21'636 pectin depem.:ls on
Citrus ulverized dr 80 °C. oH 2. for 90 in orange peel Between 216 and species,
fruits P cel ¥ ! pmin’ and 32.53%in 325 kg of pectin maturity,

P lime peel (32) drying, acid and
extraction time.
Demineralization, The species,
1t of dried hit 139.6 k d
Shrimp ordne deacetylation; chitosan g perdry and degree of

exoskeleton

relative to the ton

approximately 52 dry shell (19)

h of chemical
contact

deacetylation
affect the
performance.
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Source: Own elaboration based on experimental results and documentary balances (14,19,20,31—
33,44,45).

The balance sheets show that a high stoichiometric potential does not ensure an
equivalent effective performance. In lignocellulosics, losses during pretreatment,
hydrolysis and fermentation explain the distance between the theoretical maximum and
the recovered product. 112 L of ethanol per dry ton of banana pseudostem, 243.3 L t™
of sugarcane bagasse and approximately 271 L t™' of rice straw were documented
(20,33,44).

The difference was greater for corn: compared to a theoretical maximum of 480 Lt~ of
dry stubble, the process estimates and the revised experimental result were 240 and 45
L t7, respectively (31.45). For other chains, cocoa mucilage produced 71.91 g L™ of
ethanol after 96 h; dried citrus peel allowed recovery of 216-325 kg of pectin per ton;
and the dry shrimp exoskeleton reached 139.6 kg t™" of chitosan (14,19,32).

To organize this information and establish priorities, the decision matrix defined in the
methodology was applied, evaluating five criteria per residue: availability,
biotechnological potential, product diversity, productive applicability and
environmental contribution. The normalized results are shown in Tables 4a and 4b.

Table 4a. Scoring of the criteria for prioritizing Ecuadorian agroindustrial waste.

Di .

Residue Available Potential versity Applicability Contribution Score

agroindustrial bility biotechnological productive environmental total

products
Banana waste 3 3 3 3 3 15
Cocoa waste 3 3 3 3 3 15
Sugar cane 3 3 ) 3 3 14
waste

Shrimp waste 3 3 2 3 3 14
Citrus waste 2 3 3 3 3 14
Waste rice 3 2 2 3 3 13
Corn waste 2 2 2 2 2 10
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Source: Own elaboration. Scores were assigned using the operating rules in Table 1.

Table 4b. Normalized index, priority and backup sources per residue.

Agroindustrial waste Pi Index Priority Supporting Sources
Banana Residues 1,00 High (20,21,23,39,40)
Cocoa Residues 1,00 High (14,15,22,24)

Sugarcane Residues 0,90 High (12,13,26,41,44)
Shrimp Residues 0,90 High (16-19)
Citrus residues 0,90 High (25,32,36-38)
Rice residues 0,80 High (27,33,42,43)
Corn residues 0,50 Medium (28-31,43,45)

Source: Own elaboration from the sources indicated for each chain

Banana and cocoa topped the classification with 15 points and Pi = 1.00. Sugar cane,
shrimp and citrus reached 14 points and Pi = 0.90; rice obtained 13 points and Pi = 0.80;
and corn was located in medium priority with 10 points and Pi = 0.50. The scores do not
represent national experimental measurements, but rather an ordinal synthesis of the
evidence cited in the last column of Table 4b.

The sensitivity analysis maintained the priority category of the seven residues in 100%
of the 10,000 iterations. Banana and cocoa remained at Pi = 1.00; cane and shrimp varied
between 0.868 and 0.926; citrus, between 0.871 and 0.926; rice, between 0.756 and
0.841; and corn remained at Pi = 0.50. Therefore, the classification was stable against
small variations in the weights, although this robustness does not replace technical and
economic validation.

Yearly availability is not equivalent to a consistent monthly offer. Corn and citrus have
greater seasonality and dispersion; On the other hand, bagasse, rice husks and shrimp
exoskeletons are usually concentrated in processing facilities. Humidity, low bulk
density, collection distance, and the need for stabilization can reduce the viability of a
technically promising route. Therefore, the matrix should be interpreted as an initial
technological prioritization and not as a demonstration of profitability.

DISCUSSION

The results confirm that the biotechnological valorization of Ecuadorian agroindustrial
waste cannot be proposed through a uniform route. The potential of each biomass
depends on its composition, the way it is generated and the relationship between the
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transformation process and the expected product. This interpretation coincides with
studies that indicate that waste acquires value when its chemical and structural
characteristics are linked to specific technologies and applications (1,2,7-9,34,35). The
matrix allowed these differences to be ordered, although its scores should be
understood as a documentary prioritization and not as a demonstration of industrial
feasibility.

Bananas and cocoa achieved the highest priority, but for different reasons. Banana
pseudostems, rachises, and peels combine availability with routes to fibers,
nanocellulose, bioenergy, biofertilizers, and biodegradable materials (20,21,23,39,40).
However, its lignocellulosic structure requires conditioning, pretreatment and
hydrolysis. For reference, one ton of dried pseudostem could generate around 112 L of
ethanol through simultaneous saccharification and fermentation (20); This figure should
not be applied to fresh material, whose high water content increases transportation and
conditioning needs. Cocoa responds to a functional logic: the shell and mucilage contain
phenolic compounds, pectins and fermentable sugars (14,15,22,24). In the mucilage,
71.91 g L of ethanol were reported after 96 h, equivalent to approximately 91 L per
fresh ton (14). Its advantage is the direct availability of sugars; Its limitations are
microbiological deterioration and composition variability.

Sugarcane and rice also showed high priority, although their use is conditioned by
lignocellulosic recalcitrance. For sugarcane bagasse, 191.96 kg of ethanol per dry ton
were documented, equivalent to 243.3 L, when hexoses and pentoses are recovered and
fermented (44). In rice straw, 214 mg of ethanol per gram, approximately 271 L per dry
ton, was recorded after combined pretreatment (33). These yields show the potential of
both chains, but depend on the efficiency of pretreatment, hydrolysis, enzyme
consumption, and the microbial capacity to use the released fractions
(12,13,26,27,33,41-44).

Corn was placed in medium priority because evidence shows a gap between theoretical
potential and achievable yield. For dry stubble, a maximum of close to 480 L of ethanol
per ton was estimated, compared to a process estimate of approximately 240 L t™" and
an experimental result of 45 Lt (31.45). These differences respond to the composition,
humidity, pretreatment and microorganisms used. Although there are also routes to
biosurfactants, cellulosic materials and biohydrogen (28-30,43), it is still necessary to
define which waste and process would be most appropriate for Ecuadorian conditions.

Citrus fruits and shrimp show that valorization should not be limited to energy
production. The acid extraction of citrus peels allowed the recovery of between 21.63
and 32.53% of pectin on a dry basis, equivalent to 216—325 kg per ton (32), in addition
to there being alternatives for essential oils, packaging and functional compounds
(25.36-38). In shrimp waste, a chitosan yield of 13.96% was reported with respect to
the dry shell, equivalent to 139.6 kg per dry ton (19). However, obtaining it requires
demineralization, deproteinization and deacetylation, with consumption of reagents
and generation of effluents that must be incorporated into the environmental
evaluation (16-19).
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The matrix also showed that annual abundance does not equate to operational
availability. Corn and citrus fruits have greater seasonality and dispersion, while
bagasse, rice husks and shrimp exoskeletons tend to be concentrated in sugar mills, mills
or processing plants. Humidity, low bulk density, collection distance, and the need for
stabilization can reduce the benefit of a technically viable route (3,5,22,23). This
interaction explains why selection must simultaneously consider productive,
technological and environmental variables, as proposed by multi-criteria approaches
applied to agricultural waste (34,35).

The stability observed in the sensitivity analysis supports the general classification
against small variations in the weights, but does not eliminate the limitations of the
study. The collected yields come from different experimental conditions and calculation
bases, so they function as orders of magnitude and not as industrial predictions for
Ecuador. Nor were costs, monthly availability or impacts evaluated through life cycle
analysis. Consequently, banana and cocoa constitute initial alternatives of greatest
interest, while the implementation of any of the routes must be confirmed with local
characterization, mass balances, techno-economic evaluation and laboratory and pilot
scale tests.

CONCLUSIONS

The evaluated Ecuadorian agroindustrial waste does not present a uniform potential for
biotechnological recovery. Its use depends on the composition of the material, the
regularity with which it is generated, the technological complexity of the transformation
route and the type of final product that can be obtained. Lignocellulosic waste, such as
sugarcane bagasse, rice husks and straw, banana pseudostems and rachis, show
potential for fermentative processes, bioenergy, biofertilizers and biomaterials;
However, its transformation may require pretreatments that condition technical and
economic feasibility. On the other hand, cocoa and citrus residues are better oriented
towards the recovery of functional compounds, pectins, antioxidant fractions and
molecules of industrial interest. Shrimp waste follows a different logic, focused on
obtaining chitin, chitosan and protein hydrolysates from the exoskeleton.

The decision matrix made it possible to organize dispersed information and establish an
initial prioritization based on comparable criteria. Banana and cocoa obtained the
highest scores, although for different reasons: banana stood out for its availability,
diversity of residual fractions and breadth of possible routes, while cocoa stood out for
the functional value of its by-products. Sugar cane, shrimp, citrus fruits and rice were
also placed in high priority, but their use requires a more precise selection of the
process, the final product and the operating conditions. Corn was classified as medium
priority, not due to lack of potential, but due to the need to better define the type of
waste, the biotechnological route and the expected application.

The biotechnological valorization of agroindustrial waste should not be interpreted only
as a waste management strategy, but as a productive, environmental and technological
opportunity within chains already consolidated in the country. However, the abundance
of biomass does not by itself guarantee the feasibility of its use. The decision on which
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waste to prioritize must also consider transformation barriers, conditioning costs,
product stability, potential demand and local processing capabilities.

In this sense, the comparative matrix and the theoretical-documentary balances
constructed in this work constitute initial guidance tools to select waste and recovery
routes with greater relevance for the Ecuadorian context. The balances allow
establishing orders of magnitude for bioethanol, pectin and chitosan, but should not be
interpreted as yields obtained directly in national facilities. The next steps should focus
on trials with waste collected in Ecuador and pilot tests that allow evaluating
composition, humidity, effective performance, stability, scalability, collection and
operation costs, reagent consumption and environmental impact of the prioritized
routes.
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