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ABSTRACT. Researchers utilized an anaerobic reactor to estimate the reduction of CO,
emissions in Machala, Ecuador, through the enzymatic hydrolysis of mature banana
peels. With a weight-to-volume ratio of 60 %, the researchers achieved an estimated
reduction of 37,419 t CO,/year (102,45 t/day), with a purity of 99,97 %. This research
supports a circular economy approach, projecting annual carbon credit incentives of
2813,2 dollars from glucose syrup production, with even greater potential returns if the
process is expanded to include bioethanol production. The hydrolysis process yielded
5,91 g-L" of glucose syrup. Furthermore, the bioeconomic potential of the resulting biogas
is estimated between 21 and 24 million dollars, necessitating an initial investment of
2,5 to 2,6 million dollars. The absence of public financing incentives restricts private
sector implementation. In contrast, producing bioethanol proves to be less profitable,
especially when banana peels are used for generating biogas for electricity production.

KEYWORDS: banana / hydrolysis / enzymes / biogas / circular economy / carbon
bonds

VALORIZACION BIOENERGETICA DE LOS RESIDUOS
DE CASCARA DE BANANO MEDIANTE HIDROLISIS ENZIMATICA:
UN CASO DE ECONOMIA CIRCULAR EN MACHALA, ECUADOR

RESUMEN. Se utilizd un reactor anaerébico para estimar la reducciéon de emisiones
de CO, en Machala, Ecuador, mediante la hidrélisis enzimatica de cdscaras de banano
maduras. Con una relacién peso/volumen de 60 %, se logré una reduccién estimada de
37,4191 CO, /afio (102,45 t/dia), con una pureza del 99,97 %. Esto respalda un enfoque de
economia circular, que podria generar incentivos por bonos de carbono de 2813,2 délares
anuales si se produce jarabe de glucosa, y mas aun si se extiende a bioetanol. La hidrdlisis
produjo 591 g-L" de jarabe de glucosa. El potencial bioeconémico del biogas generado
se estima entre 21 y 24 millones de délares, con una inversién inicial de 2,5 a 2,6 millones
de ddlares. No obstante, la falta de incentivos publicos limita suimplementacion privada.
Comparativamente, la produccion de bioetanol resulta menos rentable que la del biogas,
especialmente si se destina a generacion eléctrica.

PALABRAS CLAVE: platanos / hidrolisis / enzimas / biogas / economia circular /
bonos de carbono
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INTRODUCTION

A substantial portion of household and commercial waste consists of organic or biode-
gradable materials (57 %), including food scraps, yard trimmings, and other degradable
matter collectively categorized as Biodegradable Municipal Waste (BMW) (Cardenas
Astudillo et al., 2022). Furthermore, waste generated by the food industry and related
sectors constitutes a significant segment of BMW (Allegue et al., 2020), with a considerable
amount consisting of fruit and vegetable peels (Mittal & Sharma, 2024).

Lignocellulosic residues from banana plants, such as rachis, pseudostems, peels,
and leaves, offer significant potential for producing second-generation biofuels, including
bioethanol and biogas. A recent study in Ecuador assessed the biomass generation
potential in key banana-producing provinces, notably El Oro. The researchers reported a
residue-to-product ratio of approximately 3,8, estimating that Ecuador generates around
2,65 million tonnes of dry banana residual biomass annually. In El Oro, researchers
measured an average carbon stock of 5,13 megagrams per hectare and estimated the
carbon abatement potential to be approximately 3,92 million tonnes of carbon dioxide per
year. These findings indicate a significant availability of untapped lignocellulosic feedstock
for sustainable energy valorization in the region (Ortiz-Ulloa et al., 2021).

El Oro province encompasses approximately 36,254 hectares (ha) of banana
plantations that primarily focus on exportation (Instituto Nacional de Estadisticay Censos
[INEC], 2024). In addition to serving export markets, local banana production fulfills
domestic consumption needs and supplies essential raw materials for the agri-food
industry. Several companies in the region specialize in transforming mature banana pulp
into flour, puree, and nectar.

Globally, researchers estimate that producers cultivate approximately 114 million
metric tonnes of bananas each year. Notably the peel constitutes about 30-40 % of the
banana'’s weight, a substantial portion that the food industry commonly discards as waste
(Putra et al., 2022). In 2023, the Continuous Agricultural Area and Production Survey
(ESPAC) reported that the province of El Oro in Ecuador generated around 1,48 million
metric tonnes of bananas, thereby establishing itself as one of the country’s primary
banana-producing regions (INEC, 2024). These discarded peels undergo natural aerobic
fermentation, which leads to the emission of greenhouse gases (GHGs), including methane
(CH,), carbon dioxide (CO,), and others.

Enzymatic hydrolysis of banana peels serves as an effective strategy for transforming
lignocellulosic waste into fermentable sugars that can be used to produce bioethanol or
biogas. By employing enzymes such as cellulase, this process avoids the intensive use
of harsh chemicals and high temperatures, thereby reducing energy consumption and
emissions compared to traditional industrial methods. Research demonstrates that, after
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an adequate pretreatment stage, enzymatic hydrolysis achieves high yields of reducing
sugars, thereby enhancing ethanol production during fermentation processes (Jennita
Jacqueline & Velvizhi, 2024). By converting organic waste into renewable energy, this
approach mitigates the need for landfill disposal, which would otherwise result in the
generation of greenhouse gases such as methane. This valorization of energy directly
contributes to reducing net carbon emissions, aligning with the principles of a circular
economy and promoting environmental sustainability (Alzate Acevedo et al., 2021).

Converting banana peel waste into renewable energy prevents its disposal in landfills,
where anaerobic decomposition would generate methane. Instead, this model recovers
energy through technologies such as microbial fuel cells and anaerobic digestion. This
approach enhances resource efficiency, reduces net carbon emissions, and fully embodies
the principles of the circular economy (Rincon-Catalan et al., 2022).

The model highlights the interaction between urban, agro-industrial, and livestock
waste streams by reframing biodegradable residues as valuable resources. By drawing
onthe Chinese circular economy approach, it emphasizes a multilevel strategy: promoting
cleaner production at the micro level, fostering industrial symbiosis at the meso level, and
advocating for supportive public policies at the macro level.

In this context, the valorization of banana peels in Machala illustrates how local
bioenergy initiatives align with the overarching objectives of resource efficiency and
sustainable development. The model incorporates a color-coding system: Red, representing
the “red economy”, signifies the non-treatment of biodegradable waste. Green, associated
with the “green economy”, indicates the treatment of biodegradable waste and includes
two environmentally viable alternatives for second-generation biofuel production, while
recognizing certain limitations in their profitability when biofuels serve as the sole product
or activity. Finally, blue is related to the “blue economy” and encompasses supplementary
activities that utilize inputs from previous processes to produce goods that benefit the
agro-industry and livestock production, thereby completing a virtuous circle. This approach
capitalizes on biotechnological synergies, generating systemic benefits that would not
emerge independently among the activities within the framework.

Among the identified alternatives for banana peel utilization, two options have
emerged: the production of biogas for electricity generation and the production of ethanol
as a biofuel. Adopting an integrated approach that considers economic, environmental,
and social dimensions, such as poverty reduction and carbon emissions, researchers
assess bioenergy systems using tools like cost-benefit analysis, CO,-equivalent emission
evaluations, and multicriteria decision analysis (Vega Quezada, 2018). Furthermore,
incorporating CO, capture serves as a critical input for the production of microalgae and
their associated by-products.
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This integrated approach enables a quantitative assessment of environmental,
economic, and social indicators within our proposed circular scheme that utilizes
mature banana peels. The primary focus of this study lies in economically quantifying
the environmental benefits derived from biogas and ethanol production. To evaluate the
biotechnological potential, the researchers conducted an experimental assessment of
greenhouse gas GHG emissions from banana peels and their conversion into glucose.
This assessment will be supported by estimations of glucose into ethanol, as documented
in the existing literature.

Figure 1 illustrates a comprehensive process flow diagram for the proposed circular
model, which actively valorizes specific organic wastes, including cow manure and banana
peels, as well as other biodegradable urban and agro-industrial waste.

Figure 1
Summary of the process flow for the proposed circular model
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METHODOLOGY
Assessment of the bio-economic potential of mature banana peel

This study employs specific methodological tools to establish the bio-economic potential
of the banana peel, which are detailed below:

Biogas production

To assess biogas production derived from the anaerobic digestion of urban and agro-in-
dustrial biodegradable waste, including livestock manure, it was essential to identify
the equivalent CO, emissions associated with the livestock inventory. This evaluation is
associated with livestock inventory. This evaluation utilized the methodology set forth
by the Environmental Protection Agency (US Environmental Protection Agency, 2013),
which has been effectively applied in previous studies on circular economy dynamics, as
demonstrated by Vega Quezada (2018).

The study determined the CO, emissions from mature banana peels and estimated biogas
production from a combination of husks and livestock manure using experimental methods.
Additionally, we estimated electric production levels by analyzing the CH, percentage per
cubic meter in the biogas generated during the experiments.

This study expresses all monetary quantifications in US dollars and evaluates them using
acost-benefit analysis (BCA) based on the net present value criterion. The analysis applies
discount rates of 6,48 % and 8,84 % to the monetary flows (Vega Quezada, 2018).

Production of ethanol

The second alternative for utilizing urban and agro-industrial biodegradable waste
focuses on the production of ethanol. This approach includes an experimental design
phase dedicated to converting biomass into glucose, a thorough literature review on
ethanol production from glucose, and an evaluation of the opportunity cost of exchanging
CO, emissions for Certified Emission Reductions (CERs), expressed in US dollars.
Researchers executed these evaluations through a cost-benefit analysis (BCA) that
incorporates the discount rates as described in the preceding section.

Reactor to store CO, generated by mature banana peel

The setup utilized a 20-litre plastic tank, commonly used for storing purified water. This
tank included aninlet and an outlet valve. To facilitate the substrate’s descent to the bottom
of the tank, we positioned a 60 cm long PVC pipe with a diameter of 3/4 inches at the top
inlet. Additionally, we placed the outlet valve at the tank’s base to enable the discharge of
the generated biogas.
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Monitoring the volume of CO, generated by the mature banana peel

We measured the volume of CO, generated by the mature banana peel three times a day,
using a propylene bag as the sampling system.

Determination of the CO, concentration produced in the reactor from the residues
of mature banana peel

We conducted on-site analysis of the generated CO, using a FULI Gas Chromatograph
equipped with flame ionization (FID) and thermal conductivity (TCD) detectors, along with
a capillary column (Supel-Q PLOT, 30 m x 0,32 mm x 40 A). We utilized hydrogen as the
carrier gas, maintaining the furnace, injector, and flame ionization detector at temperatures
of 250 °C, 250 °C, and 350 °C, respectively. To ensure accuracy, we constructed a calibration
curve using CO, as the reference standard and performed all measurements in duplicate.

Conversion of litres of CO, to tonnes of CO, that are no longer emitted

The gas density, measured at 1,96 g-L7, facilitated the calculation of the metric tonnes
of CO, generated from mature banana peel residues.

Determination of the biotechnological potential of mature banana peels

Biotechnological processes such as enzymatic hydrolysis and alcoholic fermentation
convert mature banana peels into glucose and bioethanol, with the latter serving as a
second-generation biofuel. To optimize both the yield and kinetics of the bioconversion of
lignocellulosic residues into biofuels, the inclusion of pretreatment stages proves essential
in this biotechnological process.

Pretreatment of grinding + hydroxide for enzymatic hydrolysis

To initiate the lignocellulosic degradation process, we first milled the banana husk and
then added 1 % sodium hydroxide to raise the pH to 11. We allowed the biomass to stand
for one day. Subsequently, we introduced citric acid until the pH reached 5, which is the
optimal pH for effective fungal adaptation during the enzymatic hydrolysis process.

The methodology employed enzymatic hydrolysis using cellulases that convert the cellu-
lose in banana peels into glucose. We utilized the Trichoderma reesei species as the
enzyme-producing agent for this transformation. Following pretreatment, we prepared
4 L bioreactors and maintained them at room temperature (28 °C-30 °C) for six days,
conducting daily glucose content monitoring. For this purpose, 5 ml of each sample under-
went pre-filtration. In accordance with the recommendations of Romero et al (2015), the
researchers applied a weight/volume (w/v) ratio of 60 % of lignocellulosic residue to water,
resulting in a total substrate volume of 2 L (biomass). They subjected this substrate to
enzymatic hydrolysis with Trichoderma reesei at a concentration of 0,6 g-L" (w/v). Before
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enzymatic hydrolysis, manual agitation ensured the even distribution of cellulase enzymes,
which are crucial for converting cellulose into glucose.

RESULTS

This analysis investigates the bio-economic potential of converting urban, agro-industrial,
and livestock biodegradable waste into biogas, covering the study period from 2014 to
2025. Figure 1 illustrates the byproducts generated from the agro-industrial and livestock
sectors. As shown in Figure 2, the estimated volume of banana peels during this period
ranges from 16,380 to 19,294 tonnes. Aerobic decomposition of these peels generates
CO, emissions totaling approximately 213 to 251 tonnes across the study horizon.

The analysis presents the equivalent monetary value of mitigating CO, emissions
from banana peels. It highlights that these potential monetary benefits, arising from
CO, mitigation, represent an opportunity cost since they do not generate income until
stakeholders implement mitigation initiatives. An important factor to consider is the
necessity of utilizing a specific quantity of 1000 kg cattle units alongside banana peels to
effectively execute GHG mitigation strategies within the framework of a circular economy.
This approach emphasizes the conversion of biodegradable waste, including both
animal and livestock byproducts, into valuable outputs that can support biotechnological
processes, such as biogas production for energy purposes, as illustrated in Figure 3 below.

Figure 2
CO, emissions from the banana peel and the livestock inventory
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Figure 3 presents estimates for the initial investment required, the expected availability
of banana husks, the land area necessary for implementing this initiative, the periodic
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reinvestment needed to manage the increasing residues, and the projected total electricity
generation from biogas combustion over the period of 2014 to 2025.

Figure 3
Investment, revenue, and energy production from the combustion of biogas
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Furthermore, Figure 4 presents the CO, emissions generated by the combustion
of biogas for energy production and by manure management, while accounting for the
changes in biogas production throughout the study period. Notably, the emissions from
biogas combustion exceed the equivalent CO, emissions from manure management in
the livestock sector.

Figure 4
CO, emissions and opportunity cost in biogas combustion and manure management
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Table 1 summarizes the economic, environmental, and social indicators associated
with the implementation of the biogas production initiative for energy purposes. This
initiative estimates a Net Present Value (NPV) between 23,71 to 20,67 million dollars. While
the initiative may initially appear economically unviable when focused solely on electricity
generation, the circular flow of by-products for agro-productive purposes, such as fertilizers,
reveals the systemic effects of the proposed scheme. By capitalizing on potential revenue
from by-products and transforming the opportunity costs of environmental liabilities into
income through mitigation, the initiative yields significant monetary benefits, ranging from
125,94 and 110,89 thousand dollars. This initiative also aims to reduce approximately
374 thousand tonnes of CO, emissions and has the potential to create a positive socio-
economic impact at the local level, directly employing 3508 households.

Table 1

Assessing economic, environmental, and social indicators of biogas production from agro-
industrial and livestock waste within a circular economy

Biogas Discount rate (k)
Unit
6,48 % 8,84 %

(+) Electricity sales 2,8 2,48 million dollars

revenue

(-) Biodigester + Electric 2,62 2,54 million dollars

generators

(-) Labor cost 156,86 138,12 million dollars

(+) Liquid fertilizer 150,98 132,94 million dollars

(+) Solid fertilizer 29,41 259 million dollars

(=) NPV 23,71 20,67 million dollars
Economic indicators 0 A

pportunity cost

(+/-) CO, emissions - 0,93 0,82 thousand dollars

Banana peel

(+/-) CO, emissions - 76,37 67,25 thousand dollars

Manure management

(+/-) CO, emissions - 48,63 42,82 thousand dollars

Biogas combustion

(=) NPV 125,94 110,89 thousand dollars

CO, emissions - Banana 2,78 thousand tonnes

peel

CO, emissions - Manure 226,92 thousand tonnes
Environmental management
indicators CO, emissions - Biogas 144,49 thousand tonnes

combustion

Total CO, emissions 374,19 thousand tonnes

(continua)
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(continuacidn)
Biogas Discount rate (k)
Unit
6,48 % 8,84 %
New jobs 3508 people
Social indicators )
Water requirement 149,53 thousand m?

The second method for utilizing urban waste, particularly mature banana peels,
involves the production of ethanol. Figure 5 depicts the main inputs, products, and
by-products generated during the analysis period. This figure highlights the anticipated
production of just over 1,15 million litres of ethanol throughout the study period, alongside
an estimated water requirement of approximately 85,45 million litres for the enzymatic
hydrolysis process used to obtain glucose.

Figure 5
Main inputs and by-products in the production of ethanol from banana peels
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Figure 6 illustrates the progression of CO, emissions resulting from the glucose
fermentation process, while concurrently highlighting the opportunity cost linked to CO,
emissions from the decomposition of banana peels. This figure also details the evolving
potential revenues from ethanol sales under two distinct trade scenarios. The first scenario
estimates earnings derived from exporting ethanol at international prices (OECD/FAOQ,
2016), whereas the second quantifies revenue generated from local ethanol sales, taking
into account incentives for domestic biofuel production in Ecuador.
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Figure 6
CO, emissions and opportunity cost in ethanol production
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The analysis of economic, environmental, and social indicators related to the utilization
of biodegradable municipal waste in ethanol production reveals significant contrasts in
potential revenues from ethanol sales between the global and local markets, asillustrated
in Table 2. However, researchers were unable to quantify the costs associated with the
investment and operational aspects of ethanol production due to limitations in the available
official literature during the study period. Estimates indicate that CO, emissions from
ethanol production totaled 3,65 thousand tonnes. Furthermore, the estimated opportunity
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costs and potential monetary benefits of initiatives aimed at reducing CO, emissions range
from 1,08 to 1,23 thousand dollars.

Table 2

Economic, environmental and social indicators of agro-industrial waste use in ethanol
production under the circular economy approach

Ethanol Discount rate (k) Unit
6,48 % 8,84 %

Economic indicators (+) Ethanol sales revenue — 33,09 29,07 thousands of
world price dollars
(+) Ethanol sales revenue — 697,34 614,02 thousands of
local price dollars
(-) Investment and labor cost N/A N/A thousands of
dollars
Opportunity cost
(+/-) CO, emissions — 0,93 0,82 thousands of
Banana peel dollars
(+/-) CO, emissions — 0,29 0,26 thousands of
Glucose fermentation dollars
(=) NPV (Net Present Value) 1,23 1,08 thousands of
dollars
Environmental CO, emissions — 2,78 thousand tonnes
indicators Banana peel
CO, emissions — 0,87 thousand tonnes
Glucose fermentation
Total CO, emissions 3,65 thousand tonnes
Social indicators New jobs N/A People
Residual fresh water 170,89 thousand m?3

DISCUSSION

Glucose concentrations in the syrup reached a mean of approximately 5 g-L' by the sixth day
of experimentation. This result aligns with the findings of other researchers, such as Abdulla
et al. (2022), who reported values of 5,31 g-L", and Indulekha et al. (2020) who found 4,24
g-L" for the enzymatic hydrolysis of dried banana peels—a process that inherently involves
higher pretreatment costs. While earlier studies focused on optimizing sugar yields using
dried peel inputs with a response surface methodology, our findings highlight the sensitivity
of yield to pretreatment methods because they are derived from undried substrate condi-
tions. Furthermore, they show the potential trade-off between cost and enzymatic efficiency.

Conversely, producing biogas from this residue demonstrates a substantial
bioeconomic potential, estimated at between 21 and 24 million dollars annually.
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However, this potential depends on an initial investment of approximately 2,5 to 2,6
million dollars. In the absence of public funding incentives, this economic barrier
presents a significant challenge for private sector adoption.

In contrast, ethanol production has demonstrated lower profitability. Its economic
viability relies heavily on state support through various incentives and regulatory
frameworks. Brazil serves as a prominent example, where long-term policies have
successfully driven the expansion of the ethanol market. Specifically, the production
of flex-fuel vehicles surged from 49,264 units in 2003 to over 2,95 million units in 2013,
thereby consolidating a robust domestic market for this biofuel (Karp et al., 2021).
As of 2023, Brazil holds the position of the second-largest ethanol producer globally,
generating 32,95 billion litres, which constitutes approximately 30 % of total global
production (Hayashi, 2024). In 2018, ethanol represented 6,4 % of the country’s overall
energy consumption (Karp et al., 2021).

The Brazilian government implemented the RenovaBio program in 2017, playing
a pivotal role in decarbonizing the energy sector. In 2022, the program succeeded in
avoiding 71,1 million metric tonnes of CO, equivalent and aims to achieve a cumulative
reduction of 678 million metric tonnes by 2030 (Hayashi, 2024).

While ethanol supports climate goals and aligns with Sustainable Development
Goal 7 (SDG7), its adoption in Brazil remains inconsistent due to seasonal
competitiveness and regional disparities. Forecasts suggest that gasoline will continue
to dominate fuel consumption through 2030, highlighting the challenges of shifting
consumer behavior and market dynamics toward renewable alternatives (Marques
Serrano et al., 2025).

The data strongly indicate that in developing countries like Ecuador, implementing
robust public policies aligned with the Sustainable Development Goals (SDGs) could
enhance the viability of ethanol production from agricultural waste. In the absence of
such policies, this study reveals that biogas production presents a more profitable and
readily implementable alternative.

CONCLUSIONS

The implementation of this initiative in the city of Machala, Ecuador, could prevent the
emission of approximately 374,19 thousand tonnes of CO, over the designated time
horizon, achieving a capture purity of 99,97 %. This reduction underscores the environ-
mental significance of the proposed bioethanol production scheme, especially in urban
areas facing increasing energy demands and sustainability challenges.

The bioeconomic potential of ethanol production is contingent on keeping production
costs below the projected revenue range, estimated to be between USD 614 000
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and 698 000. During the study period, the anticipated output exceeded 1,15 million litres
of ethanol. This production process requires approximately 85,45 million litres of water,
primarily for the enzymatic hydrolysis stage, which is essential for glucose generation.
These figures highlight the importance of resource efficiency and process optimization
in achieving long-term economic viability.

The initiative, while initially perceived as economically unviable when evaluated solely
for electricity generation, reveals its true potential through the integration of by-products
into agro-productive systems. By-products, such as organic fertilizers, generate additional
revenue streams and underscore the broader systemic effects of the project. Current
estimates suggest that the monetary gains from these by-products, along with the
conversion of environmental liability costs into productive income, will range between
USD 110 890 and 125 940. Furthermore, the initiative is expected to reduce approximately
374 000 tonnes of CO, emissions throughout its operational period. In addition to its
environmental advantages, the project provides significant socio-economic advantages,
directly employing around 3 508 households, thereby making a meaningful contribution
to local development and social inclusion.
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