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Abstract: The linear economy model in the sugar agroindustry has generated multiple
impacts due to the underutilization of by-products and reliance on fossil fuels. Through
predictive modeling and anaerobic digestion, the circular bioeconomy of sugarcane biomass
enables the generation of biogas and electricity in an environmentally sustainable manner.
This theoretical-applied research proposes a predictive model to estimate the energy poten-
tial of by-products such as bagasse, vinasse, molasses, and filter cake, based on historical
production data and validated technical coefficients. The model uses milled sugarcane as a
baseline and projects its energy conversion under three scenarios through 2030. In its most
favorable configuration, the model estimates energy production of up to 15.5 billion Nm?
of biogas in Cuba and 9.9 billion in Peru. The model’s architecture includes four residual
biomass flows and bioenergy conversion factors applicable to electricity generation. It is
validated using national statistical series from 2000 to 2018 and presents relative errors
below 5%. Cuba, with a peak of over 13,000 GWh of electricity from bagasse, and Peru,
with a stable output between 6500 and 7500 GWh, reflect the highest and lowest projected
energy utilization, respectively. Bagasse accounts for over 60% of the total estimated energy
contribution. This modeling tool is fundamental for advancing a transition toward a cir-
cular economy;, as it helps mitigate environmental impacts, improve agroindustrial waste
management, and guide sustainable policies in sugarcane-based contexts.

Keywords: circular bioeconomy; sugarcane by-products; predictive modeling; biogas;
electric energy

1. Introduction

The sugar industry plays a crucial role in global economic and social development,
providing food, energy, and renewable materials [1,2]. Sugarcane production is one of
the largest agricultural industries worldwide, supporting millions of jobs and contribut-
ing significantly to the economies of many tropical and subtropical countries. However,
large-scale sugarcane processing generates substantial quantities of by-products such as
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vinasse, bagasse, filter cake, molasses, and leaves, whose improper disposal poses severe
environmental challenges due to their high organic load [3,4]. These residues, traditionally
considered waste, have significant untapped energy potential that can be harnessed through
anaerobic digestion for biogas production, representing a key alternative to mitigate en-
vironmental impacts while meeting industrial energy demands [5,6]. The valorization of
these residues not only reduces environmental risks but also aligns with global efforts
toward sustainable development and the circular economy.

Various studies have demonstrated the high energy potential of sugarcane by-
products. Vinasse, a liquid residue from ethanol distillation, presents notable biogas
yields (5-21 Nm3/t), which can be further enhanced through advanced techniques such
as phase separation, co-digestion, and effluent recirculation for pH stabilization and in-
hibitor control [7,8]. Bagasse and sugarcane leaves, composed primarily of lignocellulosic
biomass, require specific pre-treatments to optimize their anaerobic digestion, achieving
yields of 120-280 Nm3 biogas/t [9]. Similarly, filter cake, a solid residue rich in nutrients,
has been shown to favor co-digestion processes, resulting in significant biogas production
(50-90 Nm?3 biogas/t) [7,10]. Despite these advances, the full potential of these residues
remains underexplored, particularly when considering their simultaneous generation and
transformation into bioenergy within the context of integrated sugarcane milling opera-
tions. In recent decades, multiple studies have demonstrated the energy potential of sugar
agroindustry by-products through Anaerobic Digestion (AD). Bagasse, due to its high
lignocellulosic content, has been subjected to pre-treatments such as alkaline or thermal to
improve its biodegradability; for example, Mustafa et al. [11] and Janke et al. [12] reported
22-25% increases in methane yield, reaching up to 320 mL CH4 /gSV under mesophilic
conditions. Paulsen et al. [13] validated stable production in semi-continuous reactors with
bagasse alone. On the other hand, stillage, despite its dilution, presents a high organic
load (COD > 80 g/L) and has been successfully processed with yields of 12-25 m® CHy /t,
although with pH buffering requirements [14].

Studies such as those of Alfonso-Cardero et al. [15] in Cuba and Parsaee et al. [16]
evidence its economic and energetic feasibility. As for filter cake, its nutritional richness has
allowed it to be used as a stabilizing co-substrate, increasing biogas production by up to
30% [17,18]. In addition, emerging technologies such as two-phase digesters, structured bed
systems or use of biochar have shown substantial improvements in efficiency; for example,
Widyastuti et al. [19] increased production by 42% with Electro-Fenton pre-treatment, while
Ma et al. [20] used Fe304 Nanoparticles and biochar as a direct electron transfer (DIET) con-
ductor. Finally, several authors have addressed techno-economic simulations and predictive
models integrating waste co-utilization: Masala et al. [21] and Srinivas et al. [22] estimated
energy self-sufficiency of 73% combining vinasse biogas and bagasse cogeneration, while
Tian et al. [23] calculated net emissions of 0.21 kg CO;-eq/kWh under centralized biogas
schemes. Despite these advances, a major gap persists: the lack of validated predictive
models that estimate multiresidue energy potential from actual milling data and gener-
ated by-products. This study addresses this gap through an empirically validated model
that allows for estimating the biogas potential per ton of sugarcane processed, comparing
two contrasting national scenarios such as Peru and Cuba, and offering a practical tool for
energy planning in the framework of the circular bioeconomy.

Biogas production from agro-industrial wastes has been widely explored as an energy
and environmental solution in the context of the circular economy. In the case of the sugar
industry, several studies have reported specific methanogenic yield values depending on the
type of by-product. Arelli et al. [24] achieved 302 mL CH,/gSV in solid digestion of bagasse
with addition of cellulolytic bacteria, while Agarwal et al. [25] recorded 278 mL CH,/gSV
with conventional mesophilic digestion of the same residue. As for stillage, Wolpi et al. [26]
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achieved 230 mL CHy/gSV in co-digestion with filter cake and delignification liquor, also
obtaining an organic matter removal efficiency of 83%. Romaniuk et al. [27] reported values
between 18 and 22 m3 CHy/t of stillage depending on its origin (molasses vs. juice), while
Cheong et al. [28] achieved a yield of 0.29 L CHy /g COD removed by optimizing mixing
ratios and retention time.

In co-digestion with filter cake, Wongarmat et al. [29] reported a 27% increase in
methane production compared to vinasse mono-digestion. On the other hand, ref. [30]
used subcritical hydrothermal pre-treatment on lignocellulosic waste and increased biogas
production by 45%. At the simulation level, Tiong et al. [31] optimized systems with
COD removals of 81.5% and estimated payback time of 6 years, validating the economic
viability of the technology. From an integrated approach, Mazuchi et al. [32] and Ka-
panji et al. [33] conducted a technoeconomic and life cycle analysis (LCA) in a sugarcane
biorefinery, identifying methanol synthesis as the most profitable option with a return
of 16.7%, and ethanol-lactic co-production as the one with the lowest sensitivity to mar-
ket prices. Karp et al. [34] analyzed the role of bagasse as a renewable carbon vector,
highlighting its contribution to emission reduction schemes in the sector.

Despite these advances, the studies reviewed present common limitations: (i) they
focus on specific experimental conditions, (ii) they do not integrate multi-residue estimates
based on processed sugarcane volumes, and (iii) they lack empirical validation with real
industrial data on a national scale.

In parallel, numerous studies have applied mathematical models to optimize anaer-
obic digestion processes, improving energy yields across various sectors, including agri-
cultural [35,36], livestock [37,38], industrial [39,40], and municipal [41,42] waste man-
agement. These models have contributed to precise yield prediction, operational opti-
mization, and process control, enhancing the efficiency of biogas production systems.
However, existing models rarely consider the simultaneous generation and treatment
of multiple by-products derived specifically from the sugarcane milling process. This
limitation significantly restricts their applicability in the sugar industry, where the inte-
gration of diverse residues is essential for maximizing resource recovery and minimizing
environmental impacts.

The absence of comprehensive mathematical models capable of predicting the si-
multaneous generation of all by-products derived exclusively from historical sugarcane
milling production data represents a critical gap in the current research. This gap is particu-
larly concerning given the environmental, economic, and social implications of sugarcane
residue management. For instance, improper disposal of vinasse and bagasse contributes to
soil and water contamination, while open burning of residues releases harmful pollutants
into the atmosphere, exacerbating climate change and public health risks [43,44]. Further-
more, the lack of predictive tools limits the ability of mills to optimize resource utilization,
hindering their transition toward sustainable and circular practices.

Addressing this gap is especially urgent in regions with high climatic and operational
variability, such as Peru and Cuba, where sugarcane production is a cornerstone of the agri-
cultural sector. In these regions, variations in rainfall, soil fertility, and harvesting practices
can significantly influence the quantity and composition of generated residues, making it
challenging to predict their bioenergy potential accurately [45]. Additionally, the unique
socio-economic and regulatory contexts of these countries necessitate tailored solutions that
account for local conditions. For example, in Peru, small-scale mills often face financial and
technical constraints that limit their ability to adopt advanced technologies, while in Cuba,
centralized state-controlled mills require region-specific strategies to maximize resource
recovery and energy generation [46].
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This study addresses this critical research gap by developing and validating innova-
tive predictive mathematical models based on historical sugarcane milling data. These
models aim to provide a comprehensive evaluation of the simultaneous generation of by-
products, their efficient transformation into biogas, and the associated electricity generation.
By comparing scenarios in Peru with those in Cuba, this research offers valuable insights
into the adaptability and scalability of the proposed models across different geographical
and operational contexts. Ultimately, this work contributes to scientific and technological
development, strengthening global sustainability and facilitating the effective transition
toward a circular economy in the sugar industry. The findings hold the potential to inform
policy decisions, optimize resource utilization, and promote environmentally sustainable
practices in sugarcane-producing regions worldwide.

The main purposes of this article are as follows:

*  The development of a data-driven predictive mathematical model capable of estimat-
ing the bioenergy potential of sugarcane by-products (bagasse, vinasse, filter cake
and molasses) based solely on historical milling data, without requiring extensive
laboratory or kinetic testing.

*  Validation of the model with real historical production series (2011-2018), achiev-
ing a relative error of less than 5%, which reinforces its robustness and operational
applicability.

*  The provision of an accessible and scalable tool for estimating bioenergy potential that
can support national bioeconomy strategies and industrial decarbonization efforts,
particularly in emerging economies.

The research is structured as follows: Section 1, Introduction, presents the relevance
of energy recovery from agro-industrial by-products in the framework of the circular
bioeconomy and the need for predictive tools in energy planning in the sugar sector.
Section 2, Materials and Methods, describes the development of the mathematical models
and statistical analyses that allow for the validation of the estimation coefficients used and
their ratification under a real approach to historical production data. Section 3, Results and
Discussion, presents the model projections for biogas and electricity generation, including
a comparative analysis of the Cuban and Peruvian sugar industries. Section 4, Conclusions,
highlights the implications of the model for sustainable energy planning and industrial
optimization in the sugar sector.

2. Materials and Methods

In order to take advantage of the use of organic residues generated in sugar mills, it
is necessary to apply equations to accurately calculate their production from the tons of
cane processed. These equations can only be used if the data on tons of residue produced
is provided by the mills themselves. Later, the equations will be given to calculate the
generation of residues and to obtain an idea of the percentage of each one.

2.1. Equations for the Percentage of Substrate in Milled Cane, Bagasse, Vinasse, Molasses

The total percentage of filter cake in cane is determined using Equation (1)

t of filter cake produced
t of milled cane

% filter cake = ( ) x 100% (1)

The total percentage of bagasse in cane is determined using Equation (2)

t of bagasse produced
t of milled cane

% bagasse = < ) x 100% (2)
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The total percentage of vinasse (3) in cane is determined using the following equation:

t of vinasse produced
t of milled cane

% vinasse = ( ) x 100% 3)

The total percentage of molasses (4) in cane is determined using the following equation:

t of molasses produced
t of milled cane

% molasses = ( > x 100% 4)

2.2. By-Products Derived from Sugarcane

A wide range of by-products derived from sugarcane processing have been reported
in the literature, with bagasse being the most prominently studied. Bagasse typically
represents 17-30% of sugarcane mass, depending on the moisture content and production
conditions. Global and national estimates report values such as 17-18% [47], 26% in Brazil
for the 2013-2014 harvest [48], and up to 28-30% for fresh mass in Thailand and India [49,50].
Dry mass estimates range between 10% and 28%, with 13.5% to 16.2% frequently cited for
dry bagasse [34,51,52]. Technical assessments and modeling studies confirm similar values,
supporting the reliability of bagasse as a consistent by-product [53].

Vinasse, another major by-product particularly from ethanol production, is generally
reported at 10-17% of cane or ethanol volume, although figures can vary depending on pro-
cess type. Estimates range from 10 to 15% by volume of ethanol produced [16,49,54],
with one study reporting 1.7 t per 1000 t of cane, or 17% [55]. Broader ranges (e.g.,
156-910 L/tonne of cane) have been noted based on plant type [53], while others con-
firm 15 L/L of ethanol or 438-1038 L/t cane, equivalent to 44-104% depending on plant
integration [7,56].

The by-product known as filter cake typically ranges between 2% and 5% of cane mass,
with an average of 3% commonly reported [57,58]. Studies in Cuba and other countries
confirm these values, citing 3-5% depending on the mill configuration and extraction
method [10,18,59]. Morphological or technical evaluations corroborate this range, showing
filter cake as a consistent output from juice clarification [7,60].

Finally, molasses, which is a by-product of the sugar crystallization phase, is usually
found in the range of 3-5% of processed cane. ISO norms and industrial studies in various
countries support values between 3% and 4.45% [59-62]. Some reports extend up to 5%,
particularly when final centrifugation stages are considered [63]. These reports serve as
the basis for validating the model statistically in terms of estimating the bio-products for
this research.

The production of biogas from sugarcane by-products represents a sustainable oppor-
tunity to valorize waste streams generated during sugar production. The main by-products
considered for biogas generation include bagasse, vinasse, filter cake, and molasses. Each
of these materials has distinct biochemical characteristics that influence their specific bio-
gas yields.

The following Equations (5) and (8) describe the calculation of the total biogas pro-
duction from each by-product, based on the mass of the substrate and its specific biogas
yield. The total biogas production is then obtained as the sum of the contributions from
each individual by-product (9). These equations are useful for estimating the energy po-
tential of sugar mills that implement anaerobic digestion processes as part of their waste
management strategy. Additionally, they provide insights into the optimization of biogas
production by identifying the most significant contributing substrates.
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2.3. Equations for Biogas Production from Substrates in Sugar Mills

Accurate estimation of bioenergy potential in agro-industrial systems depends on mathe-
matical models that directly relate the quantities of residual biomass to its specific yield in
terms of biogas production. In this context, the study by Castillo Alvarez et al. [10] establishes
a rigorous methodological framework to quantify the volume of biogas generated from the
main by-products of the sugar industry, using empirically validated equations.

These formulas consider the total mass of the generated by-product M and the specific
biogas yield per ton of material Y, expressed in normal cubic meters Nm®.

2.4. Biogas Production from Bagasse

Bagasse, the fibrous residue left after sugarcane juice extraction, is a major by-product
in sugar mills. Due to its lignocellulosic composition, it has a moderate biogas yield
when subjected to anaerobic digestion. Equation (5) presented here calculates the biogas
production based on the mass of bagasse and its specific biogas yield.

Biogasbagasse =M, x Y} )

where

*  Biogas,,,aq Total volume of biogas generated from bagasse (in Nm?).

e M, Total mass of bagasse generated (t).
* Y} Specific biogas yield per ton of bagasse (Nm?/t).

2.5. Biogas Production from Vinasse

Vinasse is a liquid by-product generated during ethanol production from sugarcane
molasses. It is characterized by a high organic load, making it a valuable substrate for
biogas production. Equation (6) provides a straightforward calculation using the mass of
vinasse produced and its specific biogas yield.

Biogas = My X Yy (6)

vinasse

where

*  Biogas .. Total volume of biogas generated from vinasse (Nm?).
*  M,: Total mass of vinasse generated (t).

* Yy Specific biogas yield per ton of vinasse (Nm?/t).

2.6. Biogas Production from Filter Cake

Filter cake, also known as press mud, is a solid by-product obtained during the
sugarcane juice clarification process. Rich in organic matter (7), it serves as an efficient
feedstock for biogas generation. This section uses the mass of filter cake and its specific
yield to estimate the biogas production.

Biogasfilter cake — M x Y, (7)

where

*  Biogasge cake: TOtal volume of biogas generated from filter cake (Nm?).
. M.: Total mass of filter cake generated (kg).
* Y. Specific biogas yield per kilogram of filter cake (Nm?/kg).
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2.7. Biogas Production from Molasses

Molasses is the thick, viscous syrup remaining after sugar crystallization. While
commonly used in ethanol production, its residual organic content also makes it suitable
for anaerobic digestion. Equation (8) here estimates biogas generation by multiplying the
mass of molasses by its specific yield.

Biogas = My X Yy 8)

'molasses

where

*  Biogas,, s TOtal volume of biogas generated from molasses (Nm?).
* M, Total mass of molasses generated (kg).

* Y, Specific biogas yield per kilogram of molasses (Nm?/kg).

2.8. Total Biogas Production

The total biogas production from sugar mills is obtained by summing the contribu-
tions from bagasse, vinasse, filter cake, and molasses. This comprehensive Equation (9)
provides a holistic view of the biogas generation potential, supporting sustainable waste
management and energy recovery in the sugar industry.

Blogastotal = Blogasbagasse + Blogasvinasse + Blogasfilter cake + Blogasmolasses (9)

Tables 1 and 2 provide an overview of biogas production estimates from various
sugarcane by-products, based on findings from different studies. The data includes values
for bagasse, vinasse, filter cake, and molasses under different experimental and indus-
trial conditions.

The tables highlight the variability in biogas yields, influenced by factors such as
substrate composition, pre-treatment methods, reactor configurations, and operational
parameters. For example, studies report a wide range of methane production from bagasse,
depending on the use of physical or chemical pre-treatments. Similarly, vinasse biogas
yields can vary significantly depending on the organic load and reactor type.

These values serve as a reference for assessing the biogas potential of sugar mills
and can support decision-making for the implementation of anaerobic digestion systems.
Additionally, the comparison between different studies provides insights into the factors
that optimize biogas generation and energy recovery from sugarcane waste streams.

Table 1. Biogas generation from pure sugar industry by-products.

Reference By-Product Estimated Biogas Production Notes / Context

[71 Bagasse 119-181 Nm? CH, /t FM BMP tests in Brazil

[9] Bagasse 270-280 Nm?® CH4/t DM Global technical review

[64] Bagasse 180 Nm? CH, /t Estimated power generation for Cuban SEN
[65] Vinasse 109-132.6 mL CHy /g COD Batch digestion, Gompertz model

[66] Vinasse 37,409 mL/g COD (1:3) Maximum anaerobic conversion

[48] Vinasse 246-302 mL CHy/g COD =~ 5-11 Nm3/tFM  Brazilian plants

[8] Vinasse 16 m3® CH,/m3 UASB reactor

[67] Vinasse 10-26.4 m3 biogas/ m?3 vinasse (6-16 CHy) Technical review

[16] Vinasse 0.185-0.402 m3 CH, / kg COD 30 reactor configurations

[68] Vinasse 21 m® CH,/t vinasse Simulated Cuban study

[69] Vinasse 0.0001-2.61 MJ /L ethanol Energy estimation

[27] Molasses vinasse 300 L/kg DOM (without CHy) Only COy; no methane

[15] Vinasse 18 m3 biogas/m? vinasse High methane concentration (65%)

[70] Vinasse 0.40 L CH4/g COD UASB reactor startup

[71] Vinasse COD: 45.2 g/L; Sulfate: 158 mg/L High organic load with low sulfate content
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Table 2. Biogas production from pure by-products of the sugar industry.
Reference By-Product Estimated Biogas Production Context
[19] Vinasse Initial COD: 126,750 mg/L Too high for direct digestion; pre-treatment required
[10] Filter cake 90 Nm> CH, /t Cuban plant
[48] Filter cake 50-58 Nm?® CH,/t FM Technical data from Brazil
[72] Molasses 380 Nm? CHy, /t Pure molasses digestion
[73] Fermented molasses  321-348 NmL CH,4/g COD Thermophilic AnSTBR reactor
[74] Molasses 323-350 NmL CHy /g COD Outperforms vinasse in thermophilic digestion
[13] Whole cane 500 mL CH4/g VS Continuous digestion
[63] Energy cane 417-599 LN/kg VS (avg. ~242) Silage without additives
[75] Sugarcane scum 0.227 Nm3 CHy /kg VS Best yield at 12.5% dilution

2.9. Determining the Electricity Generation Potential from Biogas

The conversion of biogas into electricity represents one of the most strategic ap-
plications in the energy recovery of organic waste, especially in agro-industrial, rural,
and decentralized urban contexts. Since the energy content of biogas varies depending
on its composition (mainly the methane proportion) and the type of technology used
(internal combustion engines, microturbines, cogeneration systems, etc.), it is essential to
have technically validated conversion coefficients that allow for accurate estimation of its
electrical performance.

The conversion of biogas to electrical energy is expressed by Equation (10):

Eel = Btotal x k (10)

where

*  E.: Electrical energy generated (kWh).
* By Total biogas (Nm?).
e k: Conversion coefficient (kWh/Nm?3).

Tables 3 and 4 systematically compile the results from the literature review of studies
published between 2020 and 2024, covering a variety of technological and geographical
contexts. Each entry presents the average electrical efficiency of the applied technol-
ogy, the energy conversion range in kilowatt-hours per normal cubic meter of biogas
(kWh/Nm?), and specific remarks that justify the reported values, such as operating con-
ditions, assumed Lower Heating Value (LHV), or the methane (CH,4) proportion used in
the models.

Table 3. Reported biogas-to-electricity conversion factors and electrical efficiencies in diverse techno-
logical contexts.

Electrical Efficiency = Conversion

Reference Technology/Context (%) (KWh/Nm?) Remarks

[10] Cummins AQL220 Engine — Cuba 35% implicit 1.85 Derived from 0.542 Nm?/kWh in pilot plant

[76] Thermodynamic model with 60% CHy ~ 30-36% 2.78-3.4 Calculated using LHV (35.8 MJ/ Nm?) and efficiency
[77] CHP, Italy 34-36% 1.8-2.2 Field measurements and LCA simulation

[78] LFG (Landfill Gas) — Poland 40% 25 Confirmed for active industrial plants

[79] Rural, Zimbabwe (cattle manure) 35% 2.16 62% CHy, calculated with thermal efficiency

[80] Adapted diesel engines 25-30% 1.5-1.8 Africa, rural conditions with diluted biogas

[81] Quail manure, rural digester — Brazil 28% 1.65 Validated in small-scale digesters

[82] Bagasse + manure - LAC 32-35% 2.0 Reference value for energy policy

[83] SOFC and CHP 35-40% 2.5-2.9 Optimal range in European plants

[84] 240 kW municipal plant ~34% 1.85 Electricity generation validated at 5760 kWh/day
[85] Cattle (Pakistan) 30-33% 21-24 Pilot project on a remote farm

[86] CHP with mixed waste 62-68% 3.1-33 Highly efficient (cogeneration system)
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Table 4. Biogas-to-electricity conversion factors according to reviewed scientific literature.

Electrical Efficiency Conversion

Reference Technology / Context (%) (KWh/Nm®) Remarks

[87] 1200 kWe LFG engine 42% 2.6-2.8 Performance measured via monthly monitoring
[88] Tanzania, hybrid system 28-32% 1.7-2.0 Evaluation in rural off-grid areas

[89] LFG-powered generators 38-40% 2.3-25 Urban cases, medium-scale plants

[83] Multi-technology (CHP, ORC, SOFC) 15-54% 1.0-3.5 Broad review with technical comparisons

2.10. Univariate Descriptive Analysis of Central Tendency, Dispersion, and Range

To evaluate the distribution of the data obtained in biogas production studies, de-
scriptive statistical measures are applied. These include indicators of central tendency,
dispersion, and extreme values, providing an effective characterization of data behavior.

2.10.1. Arithmetic Mean (X)

The arithmetic mean Equation (11) is a measure of central tendency that reflects the
average value of the sample, offering an overview of biogas yield.

11’!
¥==
n

Yox 11)
i=1
where

- X: Mean or average of the values.
—  x;: Each individual value of the variable (biogas yield).
—  n: Total number of observations (considered studies).

2.10.2. Sample Standard Deviation (s)

The standard deviation Equation (12) measures the dispersion of data relative to the
mean, providing insight into biogas yield variability.

1

n—1~:*
1

.= " (x; — %2 (12)
=1

where

—  s: Standard deviation.

x;: Each individual value of the variable.

X: Arithmetic mean of the values.
— n: Total number of observations.

2.10.3. Range (R)

The range is a simple measure Equation (13) of dispersion that shows the difference
between the maximum and minimum values, reflecting the data’s amplitude.

R = Xmax — Xmin (13)

where

—  R: Range or data amplitude.
- Xmax: Maximum observed value.
- Xmin: Minimum observed value.
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2.10.4. Scenario-Based Parameterization for Modeling Outcomes

To account for the inherent variability in the data and ensure a robust assessment
of energy potential, three scenarios were defined: pessimistic, realistic, and optimistic.
Each scenario is based on statistical criteria derived from observed values or percentiles,
allowing the model to represent a range of possible outcomes. The following sections
describe the criteria and equations used to determine the parameters for each scenario.

Low Value (Pessimistic Scenario)

The low value represents a pessimistic scenario in Equation (14), corresponding to the
minimum observed value or the 10th percentile if a large amount of data is available.

Xiow = min(x1,xo, ..., %) (14)

where

- Xow: Minimum observed value or 10th percentile in the case of large datasets.

Middle Value (Realistic Scenario)

The middle value, represented by the arithmetic mean Equation (15), reflects a realistic
or expected scenario.

Xmiddle = ¥ (15)
where

Xmiddle: Arithmetic mean, assumed as the expected value.

High Value (Optimistic Scenario)

The high value Equation (17)describes an optimistic scenario, determined by the
maximum observed value or the 90th percentile if a large volume of data is available.

Xhigh = max(xy,X2,...,%n) (16)

where

Xhigh: Maximum observed value or 90th percentile in the case of large datasets.

2.11. Principal Component Analysis (PCA)

To reduce the dimensionality of the waste system and explore redundancies among
variables, a Principal Component Analysis (PCA) was applied using the correlation matrix
of four standardized variables: bagasse, vinasse, filter cake, and molasses (in t/tn).

The variables were normalized to zero mean and unit variance prior to the analysis.
The calculation of the principal components is based on the eigenvalue system:

Statistical Foundation

Given a standardized dataset Z of order n X p (n observations and p variables), PCA is
constructed from the covariance matrix X (17), or alternatively from the correlation matrix
when the variables are on different scales, as is the case here:

1

Z:
n—1

ANA (17)

The analysis consists of solving the following matrix system (18):

2uo=Av (18)
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where

*  A:eigenvalues (variance explained by each component).
e ©v: eigenvectors (principal directions).
e PCy = Z vy k-th principal component.

The eigenvalues Ay, A3, ..., Ap indicate the proportion of total variance explained by
each component, and the eigenvectors define the linear combinations of variables that
generate these components.

2.12. Time Trend Analysis and Outlier Detection

A univariate time series analysis was performed on the percentage of filter cake
produced per ton of cane processed, using data from the years 2013 to 2017. The objective
was to determine whether there is an increasing or decreasing trend in this percentage
over time.

Linear Trend Regression

The fitted model Equation (19) was

ye=PBo+P1-t+er (19)

where

*  y;: Percentage of filter cake in year ¢.

e  Bo: Intercept.

*  B1: Slope of the trend (annual change).
. €;: Error term.

2.13. Evaluation of the Consistency of Technical Coefficients vs. Real Data (2011-2018, Peru)

Compare the estimated amounts of by-products calculated using fixed technical co-
efficients with the actual recorded data for Peru between 2011 and 2018. Then, compute
the Percentage Relative Error (ERP) to assess how accurately the statistical model reflects
real-world outcomes. The technical coefficients used are shown in Equation (20):

|Estimated value — Actual value|
Actual value

Relative percentage error (ERP) = < > x 100  (20)

2.14. Future Projection of Biogas Production Potential (2024-2030)

To estimate the potential biogas volume (in Nm?) that Peru and Cuba could generate
from 2024 to 2030, three scenarios for the evolution of sugarcane production were assumed,
based on historical trends and industrial growth assumptions. Table 5 summarizes the
assumptions applied in the prospective simulation, including projected growth scenarios,
historical average sugarcane production for each country, and the technical coefficients
used to estimate the biogas volume generated by each type of by-product.

2.14.1. Projected Processed Cane per Year

For scenarios E2 and E3, the projected cane for each year is calculated as follows in
Equation (21):
dn = dpase X (1 +g)n (21)

where

*  dy: Projected cane in year 7 (tons).
®  dpase: Historical average (tons).
* ¢ Annual growth rate (0.025 or 0.05).
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. n: Number of years since 2023 (n = 1 for 2024, ..., n = 7 for 2030).

Table 5. Parameters and scenarios applied for the biogas projection for Peru and Cuba (2024-2030).

Element Details

(a) Growth Scenarios

Scenario E1 (Conservative) Cane production remains constant (base 2011-2018)
Scenario E2 (Moderate) Linear growth of +2.5% per year

Scenario E3 (Optimistic) Technological improvement + growth: +5% per year
(b) Historical Average of Cane Processed (2011-2018)

Peru 10,256,777 tons annually

Cuba 15,400,000 tons annually

(c) Technical Coefficients Applied per By-Product

Bagasse 29.5% of processed cane — 180 Nm? of biogas per ton
Filter Cake 3.72% of processed cane — 63.25 Nm? of biogas per ton
Molasses 3.83% of processed cane — 344.4 Nm? of biogas per ton
Vinasse 13.75% of processed cane — 12.6 Nm? of biogas per ton

2.14.2. Estimated By-Product Calculation

The equation to calculate the tons of by-product i in year  is as follows (22):

5= (1) =

where

¢ S;,: Tons of by-product i in year 7.
*  dy: Projected cane in year n (in tons).
*  pag;: Percentage of by-product i over the cane.

2.14.3. Biogas Production per By-Product
The biogas production of by-product i in year 7 is calculated using the following
Equation (23):
Bijn = Sin < ki (23)
where

*  B;,: Biogas generated from by-product i in year n (in Nm?).
e S;,: Tons of by-product i in year n.
e k;: Biogas production per ton (Nm?>/t).

2.14.4. Estimated Total Annual Biogas

The total biogas production in year # is obtained by summing the biogas production
from each by-product Equation (24):

Btotal,n = ZBi,n (24)
i

where

®  Byotaln is the total estimated biogas in year n.
* B, , is the biogas production from by-product i in year 7.

3. Results and Discussion

In order to validate the mathematical models and technical coefficients used in the
research on the estimation of by-products and biogas potential, official sources from the
Peruvian agro-industrial sector were consulted. In particular, data from the Statistical
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Bulletin of the Sugar Industry of Peru, published by the Ministry of Agriculture and Irriga-
tion (MINAGRI) [90], were used. This bulletin provides consolidated national production
records for the period 2011-2018.

The bulletin includes actual values of milled sugarcane, as well as the annual reported
tonnages of bagasse and molasses produced by the country’s sugar agro-industry. These
data enabled the precise calculation using Equations (2) and (4) of the actual percentages
these by-products represent with respect to the total processed sugarcane for each year,
as shown in Table 6.

Table 6. Actual production of milled sugarcane, bagasse (M}), and molasses (M) in Peru (2011-2018).

Year Milled Sugarcane (t) M, ) % M, M, (t) % M,,
2011 9,884,936 3,082,800 31.20% 392,800 3.97%
2012 10,368,866 3,101,500 29.90% 395,800 3.82%
2013 10,982,240 3,212,700 29.26% 403,500 3.67%
2014 11,389,617 3,325,000 29.20% 414,700 3.64%
2015 10,211,856 3,107,000 30.43% 398,900 3.91%
2016 9,832,526 3,062,500 31.15% 391,800 3.98%
2017 9,399,617 2,987,200 31.78% 389,100 4.14%
2018 10,336,177 3,103,700 30.03% 394,600 3.82%

The detailed analysis revealed that bagasse represented between 29.2% and 31.8%
of the total milled sugarcane, while molasses ranged from 3.64% to 4.14% during the
same period. These values, in addition to being supported by official data, are consistent
with the coefficients assumed in this study (30% for bagasse and 4% for molasses), thus
providing robustness and external validity to the equations used in the bioenergy potential
estimation model.

The data presented in Table 7 allow for an accurate calculation using (1) of the per-
centage of filter cake obtained with respect to the total milled sugarcane, thus serving as
a valid reference to contrast with values estimated through mathematical models. This
information, systematized from operational records of the sugar mill, provides insight not
only into the total volume of processed sugarcane, but also into the actual amount of filter
cake generated per harvest. In particular, the records published by [10] were used, which
provide annual data on milled sugarcane and filter cake production from a representative
mill in Cuba for the period 2013-2017.

Table 7. Milled sugarcane and filter cake (M) production at the mill during the last 5 harvest seasons.

Harvest Years Milled Sugarcane (t) M, () % M, in Milled Cane
2013 428,012.92 12,033.03 3.76%
2014 386,331.13 12,533.54 3.24%
2015 421,039.46 16,257.76 3.86%
2016 395,520.81 12,807.35 3.28%
2017 432,554.32 21,730.67 5.02%

The analysis of the data reveals that filter cake production ranged between 3.24%
and 5.02% of the total milled sugarcane, with an average around 3.8%. These results,
in addition to being supported by actual operational records, fall within the technical
range referenced by the specialized literature (2.5-5.5%), which confirms the validity of
using an estimated coefficient of 3% in the applied mathematical model. The convergence
between the observed real values and the estimated proportions strengthens the reliability
of the bioenergy potential estimation based on the fraction of filter cake generated in the
industrial process.
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Unlike by-products such as bagasse, molasses, and filter cake, in the case of vinasse
there are no official statistical data or direct production records available in the annual
reports of the sugar industry. This situation arises because vinasse, being a liquid residue
derived from the fermentation and distillation process for ethanol production, is not always
quantified as a by-product in milled cane statistics, especially when the distillery is not
annexed to the main plant.

However, the relevance of this residue in bioenergy studies is unquestionable, as it
represents a significant source of organic matter susceptible to anaerobic digestion. There-
fore, the estimation of vinasse generation is based on values published in peer-reviewed
international scientific literature, derived from empirical and industrial studies conducted
in Brazil, India, Thailand, and Latin America, under technological contexts comparable to
the present study.

For this reason, Table 8 presents an analysis of the scientific literature.

Table 8. Reported percentages of vinasse (My) in scientific literature.

Reference  Reported Percentage (%) Notes / Context

[54] 10-15% (usually 12%) Empirical data from biogas plants

[49] 10-15 L/L of ethanol Industrial use for xylitol production

[16] 15-20% L/L ethanol Range per ton of cane

[53] 156-910 L/TC (15-91 L/+t) Range depending on installed technology
[55] 15-18% Estimates from American plants

Extreme values under suboptimal conditions in

7] 438-1038 L/t cane (~40%) integrated distilleries

The percentages of vinasse reported in various research studies each published in
high impact, indexed scientific journals in the fields of bioenergy, process engineering,
and waste treatment have been used as key references. These values, mostly expressed as
a percentage relative to milled sugarcane, served as the basis for estimating the fraction
of vinasse generated per ton of cane in this work. A representative coefficient of 12% was
adopted, as it is validated and consistently cited in the scientific literature.

3.1. Statistical Analysis Results by By-Product from Sugar Mills

In order to select representative and reliable coefficients for estimating biogas produc-
tion by substrate type, a systematic review of scientific articles published in high-impact
international journals was conducted. This review focused on experimental and technical-
industrial studies that reported specific biogas production values, expressed in normal
cubic meters per ton of processed by-product (Nm?3/t).

Based on this compilation, classical statistical dispersion analysis methods were ap-
plied. For each by-product, the arithmetic mean, standard deviation, and reported min-
imum (low) and maximum (high) values were obtained. These results are presented in
Table 9, which summarizes the quantitative basis used to estimate the theoretical biogas
production potential in the proposed model.

Table 9. Theoretical potential analysis of biogas production by by-product.

By-Product Values Used (Nm3/t) Mean (¥) Std. Dev. (s) Low High
Bagasse 119, 150, 180, 270, 280 199.8 67.3 119 280
Vinasse 5,8,11,18,21 12.6 6.35 5 21
Filter cake 50, 55, 58, 90 63.25 17.25 50 90

Molasses 321, 323, 348, 350, 380 3444 23.06 321 380
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The results of this analysis confirm that the coefficients commonly used in bioenergy
modeling 30% for bagasse, 3-4% for molasses and filter cake, and 12-15% for vinasse—are
strongly supported by empirical and theoretical evidence Table 10. This methodological
strategy increases the reliability of the values applied in the by-product simulation model
and justifies their use both in national scenarios and international extrapolations.

Table 10. By-product percentage relative to milled sugarcane: Combined analysis (real data + literature).

By-Product Values Used (%) Mean (%) Std. Dev. Low High
Bagasse 27.0,28.0,29.0,30.2, 31.8 29.5 1.6 270 318
Filter Cake 3.0, 3.2, 3.24,3.28, 3.68, 3.7, 4.02, 4.50, 5.02 3.72 0.61 3.0 5.02
Molasses 1.50,2.8,3.2,3.83, 3.87, 3.96, 4.20 3.83 0.28 1.50 4.20
Vinasse 10.0, 12.0, 13.0, 14.0, 15.0, 17.0, 18.0 13.75 2.05 100 18.0

In order to establish a representative technical value for the conversion of biogas into
electrical energy, a review of the recent scientific literature was conducted, covering studies
developed between 2020 and 2025. The reviewed works span a wide range of technologies,
including adapted diesel engines, Combined Heat and Power (CHP) systems, Solid Oxide
Fuel Cells (SOFC), and industrial-scale plants powered by LandFill Gas (LFG), in contexts
ranging from rural biodigesters to large-scale urban facilities. Based on 16 collected values,
a statistical database was constructed to evaluate the variability and consistency of electrical
conversion coefficients for biogas, expressed in kilowatt-hours per normal cubic meter
(kWh/Nm?) (Table 11).

Table 11. Analysis of the biogas-to-electricity conversion factor.

Parameter Result

Mean 2.28 kWh/Nm?
Standard Deviation 0.43 kWh/Nm?3
Minimum Value 1.65 kWh/Nm3
Maximum Value 3.20 kWh/Nm?>
Total Range 1.55 kWh/Nm?

The descriptive statistical analysis of the conversion coefficients allows the identi-
fication of typical, extreme, and central tendency values. This analysis provides a solid
basis for selecting reliable factors in energy modeling scenarios applied to agro-industrial
bioenergy projects, such as the utilization of biogas generated from sugarcane residues in
Peru and Cuba.

3.2. Determination of By-Product Content and Its Energy Recovery Based on Actual Milling Data

In order to establish a solid empirical basis for estimating the technical content of agro-
industrial by-products and their subsequent energy recovery, historical series of official data
on the annual production of milled sugarcane were collected for the two main countries
under study: Cuba and Peru (Table 12). This information constitutes the primary input
for applying the previously validated statistical coefficients for the generation of bagasse,
filter cake, molasses, and vinasse per ton of processed sugarcane, enabling a quantitative
modeling of the bioenergy potential derived from the sugar industry.

The values for Cuba were extracted from the 2022 Statistical Yearbook of Cuba, pub-
lished by the National Office of Statistics and Information (ONEI) [91], specifically from the
column corresponding to “Total Production (MMt)” intended for industrial use, and subse-
quently converted into metric tons.
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Metric Tons (t)

50.0x10°

40.0x10°

30.0x10°

20.0x10°

10.0x10°

Table 12. Annual production of milled sugarcane in Cuba and Peru (2000-2018).

Year Cuba (t) Peru (t)

2000 32,100,000 7,135,154
2001 34,700,000 7,385,946
2002 23,000,000 8,419,786
2003 24,200,000 8,863,958
2004 11,900,000 6,945,686
2005 11,200,000 6,304,065
2006 12,700,000 7,245,833
2007 15,800,000 8,283,686
2008 15,000,000 9,395,959
2009 11,600,000 9,936,945
2010 11,900,000 9,854,961
2011 14,700,000 9,884,936
2012 16,100,000 10,368,866
2013 17,800,000 10,982,240
2014 15,800,000 11,389,617
2015 18,100,000 10,211,856
2016 19,900,000 9,832,526
2017 12,600,000 9,399,617
2018 17,100,000 10,336,177

In turn, the data for Peru were taken from the Statistical Bulletin of the Sugar Indus-
try published by the Ministry of Agriculture and Irrigation (MINAGRI), which reports
consolidated annual milling figures by harvest season at the national level.

This information will be used as the basis to calculate, through validated percentage
coefficients, the total estimated mass of each by-product, biogas production, and elec-
tricity generation for both countries. This approach ensures methodological consistency
and rigor in the technical-productive and energy potential comparison between different
national contexts.

Figure 1 shows the temporal evolution of the main by-products derived from sugar-
cane milling for Cuba (left) and Peru (right) during the 2000-2009 period, expressed in met-
ric tons (t). The by-products considered—bagasse, filter cake, molasses, and vinasse—were
estimated from the volume of processed sugarcane using previously validated technical
coefficients: 29.5% for bagasse, 3.72% for filter cake, 3.83% for molasses, and 13.75% for
vinasse, respectively.

Cuba Peru

Subproduct
EEm Crushed Cane (t) s Bagasse (t) I Filter Cake (t) EEE Molasses (t) s Vinasse (t)

Figure 1. Comparative annual yields of sugarcane by-products in Cuba and Peru from 2000 to 2009.

During the early years (2000-2001), Cuba recorded peak milling levels with over 32
and 34 million tons of sugarcane, respectively, resulting in exceptional by-product volumes,
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notably bagasse exceeding 10 million tons annually, and vinasse approaching 5 million
tons. This behavior reflects the country’s installed capacity and its historical centrality in
the Caribbean sugar industry. However, from 2002 onward, a sustained declining trend
is observed, attributed to industrial restructuring, mill closures, and broader economic
reforms. The volume of milled cane drops sharply from 2003, leading to a proportional
decline in by-products. By 2009, bagasse falls below 5 million tons, while vinasse drops to
under 2.5 million tons. This reduction implies not only a loss in bioenergy potential but
also a decrease in waste generation for potential composting or organic fertilization.

In contrast, Peru presents a more stable trajectory with progressive growth. Although the
injtial volume of milled cane in 2000 was significantly lower (7 million tons), it maintains
a pattern of moderate but steady increase throughout the decade. By 2009, milling exceeds
9.9 million tons, leading to a corresponding rise in by-products: bagasse reaches approximately
3 million tons, and vinasse surpasses 1.3 million. The consistency of Peru’s trend indicates
institutional strengthening and progressive technological development in the sector, providing
a stable foundation for energy recovery projects and integrated waste utilization.

Figure 2 presents the annual evolution of the main by-products generated from sugar-
cane milling in Cuba and Peru, from 2010 to 2018. The values are derived from the total
officially reported milled cane volumes, multiplied by the previously established technical
coefficients for this case study.

Cuba Peru

Subproduct
EEN Cane () WS Bagasse (t) N Filter Cake (1) WM Molasses(t) BN Vinasse (®

Figure 2. Trends in annual sugarcane by-product generation in Cuba and Peru between 2010 and 2018.

During the analyzed period, Cuba experienced a progressive recovery in sugarcane
milling from 2010 to 2016, reaching a peak of nearly 20 million tons in 2016. This im-
provement is proportionally reflected in all by-products. Bagasse remained the main
lignocellulosic residue, exceeding 5.9 million tons at its peak, while vinasse, a liquid by-
product with high organic load, showed a notable increase, surpassing 2.7 million tons in
2016. However, a sharp contraction occurred in 2017, with a decline in milled cane directly
impacting the reduction of by-products. This drop may be related to structural, climatic,
or logistical factors, highlighting the vulnerability of Cuba’s agro-industrial system to
exogenous disruptions.

The Peruvian case shows a more stable and controlled trend, characterized by relatively
constant cane milling around 10 million tons annually, with slight year-to-year variations.
This stability translates into a consistent by-product generation, with bagasse consistently
ranging between 2.9 and 3.1 million tons, and vinasse between 1.3 and 1.4 million. Peru’s
regularity reflects institutional consolidation in the sector, efficient agricultural and in-
dustrial planning, and lower exposure to disruptive events. Furthermore, the coherent
behavior of by-products makes it an ideal scenario for implementing sustained energy
recovery strategies (biogas, biofertilizers, composting) with lower operational uncertainty.

During the 2000-2008 period (Figure 3), the estimated biogas production in Cuba showed
a marked downward trend across all by-products, clearly correlated with the progressive



Technologies 2025, 13, 238

18 of 36

decline in sugarcane milling reported during those years. In the case of bagasse—the main
source of biogas—a drop of more than 60% is observed, decreasing from values above
1.7 x 10° Nm? in 2001 to less than 7 x 103 Nm? in 2009. Similar trends were identified for
liquid and solid by-products (molasses, vinasse, and filter cake), with sustained but less
pronounced declines. In contrast, biogas production in Peru remained relatively stable or
showed a slight upward trend, reflecting an agro-industrial sector with greater productive
stability. The most notable case is Peruvian bagasse, which shows a slightly increasing
trend, ranging from 3.5 x 10% to 5.3 x 108 Nm? over the same period. This divergence
between the two countries highlights structural differences in the efficiency of the sugar
sector, technological modernization policies, and energy recovery capacity from waste.
Cuba, with a historically larger sugarcane volume, experienced a sharp decline in its energy
potential due to industrial contraction, whereas Peru maintained a growing and more
sustained utilization of its by-products for biogas production.
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Figure 3. Annual Yearly biogas yield by residue type in Peru and Cuba.

During the 2010-2018 period (Figure 4), the estimated biogas production in Cuba ex-
perienced a sustained recovery, with notable increases across most by-products, especially
bagasse, which peaked in 2016 at nearly 6 x 10 Nm?3. This growth reflects a period of in-
dustrial revitalization, possibly linked to technological improvements and greater efficiency
in sugarcane milling. The behavior of by-products such as molasses, vinasse, and filter
cake also showed a general upward trend, although with fluctuations characteristic of agro-
industrial cycles. In contrast, Peru maintained a more stable biogas production, with slight
increases in bagasse until 2014, followed by stabilization around 2.8-3 x 10 Nm?. Biogas
production from molasses and vinasse in Peru also remained within consistent ranges,
demonstrating a mature industry with lower interannual variability. Overall, the data
show that Cuba achieved a significant recovery following the contraction of the previous
period, while Peru continued along a more stable and predictable trajectory. This highlights
two distinct approaches to management and technological evolution in the energy recovery
of agro-industrial residues.
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Figure 4. Annual biogas production in Peru and Cuba.

Figure 5 shows the 2000-2009 period, where a clear disparity is observed in elec-
tricity generation from sugarcane by-products between Cuba and Peru. Cuba stands
out with higher levels of electricity production, thanks to a greater availability of
biomass, consolidated energy infrastructure, and policies aimed at the valorization of
agro-industrial residues.
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Figure 5. Electricity generation through biogas in Cuba and Peru (2000-2009).

Bagasse stands out as the main energy vector, reaching over 4000 GWh in Cuba in
2001 before stabilizing between 1400 and 1900 GWh towards the end of the period, while
Peru shows continuous growth from 850 GWh to over 1200 GWh. Regarding filter cake,
Cuba shows a steady decline from 185 GWh to around 60 GWh, in contrast with Peru,
which advances steadily between 39 and 53 GWh. Electricity generation from molasses
also decreased significantly in Cuba (from 1050 to 350 GWh), possibly due to variations
in industrial use of the by-product, while Peru shows a gradual increase (from 220 to
310 GWh). Finally, vinasse follows a downward trend in Cuba, from 135 to 47 GWh, while
Peru shows a slight but steady rise from 28 to 41 GWh, reflecting greater interest in the use
of liquid waste through anaerobic digestion.
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During the 2010-2018 period, Cuba maintained a significant advantage over Peru in
electricity generation from sugarcane by-products, with bagasse standing out as the main
energy source, peaking at over 13,000 GWh in 2016. Peru showed more stable production,
between 6500 and 7500 GWh. Filter cake had less impact, although Cuba exceeded 90 GWh,
while Peru remained between 50 and 60 GWh. Regarding molasses, Cuba reached more
than 1700 GWh at its peak, compared to Peru at 820-1000 GWh. Although vinasse has low
energy potential, it showed steady growth, with Cuba reaching 79 GWh and Peru between
38 and 45 GWh (Figure 6). These differences reflect not only the availability of biomass,
but also the effects of policies, technologies, and operational efficiency in each country.
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Figure 6. Electric power output from biogas by residue category in Cuba and Peru (2010-2018).

This analysis demonstrates that both Cuba and Peru possess significant and comple-
mentary by-product matrices, whose technical management can contribute substantially to
the energy transition and circular economy in agro-industrial contexts. From a public policy
and energy planning perspective, this chart supports the need to adopt differentiated strate-
gies for each country: in Cuba, it is recommended to prioritize industrial revitalization plans
with energy integration; in Peru, to leverage structural growth to consolidate a sustainable
circular bioeconomy model based on the systematic use of sugar industry by-products.

3.3. Evaluation of the Consistency of Technical Coefficients vs. Actual Data

The empirical robustness of the statistical model for estimating by-products from
milled sugarcane is validated by comparing its results with actual data reported by Peruvian
sugar mills (Table 13), using the calculation of the Relative Percent Error (RPE).

The RPE for bagasse ranged from 0.84% (2013) to 7.17% (2017), with an average of
3.61% and a standard deviation of 2.10. Years like 2012 and 2014, with RPE < 1.5%, show
very high consistency between the statistical estimate and actual industrial production.
The peak observed in 2017 (7.17%) could be linked to changes in industrial efficiency,
bagasse moisture content, or variations in cane harvesting, suggesting that the model could
benefit from dynamic adjustments if more variables are available. Technically, an RPE < 5%
is considered acceptable in agro-industrial process modeling studies, and in this case, 6 out
of the 8 years analyzed meet that condition.
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Table 13. Actual vs. estimated comparison (Peru 2011-2018).
Year Sugarcane Actual Estimated RPE Bagasse Actual Estimated RPE
Milled (t) Bagasse (t) Bagasse (t) (%) Molasses (t)  Molasses (t)  Molasses (%)

2011 9,884,936 3,082,800 2,914,604 5.5 392,800 378,648 3.6

2012 10,368,866 3,101,500 3,059,812 13 395,800 397,633 0.5

2013 10,982,240 3,212,700 3,239,761 0.84 403,500 420,584 4.23
2014 11,389,617 3,325,000 3,359,939 1.04 414,700 437,376 5.45
2015 10,211,856 3,107,000 3,013,508 3.0 398,900 391,119 1.95
2016 9,832,526 3,062,500 2,902,593 5.22 391,800 376,590 3.89
2017 9,399,617 2,987,200 2,772,886 7.17 389,100 359,020 7.74
2018 10,336,177 3,103,700 3,048,168 1.79 394,600 395,855 0.32

The RPE for molasses is also shown in Table 14. It ranged from 0.32% (2018) to 7.74%
(2017), with an average of 3.47% and a standard deviation of 2.51. The estimate was nearly
perfect in 2018, demonstrating the high accuracy of the molasses coefficient (3.83%) in
the proposed technical model. The values above 5% in 2014 and 2017 suggest potential
variability in residual sucrose content, milling type, or juice destination in those harvests,
which could be explained with complementary information on technological processes
or climatic conditions. Nevertheless, the errors remained within the standard acceptable
range for technical studies in energy planning.

Table 14. Statistical analysis of error.

Indicator Bagasse (%) Molasses (%)
Mean RPE 3.61 347
Standard deviation 2.10 2.51
Maximum RPE 7.17 7.74
Minimum RPE 0.84 0.32
% of years with RPE < 5% 75% 75%

This statistical performance shown in Table 14 reflects a very high consistency of
the model, supporting the use of fixed coefficients as a robust first approximation for
bioenergy estimates in the sugar industry. The validity of the estimation model using
average technical coefficients is confirmed by its ability to predict the actual production of
bagasse and molasses with an accuracy greater than 95% in most years. This consistency
is critical for modeling biogas production, as the estimation of the substrate base volume
determines the rest of the energy analysis. In practice, this type of error (£5%) does not
significantly affect the planning of anaerobic digesters or the sizing of energy systems.

3.4. Future Projection of By-Product and Biogas Production Potential (2024-2030)

In order to assess the potential energy impact of the sugarcane agroindustry in Latin
America, a prospective simulation was conducted to estimate the volume of biogas that
could be generated by Peru and Cuba during the 2024-2030 period. The estimation was
performed under three growth scenarios based on historical averages and assumptions re-
garding agricultural and industrial development: (i) a conservative scenario (E1), assuming
no change in sugarcane production; (ii) a moderate scenario (E2), with linear growth of 2.5%
per year; and (iii) an optimistic scenario (E3), which considers technological modernization
and productive expansion at a 5% annual rate.

3.4.1. Cumulative Projection of By-Products in Countries Like Peru and Cuba (2024-2030)

The analysis starts from the historical average of milled sugarcane for Peru
(10,256,777 t/year) and applies previously validated technical coefficients to estimate
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the corresponding mass of each by-product: bagasse (29.5%), filter cake (3.72%), molasses
(3.83%), and vinasse (13.75%). This visualization allows for the identification of the relative
and absolute behavior of key industrial residues, which is essential for the planning of
energy and environmental valorization systems.

Figure 7 clearly illustrates how agro-industrial growth in Peru not only increases
sugarcane availability, but also the critical mass of valorized by-products. Bagasse is the
dominant component, accounting for between 56% and 58% of the total by-products gener-
ated, confirming its role as the main lignocellulosic residue of the process. Its cumulative
volume rises from 21 million tons in E1 to nearly 30 million in E3, representing a 39%
increase. This behavior has direct implications for the design of combustion systems,
anaerobic digestion, and pelletization for bioenergy.
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Figure 7. Cumulative projection of by-products for Peru (2024-2030).

Vinasse, for its part, is the largest liquid residue by mass in all scenarios and ranks as
the second most abundant by-product, with a relative share of approximately 28-30%. Its
cumulative volume increases from 10.1 Mt (E1) to 14.6 Mt (E3). This increase highlights the
need to design treatment and reuse policies (e.g., fertigation, biofertilizers) in response to
the risk of high organic load in soils or water bodies.

Another by-product of the sugar industry with significant energy value is filter cake,
which has potential for organic fertilization. Although it represents a small share (x3.7%
of milled cane), its volume reaches 3.7 million tons in E3. This phosphorus- and organic
matter-rich solid fraction represents a key opportunity to close the agroecological cycle
through composting or co-digestion.

In another context, molasses is a sugary residue with high energy value, with cumu-
lative growth ranging from 2.7 to 3.8 million tons. Due to its high content of fermentable
carbohydrates, it has enormous potential for bioethanol or biogas production in specialized
digesters. Its contribution is critical to improving the overall energy efficiency of the system.

This analysis reinforces the need to integrate a comprehensive waste utilization ap-
proach into the country’s bioeconomy, renewable energy, and agro-industrial sustainabil-
ity policies.

For the Cuban case seen in Figure 8, the model is based on a historical average of
sugarcane production of 15,400,000 t/year (2011-2018 average) and applies validated
technical coefficients from this study to estimate the mass of each generated by-product:
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bagasse (29.5%), filter cake (3.72%), molasses (3.83%), and vinasse (13.75%). The graph
allows for a comparison of the expected behavior of residues by scenario, providing
fundamental inputs for the sizing of treatment, valorization, and bioenergy plants.
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Figure 8. Expected cumulative output of sugar industry by-products in Cuba (2024-2030).

The analysis confirms that, as in the Peruvian case, the growth in sugarcane milling
directly impacts the critical mass of valorized residues, with significant differences in
absolute volumes due to the country’s higher milling capacity.

Bagasse is consolidated as the dominant by-product, representing between 58% and
60% of the total residues generated. Its cumulative volume increases from approximately
31.7 million tons in the conservative scenario (E1) to more than 44.4 million tons in the
optimistic scenario (E3), representing a 40% increase. This lignocellulosic fraction forms the
potential base for cogeneration systems, briquette production, anaerobic digestion, or ther-
mochemical conversion, reinforcing its strategic role in the country’s energy transition.

Vinasse, the main liquid residue, remains the second most abundant by-product, with a
relative share close to 27-28% of the total by-products. Its projected volume increases from
15 million tons in E1 to more than 21 million in E3, reflecting growth proportional to the
increase in milling. Its high organic load requires integrated environmental management
strategies, such as anaerobic treatment systems, use in fertigation, or soil application with
impact control.

Filter cake, although smaller in proportion (around 3.72% of the milled cane), reaches
significant mass values, with projections of 3.99 million tons in E1 and up to 5.59 million
in E3. Its high nutrient content makes it an excellent input for the production of com-
post, biofertilizers, or co-digestion with vinasse, allowing nutrient cycles to be closed and
contributing to the restoration of agricultural soils.

Molasses, a sugary residue with high energy concentration, shows a cumulative
projection between 4.1 million tons (E1) and 5.76 million tons (E3). Its potential for the
production of bioethanol, biogas, or value-added metabolites positions it as an essential
vector in energy valorization strategies and residue industrialization.

Altogether, this projection for Cuba highlights the urgency of implementing an inte-
grated utilization model for agro-industrial residues, with a focus on sustainability, energy
efficiency, and circular bioeconomy. The strategic transformation of these by-products
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could not only reduce the environmental burden but also position the sugar sector as a key
generator of renewable energy and added value in the Latin American context.

3.4.2. Projected Potential of By-Products in the Total Biogas Production for Cuba and Peru
(2024-2030)

For the estimation of bioenergy potential, specific technical coefficients were applied
for each by-product, derived from a rigorous statistical review of scientific studies and
validated real-world data. In the case of bagasse, an average yield of 180 Nm? of biogas
per ton of fresh residue was considered, consistent with studies conducted in Brazil, Cuba,
and Thailand. For vinasse, a liquid by-product with a high organic load, an average coeffi-
cient of 12.6 Nm3/t was assumed, based on experimental data from anaerobic digestion
plants and systematic reviews. As for molasses, its high concentration of fermentable sugars
allows it to reach an estimated potential of 344.4 Nm?/t, making it one of the by-products
with the highest energy capacity per unit of mass. Finally, for filter cake, an average yield
of 63.25 Nm?3/t was applied, a value derived from studies conducted at sugar mills in
Cuba and Brazil. These coefficients were used uniformly for both countries throughout
the projected period (2024-2030), ensuring the comparability and consistency of the results
obtained across the different scenarios.

Figure 9 represents the estimated distribution of the cumulative volume of biogas
(Nm?) generated by the main by-products of the sugar agro-industry in Peru, projected
under three growth scenarios for the period 2024-2030. In scenario (E1), the biogas volume
remains around 7 billion Nm?, with a dominant contribution from bagasse, which accounts
for more than 75% of the total generated. Molasses ranks as the second-largest contributor
(17%), while filter cake and vinasse show smaller but still significant shares. In scenario (E2),
a sustained linear growth in processed cane is incorporated, reflecting an increase in biogas
volume to approximately 8.6 billion Nm>—representing a 22% rise compared to scenario
El. Scenario (E3) is the most ambitious, considering technological improvements and
agricultural expansion. It projects a production exceeding 9.9 billion Nm? of biogas. Bagasse
alone could generate over 7.5 billion Nm?, reinforcing its role as the energy backbone of
the system. Molasses continues increasing its contribution, surpassing 1.7 billion Nm?, due
to its high energy density (high fermentable sugar content).

Figure 10 shows the projection of the cumulative biogas volume for Cuba during the
period 2024-2030, under three agro-industrial growth scenarios. In the baseline scenario
(E1), production remains stable at around 10.8 billion Nm?, reflecting current conditions
of the production system. In the moderate scenario (E2), which considers a 2.5% annual
linear growth, the volume rises to approximately 12.9 billion Nm?, implying a 19% increase
compared to El. Finally, the optimistic scenario (E3), which includes technological advances
and agricultural expansion, projects a production close to 15.5 billion Nm?, representing a
cumulative growth of over 43%. These results highlight the energy potential of the Cuban
sugar agroindustry and its capacity to significantly contribute to the transition toward a
cleaner and more sustainable energy matrix.

Figure 11 provides a comparative view of the cumulative biogas production projection
(expressed in Nm?) for both countries, by scenario. This analysis is key to identifying the
available bioenergy expansion margin if technology-oriented policies are implemented and
to evaluating the energy resilience of the agro-industrial sector.
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Figure 9. Biogas production projection scenario for Peru (2024-2030).
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Figure 10. Biogas production projection scenario for Cuba (2024-2030).

In the baseline scenario (E1), Peru would reach a total volume of 5.41 x 10° Nm?
between 2024 and 2030, with an annual average of 772 million Nm?/year, corresponding
to an agroindustry stagnated at current production levels. Under scenario E2 (+2.5%
annually), cumulative biogas production would increase to 6.43 x 10 Nm?, representing
an 18.8% improvement over the conservative case. The optimistic scenario (E3) reaches
7.498 x 10° Nm?, reflecting cumulative growth of over 38.5% compared to E1, demonstrat-
ing the multiplier effect of technological innovation in waste valorization.

In the same period, Cuba shows higher absolute values, with 8.11 x 10° Nm? in
scenario E1, corresponding to an average of 1.16 billion Nm?/year. With linear growth (E2),
a total of 9.718 x 10° Nm? is projected, exceeding the baseline scenario by 19.8%. Finally,
in scenario E3, Cuba could reach 11.358 x 10° Nm?, consolidating an increase of 39.99%,
reaffirming the enormous biogas potential still untapped in sugarcane residues if advanced
industrial strategies were adopted.
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Figure 11. Biogas production projection scenario for Cuba and Peru (2024-2030).

3.4.3. Projection of Electricity Generation Potential for Cuba and Peru (2024-2030)

The estimation of electricity generation potential from biogas in agro-industrial con-
texts requires the integration of technically validated parameters, both in terms of biogas
production and energy conversion. This section presents a detailed projection of the volume
of electricity that could be generated in Cuba and Peru between 2024 and 2030, based on
previously calculated biogas projections by agro-industrial by-product (bagasse, filter cake,
molasses, and vinasse) and using conversion factors obtained through statistical analysis.
The results are shown in Table 15.

Table 15. Recommendation for predictive models.

. Suggested Value o .
Scenario Type (KWh/Nm?) Justification
Conservative 1.85 Technical minimums in rural or hybrid engines
Baseline Scenario 2.28 Validated arithmetic mean from the literature
Optimistic Scenario 3.1-3.2 CHP, SOFC, and advanced cogeneration systems

To convert the volume of biogas (Nm?) to electricity (kWh), three energy efficiency
scenarios were applied: conservative (1.85 kWh/Nm?), baseline (2.28 kWh/ Nm?), and op-
timistic (3.1-3.2 kWh/Nm?). These values represent technological conditions ranging from
low-efficiency rural engines to advanced cogeneration systems such as CHP and SOFC.
The methodology ensures a robust assessment of the potential energy generation range,
thus providing a solid tool for energy planning, public policy formulation, and identifying
sustainable investment opportunities in the bioenergy sector of both countries.

Figure 12 illustrates the estimated cumulative electricity generation potential by sug-
arcane agro-industrial by-product in Peru over the 2024-2030 period, considering three
prospective scenarios: conservative, baseline, and optimistic. The projection is disag-
gregated by residue type—bagasse, filter cake, molasses, and vinasse—allowing for the
identification of the relative contributions of each fraction to the projected energy matrix.
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Figure 12. Electricity generation projection scenario for Peru (2024-2030).

The analysis reveals a continuous growth pattern in electricity generation by each by-
product. Bagasse emerges as the most relevant energy by-product, with a projected range
from 10,000 GWh in E1 to over 23,500 GWh in E3, highlighting its role as the backbone of
the national bioenergy system.

On the other hand, although filter cake shows a more modest contribution in absolute
terms, its electricity generation increases progressively from 450 GWh to over 1000 GWh in the
most ambitious scenario, reinforcing its potential valorization in rural cogeneration systems.

Molasses, due to its high energy density, shows steady growth from 3100 GWh to
6000 GWh, reflecting its viability as a priority substrate for biomethanization with energy
purposes. Finally, vinasse, despite its organic dilution, exceeds 700 GWh in the optimistic
scenario, underlining its complementary role in an integrated waste utilization approach
(Figure 13).
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Figure 13. Electricity generation projection scenario for Cuba (2024-2030).

The projections for Cuba show an absolute dominance of bagasse as the main renew-
able energy source, as in the case of Peru, with projections ranging from 15,000 GWh in E1
to over 35,000 GWh in E3 (optimistic scenario). This trend highlights its structural role in
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the national bioenergy matrix. Molasses also stands out as a relevant source, with steady
growth from 6300 GWh to nearly 9000 GWh, due to its high energy density per unit
mass. Filter cake and vinasse, although contributing smaller volumes, show significant
proportional increases, jointly reaching over 2600 GWh in scenario E3.

Figure 14 illustrates the cumulative electricity generation projection (in GWh) from
biogas derived from agro-industrial by-products for Peru and Cuba in the 2024-2030 period.
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Figure 14. Electricity generation projection scenario for Cuba and Peru (2024-2030).

Cuba presents a significant comparative advantage over Peru in all scenarios, at-
tributable to the larger projected biogas volume and broader biomass availability. In both
countries, an upward linear progression is observed from scenario E1 to E3, reflecting the
combined effect of increased processed by-product volumes and the incorporation of more
efficient technologies. In the conservative scenario, based on minimum yields from rural or
hybrid engines (1.85 kWh/Nm?3), Peru projects electricity generation between 10,000 and
14,000 GWh, while Cuba reaches between 15,000 and 21,000 GWh. In the baseline scenario,
representing the statistical average from the scientific literature (2.28 kWh/Nm3), Peru
reaches between 12,500 and 17,000 GWh and Cuba between 18,500 and 26,000 GWh. Finally,
in the optimistic scenario, with advanced technologies such as SOFC or high-efficiency
cogeneration systems, the projected generation exceeds 20,000 GWh in Peru and reaches
up to 36,000 GWh in Cuba, demonstrating the transformative impact of technological
innovation in the energy recovery from biogas.

This type of analysis highlights the strategic potential of Cuba and Peru to integrate
biogas as a complementary source in their energy matrix, reduce fossil fuel dependence,
and move toward a more self-sufficient and sustainable rural model.

The transition towards a circular bioeconomy requires reliable prediction tools that
allow for the estimation of potential biogas production and its energy conversion at indus-
trial and territorial scales (Table 16). In this context, the modeling proposed by this research
stands out as, to the best of our knowledge, the only predictive multi-residue model that
integrates the main sugarcane by-products (bagasse, vinasse, molasses, and filter cake)
under a statistically validated mathematical structure and projected at both national and
international levels.
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Table 16. Comparative analysis of studies on sugarcane by-products and bioenergy models.

Reference By-Product(s) Model Type Application Gaps Compared to Your Model
This research Eiﬁ:zi’s f;ﬁ?::i;ke \ltitllilctlla-’zlee;r predictive, Biogas and electricity — (central reference)
[65] Vinasse Kinetic (Gompertz) Biogas Lab-scale only, not multi-residue or predictive
[7] Bagasse, filter cake First-order kinetic Biogas No electricity estimate or projection
[92] Vinasse Technical estimation Biogas and energy No scenarios or national validation
[93] Vinasse Kinetic and balances Biogas Reactor-focused, not country-level
[9] Bagasse Conceptual 2G Biopower No biogas quantification or projections
[56] Molasses, vinasse I;aelx; lri‘:/é *energy Biogas Not validated or predictive
[94] Bagasse, molasses Conceptual estimation  Electricity No use of historical data
[95] Molasses Aspen Plus Biogas Only chemical simulation, not predictive
[96] Bagasse + manure Logistic regression Biogas Single area, no electricity
[97] Vinasse Empirical (L/tc) Biogas Not scalable, no multi-year
[98] Sugarcane slurry Kinetic (batch) Biogas Not national, not multi-residue
[18] Filter cake gieéleesttlizoartlon * Biogas Not predictive
[27] Molasses, vinasse Fermentation Bioethanol and No biogas quantification
by-products
[99] Bagasse Thermoelectric model Electricity Not multi-residue or validated
[100] Bagasse Techno-economic Electricity Not multi-residue
[101] Vinasse and filter cake ~ Empirical Biogas Specific plant, not predictive
[102] Vinasse Kinetic review Biogas No predictions generated
[103] Vinasse Volumetric estimation Biogas Predictive or scalable
[104] Bagasse Pilot plant design Biogas No multi-year approach
[105] Vinasse Experimental Biogas Not predictive
[106] Molasses Anaerobic + bioethanol ~ Biogas and fuels No predictive modeling
[107] Cane foam Experimental Biogas Unusual by-product, not scalable
[108] Bagasse and straw Ash analysis Biogas No predictive model
[109] Vinasse Two-phase digestion Biogas Specific plant only
[110] Molasses, vinasse Sustainability analysis ~ Biogas No modeling or energy quantification

Table 16 critically synthesizes the evolution of the literature on bioenergy modeling of
sugarcane by-products, identifying both individual contributions and structural limitations
compared to the multi-residue predictive model developed by the authors of this research.
While many studies focus on specific by-products—especially vinasse and bagasse—most
approaches are partial, experimental, or have low scalability. Only a few studies explore
energy projections beyond the lab, but do so without statistical validation, multi-residue
integration, or territorial application.

The values applied in our model —199.8 Nm?® CH, /t for bagasse, 344.4 Nm3 CHy/t
for molasses, 63.25 Nm> CH, /t for cachaza, and 12. 6 Nm?® CH, /t for vinasse-are within
the range reported by recent experimental studies such as [11,12], as well as [9,56]. These
studies highlight improvements in methane production by physical and chemical pre-
treatments, reinforcing the validity of our performances. The energy conversion coeffi-
cient adopted (2.28 kWh/Nm?> CH,) was supported by a meta-analysis of the special-
ized literature, coinciding with results from [53], who report efficiencies between 2.1 and
2.4 kWh/Nm? in cogeneration systems adapted to the use of biogas.

With a multiresidue approach and empirical validation, while much of the previous
literature focuses on the valorization of a single by-product—predominantly bagasse or
vinasse—our model simultaneously incorporates the four main residues of the sugarcane
agroindustry, aligning with recent recommendations by [34], who advocate multiresidue
frameworks for a more complete valorization. Furthermore, we validate our coefficients
with historical official data from Peru (2011-2018) and industrial records from Cuba, which
reinforces their practical applicability in real contexts. In contrast to laboratory kinetic
models or simulations without validation, our proposal presents a deterministic structure,
based on official data and empirical validation. This allows its implementation without
complex experimental requirements, facilitating its adoption in national bioenergy plans.
The methodological robustness based on a model integrates multivariate statistical analysis
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(PCA), empirical validation through average relative errors <5%, and energy projections
to 2030 in different scenarios (stagnation, technical growth, and expansion), placing our
proposal as one of the most complete in the field.

The structural validation by comparison in Table 16 of the manuscript quantitatively
reinforces this discussion, comparing our proposal with previous studies in key dimensions
such as the type of waste assessed, the methodological approach (experimental, kinetic,
projective), the inclusion of validation with real data, and the generation of energy scenarios.
It is evident that, although multiple studies document individual biogas yields [7,24,35,76],
few integrate multiple by-products [21,46] with empirical validation and an energy projec-
tion structure. Our proposal overcomes these limitations, standing out as a replicable and
scalable tool, aligned with circular bioeconomy principles.

The analysis reveals a consistent gap: no previous model simultaneously combines
multi-residue integration, multi-year projection, validation with historical data, and direct
electricity estimation. This lack of methodological comprehensiveness limits the practical
utility of existing models for bioenergy policymaking or for designing real-world energy
valorization systems.

In contrast, the proposed predictive model emerges as a frontier contribution in the
sugarcane bioenergy field, integrating bagasse, molasses, filter cake, and vinasse within
a predictive mathematical framework, empirically validated and capable of estimating
both biogas volumes and electricity generation in contexts such as Cuba and Peru. This
systematic comparison supports not only the novelty of the proposed model, but also
its high potential for scalability, replicability, and strategic use in the energy transition of
agro-industrial regions.

Finally, the proposed model goes beyond its mathematical value to serve as a strategic
tool for public policy. Its structural simplicity and low variable requirements make it scal-
able to other sugar-producing countries and even adaptable to other agricultural systems.
Furthermore, its ability to integrate residues with diverse physicochemical properties and
convert them into usable energy aligns with the principles of sustainability, decarboniza-
tion, and circular economy:. Its effective implementation could transform the paradigm of
agro-industrial waste from polluting liabilities into regenerative energy assets.

4. Conclusions

Technical coefficients validated with real production data and through the review of
scientific literature were used, obtaining for bagasse 29.5%, filter cake 3.72%, molasses
3.83%, and vinasse 13.75% with respect to milled cane, confirming their representative-
ness through real historical data from sugar mills (2011-2018). Regarding specific biogas
yields, 180 Nm? /t for bagasse, 63.25 Nm?/t for filter cake, 344.4 Nm?3/t for molasses, and
12.6 Nm?/t for vinasse were used.

During the historical period 20002018, the predictive model demonstrated high
accuracy, with a relative error of less than 5% with respect to actual milling and by-product
generation values. In terms of energy, Cuba reached its highest electricity generation from
biogas in 2016, with more than 13,000 GWh, largely attributable to bagasse utilization.
Peru, in contrast, showed a more stable production, ranging between 6500 and 7500 GWh
annually between 2010 and 2018, with less volatility associated with more homogeneous
policies and technologies.

The 2024-2030 projections, under three technological conversion scenarios (baseline,
2.5% annual increase and optimal scenario), the model estimates that Cuba could reach
between 10.8 and 15.5 billion Nm? of biogas, which is equivalent to an electricity production
of between 15,000 and more than 35,000 GWh. For Peru, the estimated volume varies
between 7.0 and 9.9 billion Nm?, generating from 10,000 to more than 23,500 GWh in the
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same period. In all scenarios, bagasse represents more than 70% of total energy, confirming
its role as the main bioenergy vector, while molasses and cachaga increase their relative
participation in the more technified scenarios, contributing up to 9000 additional GWh in
the Cuban case.

The simplicity of this modeling with robust statistical validation makes it a high-value
tool for strategic decision making, facilitating decentralized energy planning, preliminary
biorefinery design, and prioritization of bioenergy investments from sugarcane by-products.
Its application in contexts of low access to advanced technology or technical data makes
this approach a viable and scalable solution for Latin America and other sugarcane produc-
ing regions.
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