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Predictive modeling of optimal sites for
biogas plant deployment in sugarcane
agroindustrial areas using geographic
data and artificial intelligence

Dados geograficos e inteligéncia artificial na
predicao de locais favoraveis para a
instalacao de usinas de biogas da
agroindustria canavieira

Données géographiques et intelligence artificielle
sont utilisées pour anticiper les emplacements
propices a l'installation d'usines de biogaz dans
I'agroindustrie de la canne a sucre
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Abstract Aligned with the imperative of the UN 2030 Agenda to
facilitate the widespread adoption of renewable energies, this study
underscores the pertinence of agricultural biomass, particularly
derived from sugarcane, as a substantive solution to Brazil's ongoing
energy transition. The determination of optimal sites for the
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deployment of biogas plants is inherently contingent upon
geographic considerations. This research advocates for the
integration of geographic data with Artificial Intelligence algorithms,
referred to as GeoAl, as a robust and prospective methodology for
precisely anticipating these optimal locations. In consideration of the
aforementioned, this study endeavors to forecast optimal sites for
the implementation of sugarcane biogas plants within the agro-
industry. By leveraging geographical data encompassing physical,
biotic, and anthropic facets, alongside the utilization of six distinct
classification algorithms (CART, C4.5, C5.0, Random Forest, XGBoost,
and GBM), performance comparison becomes paramount. The
training phase specifically targeted the state of Sdo Paulo, owing to
its heightened concentration of plants, with the most efficacious
model subsequently applied to the state of Goids. The preeminent
performance achieved by the Random Forest algorithm underscores
its efficacy in delineating advantageous sites for the deployment of
sugarcane biogas plants in Goias. This methodological approach
holds promise in streamlining decision-making processes,
delineating regions conducive to biogas production from sugarcane,
thereby optimizing biomass utilization and concurrently mitigating
environmental impact and installation expenditures. The
incorporation of GeoAl not only fosters the proliferation of renewable
energies but also contributes substantively to climate change
mitigation, thereby catalyzing the broader global energy transition.

Keywords: Machine learning; Biomass; Renewable energy;
Geographic information system.

Resumo A Agenda 2030 da ONU visa promover o aumento das
energias renovaveis em todo o mundo, e a biomassa agricola, em
particular, a partir da cana-de-agucar, € uma solucdo relevante para
essa transicdo energética no Brasil. A localizacdo geografica
desempenha um papel crucial na determinacao do local ideal para a
instalacdo de usinas de biogas, e a combinacdo de dados geograficos
e algoritmos de Inteligéncia Artificial, conhecida como GeolA, oferece
uma abordagem promissora para prever esses locais ideais. Nesse
sentido, este estudo teve por objetivo predizer locais favoraveis para
a instalacdo de usinas de biogds proveniente da cana-de-aguUcar da
agroindustria, utilizando dados geograficos associados a aspectos
fisicos, bioticos e antrépicos, além de seis tipos de algoritmos de
classificagdo (CART, C4.5, C5.0, Random Forest, XGBoost e GBM) para
comparar seus desempenhos. O treinamento foi feito para o estado
de Sao Paulo, devido ao numero maior de usinas contidas na unidade
federativa, e 0 modelo de melhor desempenho foi aplicado para o
estado de Goids. O algoritmo Random Forest obteve o melhor
desempenho e permitiu identificar locais favoraveis para a instalagao
de usinas de biogas de cana-de-acicar em Goias. Essa abordagem
pode facilitar a tomada de decisdes ao identificar regides propicias
para a producdo de biogas a partir de cana-de-agucar, otimizando o
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uso de biomassa, reduzindo o impacto ambiental e os custos de
instalacdo. O uso de GeolA contribui para a expansdo das energias
renovaveis e a mitigacdo das mudancas climaticas, promovendo a
transicdo energética global.

Palavras-Chave: Aprendizado de maquina; Biomassa; Energia
renovavel; Sistema de informacdes geograficas.

Resume L'Agenda 2030 des Nations Unies vise a promouvoir I'essor
des énergies renouvelables a I'échelle mondiale. La biomasse
agricole, notamment celle issue de la canne a sucre, apparait comme
une solution pertinente pour la transition énergétique au Brésil. La
localisation géographique revét un rble crucial dans la détermination
des sites optimaux pour l'implantation de centrales de biogaz. La
combinaison de données géographiques et d'algorithmes
d'Intelligence Artificielle, regroupés sous le terme de GeolA, offre une
approche prometteuse pour anticiper ces emplacements privilégiés.
Dans cette perspective, I'objectif de cette étude était de prédire les
sites favorables a l'installation de centrales de biogaz issues de la
canne a sucre dans l'agro-industrie. Ceci a été réalisé en utilisant des
données géographiques associées a des aspects physiques, biotiques
et anthropiques, ainsi que six types d'algorithmes de classification
* (CART, C4.5, C5.0, Random Forest, XGBoost et GBM) afin de comparer
leurs performances. L'entrainement a été effectué dans I'Etat de S&o
Paulo, en raison du nombre prépondérant d'installations dans cette
unité fédérative, et le modele présentant les meilleures
® performances a été appliqué a I'Etat de Goiés. L'algorithme Random
Forest a démontré les meilleures performances, permettant ainsi
d'identifier les sites favorables a l'implantation de centrales de biogaz
issues de la canne a sucre a Goias. Cette approche facilite la prise de
décision en identifiant les régions propices a la production de biogaz
a partir de la canne a sucre, optimisant ainsi I'utilisation de la
biomasse tout en réduisant I'impact environnemental et les colts
d'installation. L'utilisation de GeolA contribue a l'expansion des
énergies renouvelables et a |'atténuation du changement climatique,
favorisant ainsi la transition énergétique a I'échelle mondiale.
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Introduction

The pursuit of sustainability has emerged as a paramount concern
within the global discourse, encapsulating the quest for equilibrium

between the utilization of natural resources and the preservation of

ecological integrity. At the forefront of this endeavor is the 2030 Agenda,

comprising 17 Sustainable Development Goals (SDGs), initiated by the
United Nations (UN) in 2015. Central to these goals is SDG 7, which
delineates objectives aimed at enhancing the accessibility and cleanliness

of energy sources worldwide. Specifically, SDG 7 seeks to substantially

portfolio, accelerate the pace of energy efficiency enhancements, facilitate

.\ augment the proportion of renewable energy within the global energy
—

— access to clean energy research, technology, and investment, and
—

modernize energy infrastructure in developing nations (UN, 2015).

* Within this framework, the energy sector is witnessing a

transformative shift, characterized by the emergence of biofuel production

through clean technologies aimed at supplanting fossil fuel dependency

and substantially curtailing greenhouse gas (GHG) emissions (Romero et al.,

2023). Furthermore, the finite nature of non-renewable energy reservoirs

underscores the urgency of transitioning towards sustainable alternatives.
Research indicates that at current consumption rates and projected energy

demands, reserves of oil, coal, and gas are anticipated to be depleted within

approximately 35, 107, and 37 years respectively (loannou et al., 2018).

Consequently, there is a growing imperative to embrace renewable energy

sources that not only mitigate climate impacts but also derive from natural
resources capable of self-renewal within a timeframe compatible with

human existence, ensuring their availability without depletion.

The burgeoning market share of renewable energy is propelled by

the utilization of bioproducts such as bioethanol, biodiesel, and biogas,

derived from agricultural biomass (Romero et al., 2023). One notable
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= o reservoir of waste ripe for conversion into biogas is the sugarcane
- agroindustry. The gross production value (GPV) of sugarcane surged to 80
— ' =

—m I billion reais in 2022 (CNA, 2023), constituting nearly 1% of Brazil's GDP,

— which stood at an estimated 9.9 trillion reais (IBGE, 2023). With such

substantial production volumes, this sector boasts immense potential for

organic waste, rendering it a lucrative reservoir of raw materials.

The utilization of biogas as an energy source stands as a promising
alternative to conventional energy reservoirs, heralding a multifaceted

array of benefits across environmental, economic, and social domains.

Serving as a versatile energy matrix, biogas fosters sustainable

development by virtue of its capacity to harness renewable waste sources

for production.

In addition to its pivotal role in combatting climate change, biogas

[ ] serves as a cornerstone in decentralized energy dissemination. Its

adaptable nature allows for seamless integration across varying production

scales and geographical contexts, accommodating diverse energy

® applications (Jende et al., 2016). Moreover, its utilization is instrumental in

fostering the principles of the circular economy. Beyond merely providing

renewable energy, biogas epitomizes a regenerative and restorative
process, effectively curtailing waste generation through the reuse and

recycling of raw materials and its own byproducts (Romero et al., 2023).

Owing to the multitude of factors necessitating consideration—

including proximity to consumer markets, raw material availability,

infrastructure adequacy, and regulatory frameworks—the identification of
optimal sites for biogas plant placement remains a complex undertaking
(loannou et al., 2018). In this context, the amalgamation of artificial

\ intelligence (Al) methodologies, specifically machine learning algorithms,
[ ]

with geographic data emerges as a potent tool for enhancing the efficacy of

biogas utilization planning, thereby fostering sustainable development.
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The fusion of artificial intelligence (Al) methodologies with

geographic data engenders GeoAl, constituting a subfield within spatial
data science renowned for its capacity to facilitate the extraction of
geographic insights with enhanced intelligence (Janowicz et al., 2020).

Through its adept integration, GeoAl holds the potential to optimize biogas

utilization by discerning favorable locations for biogas plant deployment,

thereby enabling more comprehensive and precise analytical assessments.
This synergy enables the amalgamation of environmental, social, and
economic parameters with spatial data, culminating in the development of
accurate models conducive to advancing sustainable development

objectives (Romero et al., 2023).

Algorithms play a pivotal role within GeoAl, particularly in forecasting
optimal sites for biogas plant deployment. Their inherent capability to

process multiple variables concurrently and iteratively refine predictions

through continuous learning from available datasets culminates in the

generation of robust and dependable models essential for managerial

decision-making processes.

The research objective is to delve into bioenergy alternatives with a

specific emphasis on mitigating environmental footprints. Biogas stands out
as a viable avenue for clean energy production, thereby aligning with
sustainable development imperatives. The study seeks to harness the

power of machine learning algorithms in tandem with geographical data to

prognosticate optimal sites conducive to the installation of biogas plants

within the sugarcane agro-industry.
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Methodology

Eight variables (see Table 1) are defined in this study to predict
suitable locations for the installation of biogas plants in the sugarcane agro-

industry. The variables were selected based on a literature review.

Table 1: Presents the variables used to predict suitable locations for installing a
biogas plant that uses sugarcane waste as a source.

Variables/Authors AB C D EF GH I ]

Distance from productive area X X X

(agriculture and forestry)

Distance from urban areas X X X X X X X X X
Distance from sugar cane areas X X X X X X X X
Distance from roads and railroads | X X X X X X X X X X
Distance from native vegetation [X X X X X X X X X X
Distance from hydrography X X X X X X X X
Distance from power lines XX X X X X X X X
Slope X X X X X X

The data is derived from various bibliographic sources, including Dagnall, Hill and
Pegg (2000), Sliz-Szkliniarz and Vogt (2012), Sultana and Kumar (2012), Silva, Alcada-
Almeida and Dias (2014), Franco et al. (2015), loannou et al. (2018), Laasasenaho et
® al. (2019), Lozano-Garcia et al. (2020), Yalcinkaya (2020), and Zhao et al. (2022).
(2015), loannou et al. (2018), Laasasenaho et al. (2019), Lozano-Garcia et al. (2020),
Yalcinkaya (2020), and Zhao et al. (2022). (2015), loannou et al. (2018), Laasasenaho
et al. (2019), Lozano-Garcia et al. (2020), Yalcinkaya (2020), and Zhao et al. (2022).

Source: Own authorship

In order to train an artificial intelligence model, data from the state

of Sdo Paulo in southeastern Brazil was employed. This state exhibits a

notably higher concentration of sugarcane power plants, totaling 214 units,

in comparison to other states across Brazil.

The geospatial coordinates of the plant were integrated into a vector
layer of points through the utilization of QGIS software (version 3.28). This

methodological step was undertaken to facilitate the creation of a file

capable of consolidating the pixel values derived from the matrix layers

Boletim Goiano de Geografia. 2024, v.44: e77808

@)er |




Predictive modeling of optimal sites for biogas plant deployment in sugarcane agroindustrial areas using
geographic data and artificial intelligence

Marlisia D’Abadia de Pina.  Edipo Henrique Cremon

utilized in predictive modeling, as delineated in Table 1. Additionally, 215

pseudo-absence points were systematically generated within regions void
of power plants. The term "pseudo-absence points" is frequently invoked in
modeling endeavors where spatial data concerning the presence of a

phenomenon or target is available, yet corresponding absence data is

absent, a practice acknowledged in contemporary literature (Zurell et al.,

2020).

For comprehensive examination of pseudo-absence point

distribution, three distinct vector layers were generated: scenario 1,

T/\\

scenario 2, and scenario 3 (refer to Figure 1).
._ .
S— Figure 1: Sugarcane power plants and pseudo-absence
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features such as productive areas (agriculture and forestry), sugarcane
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fields, urban zones, and native vegetation were computed utilizing

MapBiomas collection 8 data, specifically the 2020 Annual Series of Land
Cover and Land Use Maps of Brazil (Souza et al.,, 2020). To determine
distances concerning hydrography, energy infrastructure, road networks,

and railways, datasets from the Department of Water and Electricity (DAEE)

(2008) and OpenStreetMap (OSM, 2023) were utilized. Euclidean distances

were then computed in raster format with a 30-meter pixel resolution using
a Geographic Information System (GIS) environment. Slope data was
extracted from the Copernicus Digital Elevation Model, employing the same
30-meter pixel resolution. All datasets were projected in metric coordinates

using the Albers equivalent conic projection.

Six algorithm types were employed in this study: CART (Classification
and Regression Trees), C4.5, C5.0, Random Forest, XGBoost, and GBM

(Gradient Boosting Machine). The model underwent training and calibration

utilizing the k-fold cross-validation methodology with k=10, utilizing 70% of

the dataset for this purpose (Kuhn & Johnson, 2013).

® To ascertain the reliability of the classification modeling results,

independent samples from the training set, constituting 30% of the total

dataset, were utilized. These samples were evaluated employing
performance metrics, notably the ROC (Receiver Operating Characteristic)

curve and the AUC (Area Under the Curve) value (Kuhn & Johnson, 2013).

The ROC curve and AUC metric serve as standard tools for evaluating

the performance of binary classification models. The ROC curve illustrates

the true positive rate (sensitivity) versus the false positive rate (specificity)
for the classification task (Kuhn & Johnson, 2013; Boehmke & Greenwell,
2019). Meanwhile, the area under the ROC curve (AUC) quantifies the
model's ability to discriminate between positive and negative classes. AUC

values range between 0 and 1, where 0 signifies a model with no predictive

capability and 1 denotes a perfect classifier. Higher AUC values correspond
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—= ¢ to superior predictive performance in binary classification tasks. The
—_t analysis in this study was conducted using the R language and the RStudio
— ' =

= — interface (Kuhn & Johnson, 2013; Boehmke & Greenwell, 2019).

To assess the significance of variables in predicting appropriate

locations for sugarcane-based biogas plant installation, a function was

utilized to quantify the weights assigned to each variable during algorithm

development in modelling (Kuhn; Johnson, 2013). These coefficients are

normalized on a scale of 0 to 100 for each scenario used, with higher values

indicating greater importance of the variables in the modelling process

(Kuhn; Johnson, 2013).

The algorithms employed in this study facilitated the modeling of the
raster dataset, enabling the prediction of the most and least suitable

locations for sugarcane biogas plant installation based on the probability of

[ ] occurrence. The pixel values within the dataset spanned from 0 to 1, where

0 denoted the least favorable locations and 1 indicated the most favorable

sites. To refine the analysis, a mask was applied to urban areas and native

[ vegetation within the modeling raster, integrating pertinent land use and

land cover data.

For simulation purposes, the outcomes of the best-performing
model were extrapolated to the state of Goias. This selection was informed

by Goias' status as the second-largest sugarcane producer in Brazil, trailing

only Sdo Paulo (IBGE, 2020). While the cartographic base remained

consistent, minor adjustments were made to the hydrographic delineations

to align with the continuous cartographic framework specific to Goias (IBGE,
2022). To streamline computational processes during model prediction, the
geographic matrix data for Goids was resampled to a 90-meter pixel
resolution, reflecting its larger geographical extent compared to Sao Paulo.

Furthermore, the dataset was transformed into metric coordinates utilizing

the Albers conic projection for spatial consistency.
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Additionally, an investigation was undertaken regarding the

geographical distribution of biomass thermoelectric plants operational in
Goias, utilizing sugarcane as a primary biomass source (EPE, 2023). This
selection is rationalized by Goias' current status of hosting solely one biogas

plant, utilizing sugarcane waste, situated in the municipality of Goianésia.

The prevalent utilization of sugarcane biomass for both electricity and

biogas production underscores its significance within the region. Moreover,
this validation endeavor is feasible due to the distinction between biomass

power plants, which predominantly combust sugarcane bagasse, and

biogas production processes, which involve filter cake and vinasse

utilization—by-products not employed by biomass power plants.

|

T/\\

Consequently, an analysis of biomass plant locations enables the

identification of suitable areas for biogas plant implementation, thereby

o ||T

ol T

optimizing the utilization of resources within the sugarcane agro-industry in

° Goias.

Results

° The evaluation of algorithm performance across three distinct

scenarios, as determined by the AUC metric, yielded noteworthy findings

(refer to Figure 2). Each scenario underwent separate assessment to discern

the algorithm's optimal performance within its unique context.

Figure 2: illustrates the comparison of machine learning algorithm performance
(including CART, C4.5, Random Forest, C5.0, GBM, and XGBoost) across three
distinct scenarios (a) scenario 1; b) scenario 2; and c) scenario 3) based on the ROC
curve analysis.
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In scenario 1 (Figure 2a), the C5.0 algorithm achieved the

highest AUC of 0.984, followed closely by Random Forest with an AUC
of 0.965. GBM and XGBoost had slightly lower AUCs of 0.975 and
0.959, respectively. CART and C4.5 had the lowest AUCs in this

scenario, with values of 0.888 and 0.949, respectively.

Scenario 2 (Figure 2b) demonstrated that the Random Forest
algorithm had the best performance, achieving an AUC of 0.986,
which was the highest among all the algorithms in all scenarios. C5.0
also achieved a high AUC of 0.976, followed by GBM with 0.983.
XGBoost and C4.5 also showed solid performance with AUCs of 0.981

and 0.945 respectively. CART had the lowest AUC in this scenario, with
a value of 0.924.

In Scenario 3 (Figure 2c), the GBM algorithm emerged as the

most proficient, boasting an AUC score of 0.971. Its notable capacity

to effectively discriminate between positive and negative classes

renders it the optimal algorithm for this particular context.

Meanwhile, the C5.0 algorithm and Random Forest both attained

AUCs of 0.964 and 0.965, respectively, showcasing comparable and
competitive performance. Conversely, XGBoost achieved a slightly

lower AUC of 0.932 compared to the aforementioned algorithms.

CART and C4.5 exhibited the lowest AUCs in this scenario, each

recording a value of 0.925.

Based on the AUC results, it can be inferred that the C5.0
algorithm exhibits superior effectiveness in scenario 1, while Random

Forest demonstrates the highest efficacy in scenario 2. Conversely,

GBM outperforms other algorithms in scenario 3 (refer to Figure 2).

This assessment underscores the significance of algorithm selection
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tailored to the specific context and objectives of the application.

Moreover, it emphasizes the importance of considering the scenario

in which the analysis is conducted to ensure optimal performance.

In terms of variable importance depicted in Figure 3 across the

three scenarios, 'Distance from Urban Area', 'Distance from Areas

with Sugar Cane', and 'Distance from Roads and Railroads' emerge as

the most significant factors. Conversely, there is comparatively less

evidence supporting the significance of 'Distance from Productive
Area'. In scenario 1, 'Declivity’ and 'Distance from Power Stations'

exhibit greater importance compared to scenarios 2 and 3.

|

T/\\

Conversely, 'Distance from Native Vegetation' holds equal

importance in scenarios 2 and 3, but negligible importance in

o ||T

ol T

scenario 1. Notably, 'Distance from Hydrography' is deemed

unimportant across all three scenarios (refer to Figure 3).

Figure 3: shows the importance of variables in predicting biogas plants

® derived from sugarcane waste in three scenarios using the C5.0,
Random Forest, and GBM algorithms.
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In scenario 2, Figure 4 displays the Random Forest algorithm's

forecast of appropriate sites for sugarcane-derived biogas plant installation

in Goias state. The legend grades values from 0 (white) to 1 (blue), with pink

shades indicating sugarcane-growing regions. The optimal locations for

placing these mills are near sugarcane growing areas, transportation

routes, and urban areas. This indicates that proximity to transportation

infrastructure and the availability of sugarcane waste are the most

important factors in determining the appropriate location for sugarcane-

derived biogas plants.

Figure 4: shows the cartographic product of the prediction for the state
of Goias. The region of Nova Gléria and Goianésia is highlighted in (b),
where the sugarcane-derived biogas plant in operation in Goias is
represented by a green dot on the left. The region of Quirinépolis is
shown in (c).
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During the assessment of the predictive model's performance in

identifying suitable sites for biogas plants derived from sugarcane waste in
Goias, it was noted that out of the 23 thermoelectric plants in Goias utilizing
sugarcane biomass, 20 exhibited probability values exceeding 0.50. This

observation suggests that the predictive model, initially trained with data

from Sdo Paulo state and subsequently applied to Goias, effectively

discerned areas conducive to biogas plant installation with a high level of

replicability.

Upon scrutinizing the prediction model for Scenario 2, utilizing the
Random Forest algorithm, it was discerned that 94 out of 246 municipalities

in Goias state exhibit a probability exceeding 80% for favorable locations

suited for the installation of sugarcane-derived biogas plants.
Predominantly, the most suitable cities cluster within the southern

mesoregion of Goias. Noteworthy municipalities include Quirindpolis,

ltumbiara, Cachoeira Dourada, Rio Verde, Santa Helena de Goias, and Jatai.

Additionally, within the central mesoregion of Goias, municipalities such as

Nova Gléria, Goianésia, Sao Luiz do Norte, Itapaci, and Ipiranga de Goias

°
® stand out as notable locations.
—u
— Discussions
— =
_. p—
[ In machine learning modeling contexts, it's imperative to
[ ]
\ —a acknowledge that the strategic arrangement of pseudo-absence
\ points can significantly impact algorithm performance. The

positioning of pseudo-absence points across different scenarios
exerted discernible effects on the performance of various algorithms.

Notably, the C5.0, Random Forest, and GBM algorithms showcased

superior outcomes across diverse spatial configurations.
i — Ensemble-based algorithms, including Random Forest, C5.0,
S GBM, and XGBoost, exhibited superior performance compared to
i Boletim Goiano de Geografia. 2024, v.44: e77808
’ I @)y |




Predictive modeling of optimal sites for biogas plant deployment in sugarcane agroindustrial areas using
geographic data and artificial intelligence

Marlisia D’Abadia de Pina.  Edipo Henrique Cremon

individual algorithms such as CART and C4.5. These ensemble

methods amalgamate predictions from multiple models, leading to
enhanced robustness and accuracy in performance (Mesri, Tahseen,

& Ogla, 2021).

Upon reviewing the AUC metric results provided, it becomes

apparent that Random Forest consistently attained the highest AUC
scores across the board. Furthermore, GBM also demonstrated
competitive AUC values, while C5.0 maintained a steady
performance. These ensemble algorithms are celebrated for their

capability to mitigate overfitting, effectively manage noisy data, and

furnish stable predictions. Consequently, they represent a
dependable choice across various machine learning applications

(Mesri; Tahseen; Ogla, 2021).

Accurate data concerning transportation distance holds

significant value during the planning phase, enabling precise

calculations of CO2 emissions, transportation expenses, and

investment outlays (Hohn et al., 2014). Particularly, biogas plants

0
| = exhibit optimal performance in regions characterized by higher

population density when employed for electricity and heat

—u
—H
\‘ generation purposes (Hohn et al., 2014).

The most important variables for the prediction models were

"Distance from Urban Area," "Distance from Areas with Sugarcane,"

and "Distance from Roads and Railroads." Studies show that

production and transportation costs play a critical role in determining

the success or failure of bioenergy plants (Costa et al., 2020;

. Jayarathna et al., 2020; Latterini et al., 2020). In this sense, there is a

dependence on the geographical location of the raw material, as both
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the production and transportation of biomass represent a significant

portion of the costs involved (Costa et al., 2020; Jayarathna et al.,

2020; Latterini et al., 2020).

Goianésia, one of the cities best qualified to install biogas

plants, inaugurated a cogeneration plant on September 29, 2023,

utilizing vinasse from the Jalles Machado sugar-alcohol plant. It is

important to note that this plant, located in Goianésia, had a

probability of 0.73 in the predictive model. This value highlights the

/

/
—\ accuracy of the model in identifying suitable sites for the installation

—

e

of biogas plants and confirms the viability of the strategic choice of

Goianésia as the location.

Efficiently transitioning to new energy sources necessitates

4 infrastructure development and supportive government policies. This

encompasses investments in smart electricity grids, the provision of

tax and regulatory incentives, and the implementation of tariff

policies conducive to integrating renewable energy sources into the

electricity grid.

Renewable energy stands as a pivotal element for a sustainable
future, offering a clean and environmentally friendly alternative to

fossil fuels. It plays a crucial role in reducing pollution, mitigating

greenhouse gas emissions, and combating climate change. One of its

primary advantages lies in its minimal environmental impact, being
derived from natural resources with a renewable cycle that persists
throughout human life without depletion. With renewable energy

becoming increasingly accessible and competitive, it not only

enhances energy security but also fosters local job creation.
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Nevertheless, challenges persist in the adoption of renewable

energy, particularly in selecting the appropriate resource and
determining suitable sites for energy production. Renewable

resources exhibit varying energy production potentials contingent

upon their geographical location (Bravo; Casals; Pascua, 2007). The

choice of resource and site can significantly influence energy output,
along with associated costs, technical feasibility, and societal

acceptance (loannou et al., 2018).

Wind energy is optimal for regions characterized by strong and

consistent winds (Castro, 2004), whereas solar energy finds greater

suitability in areas with high exposure to direct sunlight, as it
facilitates the photovoltaic effect (Zilles et al., 2012). Hydroelectricity

is most effectively harnessed in locales with high-flowing rivers

(Scartazzini; Livi, 1999), while biomass emerges as a more viable

option in regions abundant in agricultural and forestry waste

[ ] (loannou et al., 2018), such as sugarcane residues from sugar and

alcohol agro-industries.

Biomass offers the potential to fulfill energy requirements
through direct combustion or conversion into gaseous, liquid, and/or

solid fuels via thermochemical or biochemical processes. It is

imperative to assess the environmental and social ramifications

associated with each renewable energy source (Lozano-Garcia et al.,

2020).

The determination of resources and sites for renewable energy

deployment is influenced by several factors, encompassing

infrastructure availability, access to the electricity grid, installation

and operational expenses, demand for renewable energy, and
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governmental policies and regulations (Bravo; Casals; Pascua, 2007;

loannou et al., 2018). Consequently, a meticulous and equitable
evaluation of these factors is imperative to optimize decision-making

regarding the selection of renewable energy sources and their siting.

This study holds potential to contribute significantly by pinpointing

factors directly affecting environmental, economic, and social

variables.

A potential enhancement to the proposed methodology
involves extending the application of GeoAl beyond location planning

to encompass plant sizing (Yalcinkaya, 2020). Furthermore, the

integration of route and location optimization studies could augment
the precision of the model outcomes (Laasasenaho et al., 2019).

Machine learning algorithms could also be leveraged to forecast

biogas production (Li et al., 2022) and optimize plant operation post-

installation (Maghami; Mutambara, 2023).

Final Remarks

The concluding insights of this study are outlined as follows:

« Thefindings of this research have facilitated the identification of

suitable sites for the establishment of biogas plants utilizing

sugarcane in the agro-industry of Goias.

+  Among the trained algorithms, Random Forest yielded the most
favorable outcome (AUC of 0.986) within scenario 2. The model,
initially trained for one region, Sdao Paulo, demonstrated

applicability to another region, Goias.
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« The efficacy of the GeoAl technique was validated for this

prediction, as locations featuring sugarcane biomass plants were

appropriately incorporated into the algorithm's forecasts.

« Specialists may conduct on-site analyses to validate the

suitability of locations suggested by machine learning models for

project implementation.

+ Leveraging the implemented model from this study, predictions
could be generated using a similar approach for any other region

across Brazil.

+ The employed technique streamlines analysis and decision-
making processes for assessing favorable sites for biogas

production from sugarcane biomass, facilitating the identification of

regions suitable for biodigester installation to optimize utilization

while  minimizing environmental impact and installation

expenditures.
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