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Abstract: Society heavily relies on fossil fuels for energy generation, which poses risks like geopolitical
conflicts, environmental degradation, and climate change. Opting for renewable energy sources, such
as bioenergy from microorganisms, presents a potential solution to these challenges. Harnessing the
energy-producing capabilities of microorganisms enables large-scale renewable energy production,
without harming the environment or human activities. Thus, the primary objective of this study
was to develop a decision-making method for microbial energy generation, using Mamdani-type
fuzzy logic to handle the inherent uncertainties and inaccuracies in this field. A four-level indication
structure was created, employing triangular and trapezoidal functions at its endpoints. For fuzzy
rule development, five input fuzzy sets and five output fuzzy sets were used when two indicators
were involved in the fuzzy machinery, while three input fuzzy sets and five output fuzzy sets were
used when three or more indicators were part of the fuzzy machinery. Five scenarios were developed,
ranging from 0 to 10 on the following scale: High Criticality (10–8), Tolerable (8–6), Adequate (6–4),
Desirable (4–1.5), and Low Criticality (1.5–0). This model is expected to optimize decision-making
processes and promote renewable energy alternatives, potentially reducing the dependence on fossil
fuels in the future.
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1. Introduction

Society has a strong preference for fossil fuels, with approximately 21,371 TWh of
electrical energy consumed worldwide, roughly 80% of which comes from the burning of
non-renewable sources [1]. This preference poses certain risks to humanity, as this method
of energy production generates geopolitical conflicts due to its scarcity. Furthermore, it
contributes to climate change, as its combustion increases the emission of CO2 into the
atmosphere [2].

However, it is possible that, with the utilization of other sources, whether renewable
or non-renewable, the climate impact may decrease. The production of bioenergy through
microorganisms has the potential to generate renewable energy on a large scale, without
causing harm to the environment or human activities [2]. In this situation, microorganisms
are used because of their photosynthetic capacity, through which they capture energy from
sunlight and store it in lipids that can be used for biodiesel production [2].

In this context, the research conducted by [3–5] significantly contributes to the explo-
ration of bioenergy production and anaerobic digestion. Ref. [3] focused on the kinetic
modeling of pressurized anaerobic digestion, offering predictive insights into dynamic
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performance. Ref. [5] investigated the pressurized anaerobic digestion of leachate from raw
compost, a pioneering study that addressed the effects of operational pressures on biogas
quality and COD removal. Ref. [4] proposed a two-stage pressurized anaerobic digestion
concept, demonstrating the viability of continuous methane reactor operation under high
pressures. These studies collectively enhance our understanding of anaerobic digestion
processes and offer valuable contributions to sustainable energy production and waste
management, aligning with the ongoing pursuit of alternative energy sources and reduced
fossil fuel dependency.

Decision making is an essential step aimed at selecting the best alternative. However,
this task is not as straightforward, and it requires time for analysis and the establishment
of criteria with which to enhance decision making. Fuzzy logic operates with a range of
information that is vague and uncertain, allowing propositions to take on intermediate
values between “true” and “false”. In this way, statements can assume any value between
0 (completely false) and 1 (completely true), providing relative responses [6]. In summary,
decision-making methods, such as fuzzy logic, can be developed and applied to reduce
uncertainties and enhance the decision-making process.

Furthermore, it is crucial to emphasize the importance of obtaining bioenergy from
microorganisms, since this method has the potential to be a sustainable and renewable
source of energy, thus reducing the significant dependence on fossil fuels that society still
maintains. Additionally, it can be highlighted for its ability to minimize greenhouse gas
emissions, and also as a potential solution to the geopolitical conflicts caused by currently
used energy sources. However, despite the possibility of obtaining bioenergy through
microorganisms, and its significance, there is a lack of studies on this topic, reaffirming the
relevance and necessity of this work.

Given the above, this research project aimed to develop decision-making methods,
such as fuzzy methodology, for producing bioenergy from microorganisms using biotech-
nological indicators.

This research introduces an innovative and interdisciplinary approach to bioenergy
production through microorganisms, emphasizing input indicators that represent specifici-
ties crucial for the efficient control of energy generation by these microorganisms. These
indicators play fundamental roles in customizing the growth environment, allowing for the
precise adjustment of conditions to meet the specific needs of different microorganisms, and
resulting in increased efficiency and sustainability in bioenergy production. This approach
represents a significant contribution to the fields of biotechnology and sustainable energy
production, and addresses the growing demand for alternative energy sources and the
need to reduce the dependence on fossil fuels.

2. Methodological Proposal

In this study, four stages were employed to achieve the proposed objective. The
first stage involved conducting a literature review to identify relevant indicators. In the
second stage, a fuzzy mathematical model was developed to enhance external decision-
making methods. These initial strategies, including the careful selection of indicators and
the adoption of fuzzy set theory, constitute the fundamental foundations of the model.
Furthermore, to ensure the consistency and robustness of the model, the construction of a
hypothetical database was incorporated, which was essential for testing all the rules and
validating the approaches. The following sections will detail how each of these strategies
was implemented, as well as their contributions to the results of this study.

2.1. Selection of Indicators

The first step involved a literature review to identify indicators for fuzzy modeling in
sustainable bioenergy generation. Indicators were systematically selected through this review.
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2.2. Fuzzy Modeling

In the second phase, following identifying indicators, we proceeded with the fuzzy
modeling process. Fuzzy set theory is renowned for its analysis of sets characterized by
imprecise values and degrees of pertinence, rather than binary true or false values (as
described by [7]). Utilizing a curve, fuzzy sets define degrees of relevance, as expressed in
Equation (1), below:

χ → [0,1] (1)

Here, χ originates from a universal set, always considered a classical set. The function
µA(x) assesses the degree of relevance of x to fuzzy set A, where µA(x) = 0 indicates no
membership, and µA(x) = 1 signifies full membership.

The set operations in this study primarily involve intersection, adhering to the “and”
operator pattern. This choice aligns with the indicators’ characteristics and associated
membership functions, as depicted in Figure 1. This approach effectively accommodates
uncertainties and inaccuracies inherent in the modeling process.
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Figure 1. Architecture for microorganism bioenergy.

During the “fuzzification” step, linguistic variables were developed by domain experts
Barros, Bassanezi, and Lodowick, 2017. Trapezoidal functions were utilized for the extreme
values, while triangular functions were applied for the central values of the membership
functions. This selection activated multiple appropriate fuzzy functions, while excluding
those that did not align with the desired characteristics.

To construct the rule bases, we adhered to a standard format for relating variables,
using the “If <antecedent> and then <consequent>” structure. The antecedent comprises
a set of conditions that, when partially satisfied, activate the consequent rules through a
fuzzy inference mechanism, indicating rule activation [7].

To provide consistency and robustness to the model, a hypothetical database was
constructed, allowing for the testing of all fuzzy model rules. This ensured the validation
of the model across various situations and scenarios.

To complete the fuzzy modeling process, we applied the Mamdani structure, encom-
passing three key steps: aggregation, finalization, and composition [7].

i. Aggregation involved determining the level at which the rules’ section (SE) would be
fulfilled using the conjunction operator (MIN), effectively representing the intersection;
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ii. During finalization, the degree of participation determined the level of service
(DOS), or the significance of each rule. This was measured within a domain ranging
from 0 to 1, with 1 indicating the highest allowed significance or greatest weight;

iii. Composition was represented by the union operator (MAX), used to validate the
condition of the conclusion.

In the final mathematical output, centroid defuzzification was employed, as calculated
in Equation (2), below:

µFC(xk ,yk)
=

∑i=1 υiµυ(xk, yk, υi)

∑i=1 µυ(xk, yk, υi)
(2)

Here, µFC(xk , yk)
represents the fuzzification output, µυ(xk, yk, υi) is the aggregate

membership function, and υis ϵ U is a discrete element of the fuzzy output set.

3. Model

The construction of the model reflecting energy biogeneration is related to the char-
acteristics of microorganisms, as well as the structures of their development. Figure 1
presents the fuzzy architecture for the index of the present method. It is based on multi-
level fuzzy aggregations, in which the input indicators generate other sub-indices until the
final aggregation results in the index of energy biogeneration by microorganisms.

Figure 1 depicts the overall architecture of the criticality index. The index comprises
three levels. The first level, through input variables, is responsible for the development of
level 2. The second level, derived from the indicators, generates the microorganism energy
biogeneration index (3rd level).

It is worth noting that, following the assignment of linguistic terms, trapezoidal
functions were used at the ends, and triangular functions were used in the middle (Figure 2).
An analysis involving three variables established a knowledge base with 125 linguistic rules,
as we employed five fuzzy sets each for input and output. The fuzzy sets for the criticality
index included Low Criticality (0,0,1,3), Desirable (1,3,5), Acceptable (3,5,7), Tolerable
(5,7,9), and High Criticality (7,9,10,10), utilizing the Mamdani inference method. The
response characteristic always reflects the worst-case scenario of the inputs to emphasize
critical points. Finally, we utilized the center of gravity as the defuzzification process.
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Similarly, the same input sets were employed for the subsequent sub-indices. In this
manner, a ranking was constructed to guide stakeholders in the implementation process of
bioenergy derived from microorganisms (Table 1).

Table 1. Bioenergy index.

Range Bioenergy Index

[0–1.5] Low Critical
[1.5–4] Desirable
[4–6] Acceptable
[6–8] Tolerable
[8–10] High Criticality
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The description of the results of this study reveals that the index presented in Table 1
plays a fundamental role in diagnosing the behavior of bioenergy generation from microor-
ganisms. As illustrated in Figure 1, through the input indicators at level 1, it is possible
to influence the overall behavior of the bioenergy generation model. The intermediate
levels leading to the final level are determined by the input level. By referring to the score
indicated in Table 1, the key points of the intermediate levels and the input indicator that
need improvement to raise the bioenergy index score can be identified. This criticality
index provides a comprehensive view of the performance of bioenergy generation by
microorganisms, allowing for a targeted approach through which to enhance its efficiency
and sustainability.

Our study tackled the crucial issue of enhancing bioenergy generation through mi-
croorganisms. One of the key strategies we adopted was the inclusion of input indicators
representing supplements for the growth of different types of energy-generating microor-
ganisms. This allowed us to tailor the growth environment to meet the specific needs
of each microorganism, achieving more precise control and more efficient operational
dynamics. This promising approach has the potential to significantly contribute to the
effectiveness and sustainability of microbiological bioenergy generation, an increasingly
important field in renewable energy production.

It is important to emphasize that this project does not address case studies, as it is still
in the final implementation phase.

4. Conclusions

In conclusion, the presented criticality index, depicted in Figure 1 and grounded in
a robust knowledge base of 125 linguistic rules, provides a comprehensive framework
for evaluating the biogeneration of energy from microorganisms. Its multi-level archi-
tecture, along with the use of fuzzy sets and the Mamdani inference method, ensures a
nuanced assessment of criticality across various factors, such as environmental quality,
cost management, and industrial efficiency. While this index serves as a valuable tool
for guiding stakeholders in the implementation of bioenergy projects, it is essential to
note that its application should be considered within the context of the project’s ongoing
implementation phase, as real-world data and conditions may influence its effectiveness.
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