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Abstract: This study aimed to optimize the bioelectricity production process using a vinasse solution through
the application of Plackett-Burman and Box-Behnken designs. An electrochemical cell was constructed using
Arduino to measure the potential difference between the anode and cathode immersed in the vinasse solution,
a byproduct of wine production containing organic compounds and ions that undergo redox reactions. The
Plackett-Burman design identified the most influential variables among eight previously selected, including
vinasse concentration, agitation, and yeast, which positively affected millivolt production, while temperature
showed a negative correlation. Based on these results, the Box-Behnken design was used for process
optimization, varying parameters such as concentration, stirring, and sodium chloride. Response surface
graphs demonstrated the relationship between these variables and millivolt production. The findings indicate
that higher agitation levels, lower concentrations of vinasse, and the addition of sodium chloride can enhance
bioelectricity generation. The study provides insights into the bioelectricity production process from vinasse,
contributing to the understanding and potential for sustainable energy generation. The methodology involving
Arduino-based measurement and the utilization of experimental designs offers a systematic approach to
optimize bioelectricity production from vinasse.

Keywords: wine; electrolysis; microbial cell; optimization

1. Introduction

Efficient experimentation is based on the methods of experimental design and its quantitative
evaluation, either by mathematical models or graphical representations [1]. In chemical or biological
engineering, it is frequently to employ chemometric tools for process optimization. They present
advantages such as the reduction in the number of experiments carried out, considerably less work
in the laboratory and a consequent cost reduction. These tools allow the development of models that
facilitate the evaluation of the results, deduce statistics, and study the interaction between different
factors to check the significant variations that may occur in the parameters of interest. So,
optimization techniques arise as a set of methods to improve the operation of current systems and to
achieve the best efficiency of a system to obtain the best possible result. Data processing techniques
are used to compare data with others, make trends or recognize patterns aiming at classifying in
clusters or to predict future observations.

Among the Design of Experiments (DoE) techniques, one of the best-known today is the use of
factorial and fractional factorial designs [2]. These methods allow deducing a behavior from various
data observed. The process needs a carefully examination of the variables influencing the process and
the selection of which values they can get. When conducting these experiments, several values may
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be modified simultaneously instead of just one. In this method, a mesh is made in which there are 2*
points, where k is the number of factors to vary. In case of being fractional, only 27 values of the mesh
will be taken into consideration. In the equation the superscript k-p defines the resolution of the
system, where k will be the factors and p the number of their interactions. However, these systems
can become very complex if the number of variables increases. To carry out an optimizing technology
with a considerable number of variables, multivariate optimization techniques will have to be applied
on a larger scale.

One of the factorial designs which allow the combination of a high number of variables is
Plackett-Burman (PB) optimization, which aims at determining the influence of certain variables in
an experiment. It is a process with L levels and L-1 variables which generates a table with L(L-1)
combinations, whose values depend on a numerical value, in this case, one in positive value and
another in negative (Table 1). The order of rows and the table code values are generated randomly so
that there is no influence between each of the experiments. This method will allow to discriminate
between a high number of variables to find which of them are really influencing a process [3].

Table 1. Placket-Burman design including 7 variables (A to G) and 6 experiments. The range of
variation is indicated as +1 (maximum value assayed) or -1 (minimum value assayed).

A B C D E F G
1 -1 1 -1 1 -1 1 -1
3 1 -1 1 -1 -1 1 -1
2 -1 1 1 1 -1 -1 1
5 -1 -1 -1 1 1 -1 1
4 -1 1 -1 -1 1 1 1
7 1 -1 -1 1 1 1 -1
8 1 1 -1 1 -1 1
6 1 -1 -1 -1 1 -1

The other DoE employed in this study is the Box-Behnken Design (BBD), a three-level
incomplete design, combining factorial designs which will be employed to predict the response of
the dependent variables by the estimation of the coefficients fitted to a polynomial equation. In this
model, data will be classified into two types: variables and responses. The model fits to a quadratic
model (Equation 1), as we want to obtain a response surface and it is suspected that it has a curvature
since the relationship of variables and data does not vary linearly [4,5].

Y = by + byx; + byx, + byxs + byxix, + bsxi X3 + bgXpx3 + byx? + bgx2 + box3 1)

In the BBD, the sample corresponds to a repeated three-level factorial design on different
combinations. Parameters that are not included in the two-level factorial design will be put at their
mean value. This is essential to be able to map a response surface region (Figure 1), which will allow
to deduce responses at intermediate conditions not assayed. BBD manages to study the combination
of variables more precisely than Plackett-Burman designs.

b)  y=hot+bhixi+..
+1E ; |

BOX-BEHNKEN RESPONSE SURFACE
DESIGN
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Figure 1. (a) BBD assigns maximum, mean and minimum values to independent variables in order to
create a space which allows to infer responses of the dependent variables; (b) results obtained allow
to interpret the conditions to maximize or minimize the response desired (Devesa-Rey et al., 2007).

This work highlights the importance of both optimization processes, with similar characteristics
but different purposes. The first one will facilitate the selection of the most influential parameters and
the second one will allow their combination to provide their optimal experimentation to maximize
or minimize the response. In this study, PB and BBD designs have been applied to obtain
bioelectricity from winery residues. European Union is the world's largest wine producer, with some
of its countries leading the wine business, such as France, Spain, and Italy [6,7]. Although wine
production has been interpreted as a respectful process for the environment, winemaking generates
large amounts of solid and liquid wastes [8]. Tons of bagasse, lees and vinasses, among others, are
generated each year and valorization strategies are encouraged in order to mitigate the huge
environmental impact they produce. In this sense, fermentation of grape marc, trimming vine shoot
or vinification lees may be employed to produce lactic acid, biosurfactants, xylitol, ethanol, and other
compounds. Also, grape marc and seeds may exhibit antioxidants properties, and vinasse contains
tartaric acid that can be extracted and commercialized [9]. The complexity of these procedures has
led some producers to manufacture compost, another by-product of agricultural interest [10].
Vinasses present favorable chemical characteristics for their use in the production of sustainable
energy, since they present conditions that help the electricity production: they have a remarkable
acidity (pH = 2-6), high salinity, high values of dissolved oxygen, high content of organic matter (900-
35,000 mg-1') due to its high carbon, nitrogen and potassium concentrations, in addition to phenolic
substances and heavy metals [11,12].

So, the main objective of this study is to employ winery residues to produce bioelectricity to
generate renewable energy. Also, as secondary benefits are the reduction in waste production and
disposal, as management of these residues can be a challenge [6] to wineries and they can benefit
from an environmentally friendly approach which also will contribute to reduce their carbon
footprint. Finally, reducing wastes can bring benefits from an economical perspective, as wineries
can reduce their energy costs by using their own residues to generate bioelectricity, becoming more
self-sufficient.

2. Materials and Methods

2.1. Construction of an electrochemical cell and electrolyte employed

The objective of this experiment is to build an electrochemical cell of one chamber, using vinasse
residues as electrolyte and copper/zinc electrodes. An Arduino was used to measure the potential
difference between the anode and cathode while they are immersed in a solution of vinasse. The
vinasse solution is a byproduct of wine production that contains organic compounds and ions that
can undergo redox reactions at the electrodes. The Arduino will serve as a data acquisition system to
measure the potential difference between the electrodes and to record the values in real time (Figure
2).

voltage

MICROBIAL ARDUINO LAPTOP
FUEL CELL BOARD
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Figure 2. Scheme of the cell used in this study, using copper and zinc as cathode and anode and
stillage as electrolyte. The data was collected continuously by programming with Arduino.

Connectig the Arduino board to the USB port of a computer were made as following: (1) connect
the blue wire to the GND port of the Arduino and the other end to the breadboard; (2) connect a 100
Q resistor and a wire to the zinc cathode (10x2 cm) and connect the wire to the breadboard in parallel
with the blue wire; (3) connect the red wire to one of the analog input ports of the Arduino and the
other end to a 100 Q resistor; (4) connect the resistor in parallel with another wire that goes to the
copper anode (10x2 cm), and connect the wire to the breadboard; (5) sand the surfaces of the zinc
cathode and copper anode to remove impurities; (6) clean the electrodes with pure ethanol and then
with distilled water to remove any remaining impurities; (7) dry the electrodes with laboratory paper
to minimize contamination; (8) insert the electrodes into the beaker containing the vinasse solution,
making sure they do not touch each other; (9) use insulating tape and clips to attach the wires to the
electrodes, ensuring that the wire ends are in continuous contact with the electrodes; (10) turn on the
Arduino and open the data acquisition software; (11) monitor the potential difference values on the
computer screen and record the data. On the other hand, wine residues, in a fermentation process,
were employed as electrolyte in the electrochemical cell. Residues were employed at a 1/10 dilution
rate to decrease viscosity of the samples. 100 ml of liquid wastes were placed in 250 ml beakers
equipped with a pHmeter and a termometer to register data continously (Figure 3).

Arduino Board
N .
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¢
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Figure 3. Scheme of the cell used in this study, using copper and zinc as cathode and anode and
stillage as electrolyte. The data was collected continuously by programming with Arduino.

The electrolyte used in this experiment, vinasse, was modified in the first laboratory phase to
find out under what conditions energy production is maximized. Thus, in some of the experiments
the initial vinasse was modified by adding sodium chloride, with the aim of checking whether the
addition of an additional electrolyte increases the efficiency of the process. On the other hand, the
initial sample was incubated with 1g/L of yeast, at 28 °C for 24 hours, to check if the conduction
improves with the count of microorganisms. Finally, it was also evaluated if the effectiveness of the
electrolyte was affected by its pH.

2.2. Phase 1: analysis of the most infuential variables with Plackett-Burman design

The initial phase of this study focuses on identifying the variables that have the greatest impact
on the process of generating electricity from vinasses. This stage starts with the design of a Plackett-
Burman experiment, in which seven variables were selected, each with a minimum and maximum
value assigned. The following independent variables were studied, including their ranges of
variation in parentheses:

e  A:Concentration of the electrolyte, diluted in H20 (1:4-1:2);

e  B: pH (native value (2.5) and corrected native value (4.5));

e  C:Temperature (25 - 35°C higher);

e  D: Agitation (with or without agitation);

e E: Additional electrolyte, effect of adding NaCl (without salt and with salt 10% by volume);
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e F: Additional microorganisms, effect of adding yeast extract (without yeast and adding 1g/L);
e  G: Electrode ratio in 50 and 100 ml.

A total of eight experiments were carried out using this design. The Plackett-Burman table was
generated using the STATISTICS program (Table 2).

Table 2. Placket-Burmann design including seven variables and minimum (-1) and maximum (+1)
coded values assayed for each.

A B C D E F G
1 -1 1 -1 1 -1 1 -1
3 1 -1 1 -1 -1 1 -1
2 -1 1 1 1 -1 -1 1
5 -1 -1 -1 1 1 -1 1
4 -1 1 -1 -1 1 1 1
7 1 -1 -1 1 1 1 -1
8 1 1 1 -1 1 -1 1
6 1 -1 1 -1 -1 1 -1

A (Concentration); B (pH); C (Temperature); D (Stirring); E ([NaCl]); F ([Yeast]); G (Electrode:solution ratio).

2.3. Phase 2: optimization of the process by means of a Box-Behnken factorial design

Between the first and second stages of the experiment, the data obtained were analyzed to
determine the most influential variables for the project's continuation. After the analysis, three
variables were selected to move on to the next stage, while all other variables were discarded. The
selected variables were vinasse concentration, sodium chloride dose, and stirring, which will be
further explained in the Results section.

In this stage, the Box-Behnken optimization method were used, where fifteen experiments were
conducted, each lasting sixteen minutes. The three most influential parameters were varied according
to Table 3. The parameters and their ranges of variation are as follows: electrolyte concentration
diluted in H20 (1:4-1:2-1:1); minimum, medium, and maximum agitation (100, 3100, and 6200 rpm);
additional electrolyte, the effect of adding NaCl (2%, 6%, and 10% of the volume of the solution).
Instead, the parameters not used in this stage were kept constant, such as temperature, pH, the same
electrode-solution ratio, and no addition of yeast. A thermometer and pH meter were used to ensure
that all fifteen samples start from the same initial conditions. If necessary, adjustments were made to
the temperature and pH values to ensure consistency among the samples.

Table 3. Box-Behnken design including three (A: concentration), D (Stirring), E ([NaCl]) variables
and minimum (-1), medium (0) and maximum (+1) coded values assayed for each.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

A 0 0 0 0 -1 -1 1 1 -1 -1 1 1 0 0 0
D -1 1 -1 1 -1 1 -1 1 0 0 0 0 0 0 0
E -1 -1 1 1 0 0 0 0 -1 1 -1 1 0 0 0

3. Results

3.1. Phase 1: analysis of Plackett-Burman results to identify patterns

Vinasse concentration, pH, temperature, stirring, NaCl concentration, yeast dose and
electrode:solution ratio were tested as influential variables in the bioelectricity production. The
measurements were taken at multiple time points, starting from 1 minute and continuing at 5, 10,
and 15 minutes. Measuring bioelectricity at short intervals, ranging from 1 to 15 minutes, is important
in microbial fuel cell experiments. The dynamic nature of bioelectrochemical processes occurring
within these systems necessitates frequent monitoring to capture the transient behavior and
fluctuations in electrical output and provides valuable data for comprehensive analysis, improves
experimental control, and enhances the understanding of bioelectrochemical processes in microbial
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fuel cells. So, Table 4 shows the average values obtained for the six experiments of the Plackett-
Burmann design with measurements registered every 10 seconds:

Table 4. Values of mV obtained for Placket-Burmann experiments. Results are expressed as mean
values+coefficient of variation (%).

Exp1 Exp 2 Exp3  Exp4  Expb Exp6 Exp7 Exp8
1min 280,1£3,4 265,6+3,5 150,0+6,0 291,3+3,2 132,4+3,7 195,0+13,5 127,6+3,5 403,4+5,1
5min 293,6+3,8 231,2+11,2 129’Zi11' 269,145,3 123,6+5,1 193,5+6,4 124,9+4,3 363,3+7,0

10 min 301,9+3,9 188,1+27,1 119’2112' 264,3+4,4 121,3+4,7 188,2+5,8 116,1+9,1 349,6+6,6

15 min 306,9+4,1 158,6+37,8 113'2114' 272,6x6,7 117,7+6,1 183,2+6,5 108’ji13' 337,1£7,8

The observed millivolt values exhibited a gradual decline over time, except for experiment 1,
where the minimum values decreased up to 60% of the maximum peaks at the 15-minute mark
(Figure 4). Maximum value was observed in experiment 1, reaching over 306 mV. However, in the
other six experiments, the millivolt values were sustained at around 90% of their maximums after 15
minutes. Notably, the minimum values consistently remained above 75% of the maximum values,
except for the aforementioned exception.

300
250
200
150
100

50

0
0 200 400 600 800 1000

Time (s)

Voltage (mV)

Figure 4. Voltage decline over time for Exp 2.

The PB design experiments were further analyzed using Pareto charts, depicted in Figure 5,
which illustrate the influence of the analyzed variables on millivolt production. The data revealed
that concentration, agitation, and yeast were the most influential variables, while temperature
showed a negative correlation. Within 1 minute of the experiment, these three variables accounted
for up to 70% of the millivolt variability. However, after 15 minutes, their influence increased to
approximately 83%. As the experiment progressed, agitation became more important, while the
influence of concentration and yeast decreased. The pH showed a slight positive influence on the
conductivity of the solution, and the concentration of NaCl increased over time. Additionally,
concentration was found to have an inverse relationship with agitation.
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Figure 5. Pareto charts depicting the frequency distribution of the data are presented for the different
time intervals: a) 1 minute, b) 5 minutes, c) 10 minutes, and d) 15 minutes.

Based on the obtained results, the PB model successfully identified the most important
parameters for optimizing the process of electricity production from a solution. Concentration and
agitation consistently appeared as important factors in the process. However, yeast concentration
appears as an important factor only during the first five minutes of experiments and its importance
decay in favor of NaCl whose influence seems more important at larger experiments. So, for the
second stage of the experiment, stirring, concentration, and sodium chloride were chosen as the
relevant parameters. Stirring was considered the most important parameter, although its use requires
energy. Concentration positively influenced electricity production, but finding the optimal
concentration is challenging due to the balance between density and the ability to agitate or dilute
the solution. Sodium chloride was chosen due to its lower cost, ability to work for an extended time,
and ease of instant preparation compared to yeast. Furthermore, considering the use of seawater
instead of distilled water and sodium chloride was suggested to increase sustainability and reduce
costs.

In summary, the study identified the key variables influencing bioelectricity production and
highlighted the importance of agitation, concentration, and yeast. The results of the PB design
experiments provided insights into the optimal parameters for the electricity production process. The
microbial fuel cell experiment conducted in this study was performed at a small scale, which allowed
for controlled conditions and ease of monitoring. However, scaling up the microbial fuel cell system
holds the potential to enhance electricity generation and address the cost associated with stirring. By
increasing the scale, a higher volume of microbial biomass and substrate can be accommodated,
leading to increased power output. The larger surface area and increased number of
electrochemically active microorganisms can result in greater electron transfer rates and improved
overall performance. Moreover, as the scale increases, the need for mechanical stirring can be reduced
or eliminated. At larger scales, natural convection and diffusion processes can play a more significant
role in providing adequate mixing and substrate availability throughout the system. This equilibrium
between electricity production and reduced stirring costs makes scaling up microbial fuel cells an
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attractive avenue for achieving higher energy yields and improving the economic feasibility of the
technology.

3.2. Phase 2: optimization of the process to maximize milivolt production

The PB design allowed to identify concentration, stirring and yeast as the most important factors
that affect the process. This analysis allows screening many factors at once with a minimum number
of experimental runs. After the PB analysis, the most significant factors were selected for further
optimization using a Box-Behnken design. Overall, the combined findings from the PB design and
subsequent Box-Behnken design highlight the influential factors in bioelectricity production and
provide insights into their optimal settings. By systematically varying and analyzing these factors,
the study aims to optimize the process and achieve the desired bioelectricity output.

The Box-Behnken design, a type of response surface methodology, enables the optimization of
multiple factors concurrently while minimizing the number of experimental runs required. This
approach involves systematically varying each factor across low, medium, and high levels to
determine their optimal values. The goal is to identify the combination of factor settings that yield
the desired response or outcome. The BBD typically involves a series of experimental runs, where the
response of interest is measured and used to construct a mathematical model to predict the optimal
settings for each factor.

Table 2. Values of mV obtained for Box-Behnken experiments. Results are expressed as mean
valuesztcoefficient of variation (%).

Exp1 Exp 2 Exp3  Exp4 Expb Exp6 Exp7 Exp8
222,8+14, 405415 392,3+15, 311,7+42, 437,9+20, 1249+15 397,630, 430,6+15
1 8 2 9 8
5 min 197,3+10, 432325 260,9+33, 384,6+24, 289,6+35, 4253+1,6 252,3+41, 412,531
9 4 5 6 2
208,éi33, 411,§i16, 235,;133, 422,616 213,2134,

193,1+31, 414,2+13, 219,131, 4219415 204,2+29, 384,345,4
4 3 3 6
Exp9 Exp10 Exp1l Exp12 Exp13 Exp14 Exp15
1min 373,5+1,7 430,6+1,5 430,6+1,5 430,6+1,5 430,6+1,5 430,6+1,5 430,6+1,5
5min 371,0+#1,5 412,5+3,1 412,5+3,1 412’gﬂ3’ 412,5+3,1 412,5+3,1 412,5+3,1
10 min 365,0£1,8 394,4+4,5 394,4+4,5 394,4+4,5 394,4+4,5 394,4+4,5 394,4+4,5
15 min 361,2+2,2 384,3+5,4 384,3+5,4 384,3+5,4 384,3+5,4 384,3+5,4 384,3+5,4

1 min

10 min 194,3+8,5 433,6+2,1 394,4+4,5

15 min 189,3+8,2 435,8+1,9

In the experiments conducted, the observed millivolt values exhibited notable differences
depending on the specific experiment (Table 2). For example, experiment 1 displayed low millivolt
values, as it was carried out with intermediate vinasse concentration, along with the lowest stirring
and NaCl values. Conversely, experiments 13 to 15, which utilized intermediate values of
concentration, NaCl, and stirring, significantly increased millivolt values. The maximum
bioelectricity production was observed in experiment 2, with an average value of 431.1 mV. This
experiment employed the highest stirring value, intermediate concentration, and the minimum NaCl
dose. Importantly, the minimum millivolt values consistently remained above 75% of the maximum
values throughout the experiments.

In this study Pareto chart was employed as a tool to detect the influence of variables. The use of
a Pareto chart of standardized effects in the analysis of influential variables in bioelectricity
production provides valuable insights into the significance of each factor. The Pareto chart allows for
a visual representation of the magnitude of the effects, helping to prioritize and focus on the most
influential factors for process optimization. The use of a standardized effects chart allows for a fair
comparison of the influence of different variables, as the effects are normalized to a common scale.
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This normalization enables researchers to identify the most critical factors that significantly impact
the response variable, regardless of the differences in their units or scales. In this study, the
standardized effects chart provided a clear representation of the relative importance of the variables,
highlighting concentration, agitation, and yeast as the primary drivers of millivolt production.

In the presented study, the Pareto chart of standardized effects (Figure 6) revealed that vinasse
concentration and agitation were the most influential variables in the bioelectricity production
process at the beginning of the process. These variables exhibited positive effects on millivolt
production, indicating that higher levels of concentration and agitation were associated with
increased bioelectricity generation. These variables showed positive significant influence either in
linear or quadratic forms.

a) Pareto Chart of Standardized Effects: 1 min (mV) b) Pareto Chart of Standardized Effects: 5 min (mV)
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Figure 6. Pareto charts for Box-Behnken design, depicting the frequency distribution of the data are
presented for four-time intervals: a) 1 minute, b) 5 minutes, c) 10 minutes, and d) 15 minutes.

Once the main variables were determined, surface response graphs were generated, to
determine their magnitude. Surface response graphs play a crucial role in BBD, providing valuable
insights into the relationship between multiple variables and the response of a system. These graphs
illustrate the behavior of the response surface by depicting contours or three-dimensional plots,
enabling scientists to visualize and analyze the interactions among factors within the design space.
The utility of surface response graphs lies in their ability to identify optimal settings for the variables,
aiding in process optimization and improving product quality. In the response surface (Figure 7a),
agitation and NaCl addition are utilized as the lower axes since they are the most consistent variables
ensuring a voltage. The surface exhibits a curvature that reaches its maximum point with 8% NaCl
concentration and near-maximum agitation, resulting in approximately 500 mV. This behavior is
attributed to the fact that sodium chloride yields the highest performance when completely dissolved
in the solution. Beyond this point, although it may appear physically dissolved, it is likely that it is
not fully dissolved, leading to a reduction in performance. The response surface for the five-minute
interval exhibits an almost linear behavior, which increases at the maximum parameter additions,
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resulting in a value of 490 mV. This value is like the one obtained in the one-minute analysis (Figure

7b).

M - 450
Hl <480
B <440
[ <400
B < 360
B < 320
M < 280

mV (min)
mV (min)

Bl > 450
Bl <440
[ <390
[ < 340
B < 290
B <240

B - 450
Bl <450
[ < 400
[ <350
B < 300
B < 250

mV (min)

Figure 7. Surface response obtained, depicting the influence of concentration, and stirring on the
millivolts production, with NaCl at middle value. a) 1 minute, b) 5 minutes, c) 10 minutes, and d) 15
minutes.

For the analysis of the ten-minute interval, agitation and concentration are used as independent
axes (Figure 7c,d) as these two variables are the most important variables at larger times. From 10 to
15 minutes, stirring appears as the most important factor together with vinasse concentration. When
interpreted together with the Pareto diagram, as more time elapses, agitation becomes a more
influential factor than NaCl addition. With agitation predominating, the response surfaces become
less curved. Although concentration has a greater influence, it is observed that the highest voltage is
obtained at its average value (concentration 1:2), yielding approximately 460 mV, slightly lower than
at shorter time intervals. Finally, after 15 min of experiments the model predicts that the target
voltage of 500 mV may be obtained (Figure 7d) at the maximum agitation and minimum
concentration (1:4). The selection of the minimum concentration is rationalized by the observation
that heightened agitation promotes earlier attainment of homogeneity within the solution.
Consequently, it is imperative to avoid a dense solution that may induce irregularities in the fluid
dynamics.

4. Discussion

The PB and BBD play pivotal roles in experimental design and optimization studies, offering
valuable insights into identifying the most influential variables in a system. The PB design efficiently
screens numerous factors, aiding in narrowing down key factors that significantly impact the
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response of interest. By exploring a wide parameter space with minimal experimental runs, it
provides valuable insights in the initial stages of research, enhancing our understanding of the
system's behavior.

In contrast, BBD allows for a thorough examination of the response surface, considering both
main effects and second-order interactions. This design facilitates the construction of response
surface models and process parameter optimization, enabling us to understand complex interactions
among multiple variables [13]. It provides valuable information on curvature, optimal factor levels,
and regions of maximum or minimum response, contributing to process optimization, quality
improvement, and efficient resource allocation [14].

In our study, we employed both PB and BBD to identify the most influential variables in a
microbial fuel cell (MFC) for maximizing its performance and efficiency. Through systematic
optimization, we enhanced power output, increased conversion efficiency, and improved overall
MEC performance. Our findings align with previous research that highlights the crucial role of these
designs in narrowing down critical variables and developing robust models for process optimization.

Among the variables analyzed, the composition of vinasse emerged as a crucial factor in MFC
performance. Excessive microorganism growth during treatment can lead to a decline in MFC
activity. To mitigate this issue, previous studies have suggested various strategies, such as the
addition of a polymer to increase viscosity [15] or utilizing porous solids to prevent electrolyte
sedimentation [16-18]. Also, having an electrolyte that may sediment necessitates continuous
stirring, which affects MFC yield. Furthermore, the effect of flow velocity on bioelectricity generation
should also be considered [19]. These approaches help maintain stable MFC operation and enhance
yield. However, electricity production by MFCs remains a substantial problem for practical
implementations owing to the difficulty in balancing yield with overall system upscaling [20].

Temperature also emerged as a significant factor affecting MFC energy production. High
temperatures were found to negatively impact MFC performance due to excessive microorganism
growth. To optimize energy production, maintaining MFCs at values close to room temperature has
been recommended in previous studies [21,22]. Room temperature offers advantages such as power
savings, low solid production, and higher treatment efficiency, contributing to sustainable MFC
operation [23]. Similarly, Cano et al. [24] found additional implications regarding temperature, as
wastewater treated at high values may require a cooling step prior to discharge to avoid negative
effects on the natural system.

In contrast, salt concentration showed the least influence on the MFC process. Surprisingly,
experiment 2 conducted without salt exhibited the highest millivolt values when combined with
maximum stirring and medium vinasse dose. Additionally, experiment 4 conducted with the
maximum salt concentration, medium vinasse dose, and the lowest stirring yielded values
comparable to experiment 2. These findings suggest the possibility of expanding MFC applications
to saline wastewater without adversely affecting MFC yield. Vijay et al. [25] analyzed saline
environments as critical issues to be addressed due to the presence of halophilic bacteria, which alter
the composition of the medium and could impact electrochemical activity.

The results highlighted the significance of variables such as vinasse composition, temperature,
and salt concentration in influencing MFC operation. Furthermore, by incorporating theoretical
frameworks and empirical findings, we advanced our understanding of complex interactions within
the MFC system. These insights not only contribute to the development of sustainable energy
technologies but also pave the way for further research on optimizing MFC operation, improving
waste treatment processes, and exploring the potential synergies between waste valorization and
renewable energy generation.

5. Conclusions

This study found that concentration, stirring, and yeast are the most influential variables in the
bioelectricity production process as determined by employing PB. This design allows for the
screening of multiple factors simultaneously with a minimal number of experimental runs. By
conducting PB analysis, the key factors that significantly affect the process were determined, setting
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the stage for further optimization using a BBD. Next, the BBD was carried out to determine the
optimum range of the variables assayed from 1 to 15 min.

In the experiments conducted, the observed millivolt values exhibited notable differences
depending on the specific experiment. For example, experiment 1 displayed low millivolt values, as
it was carried out with intermediate vinasse concentration, along with the lowest stirring and NaCl
values. Conversely, experiments 13 to 15, which utilized intermediate values of concentration, NaCl,
and stirring, significantly increased millivolt values. The maximum bioelectricity production was
observed in experiment 2, with an average value of 431.1 mV. This experiment employed the highest
stirring value, intermediate concentration, and the minimum NaCl dose. Importantly, the minimum
millivolt values consistently remained above 75% of the maximum values throughout the
experiments.

One of the problems encountered was density of vinasse. High concentration of vinasse poses
challenges in achieving homogeneity due to its inherent density. Vinasse is a byproduct of the ethanol
production process and typically exhibits a high viscosity and density. When present in high
concentrations, it can create difficulties in achieving uniform distribution within a solution, thereby
interfering with accurate measurements and analysis. The dense nature of concentrated vinasse can
lead to localized variations in fluid dynamics, causing uneven mixing and potential irregularities in
the system. These non-uniform conditions hinder the accurate assessment of variables and
measurements, impacting the reliability and reproducibility of experimental results. Therefore, it is
crucial to consider the challenges associated with the homogeneity of highly concentrated vinasse
and take appropriate measures to mitigate their effects during scientific investigations and analysis.
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