INGENIERIA E INVESTIGACION vOL. 45 No. 1, ApriL - 2025 (e112161)

Research Article/Civil and Sanitary Engineering http://doi.org/10.15446/ing.investig. 112161

Bioelectricity Generation in Established Cacao (Theobroma
cacao), Oil Palm (Elaeis guineensis), and Peruvian Amazon Grass
(Axonopus compresus) Crops: Insights from Amazonian Soils
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(Theobroma cacao), palma aceitera (Elaeis guineensis) y grama amazonica
peruana (Axonopus compressus): perspectivas desde suelos amazonicos
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ABSTRACT

As urban populations continue to grow, the global energy demand is expected to rise accordingly. Bioelectricity generation constitutes
a promising and environmentally friendly alternative for sustainable energy production. This study evaluated the energy performance of
biocells with galvanized graphite (GG) and copper-aluminum (CA) electrodes, which were installed in soils cultivated with three typical
Amazonian crops: cacao (Theobroma cacao), oil palm (Elaeis guineensis), and Peruvian amazon grass (Axonopus compressus). Voltage
and current measurements were recorded twice a day over a seven-day period. According to the results, the cacao-cultivated soil with
GG electrodes achieved the highest electricity generation, with a voltage of 537 mV, a current of 0.17 mA, and power density of 26.2
mW/m?. In comparison, the oil palm soil with GG electrodes reached a maximum voltage of 444 mV and a power density of 10.8 mW/
m?. CA electrodes showed lower energy yields across all crop types, reinforcing the importance of electrode material selection. By
demonstrating significant bioelectricity generation in Amazonian agro-industrial crops and ornamental grass, this research highlights the
potential of agricultural soils as renewable energy sources. As the first study to assess electricity generation in established Amazonian
soils, our work provides novel insights into soil-based bioelectricity, an underexplored avenue for sustainable energy production. These
findings pave the way for further research on optimizing bioelectricity generation in tropical soils, offering an innovative perspective on
integrating renewable energy solutions into agricultural landscapes.
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RESUMEN

A medida que las poblaciones urbanas contindan creciendo, se espera que la demanda global de energia aumente proporcionalmente.
La generacion de bioelectricidad constituye una alternativa prometedora y respetuosa con el medio ambiente para la produccion de
energfa sostenible. Este estudio evalud el rendimiento energético de bioceldas con electrodos de grafito galvanizado (GG) y cobre-
aluminio (CA) instaladas en suelos cultivados con tres cultivos tipicos de la Amazonia: cacao (Theobroma cacao), palma aceitera (Elaeis
guineensis) y pasto amazonico peruano (Axonopus compressus). Se realizaron mediciones de voltaje y corriente dos veces al dia durante
un periodo de siete dias. Segin muestran los resultados, el suelo cultivado con cacao y electrodos GG logrd la mayor generacion de
electricidad, con un voltaje de 537 mV, una corriente de 0.17 mA y una densidad de potencia de 26.2 mW/m2. En comparacidn, el
suelo de palma aceitera con electrodos GG alcanzd un voltaje maximo de 444 mV y una densidad de potencia de 10.8 mW/m2. Los
electrodos CA mostraron menores rendimientos energéticos en todos los tipos de cultivo, reforzando la importancia de la seleccion del
material del electrodo. Al demostrar una generacion significativa de bioelectricidad en cultivos agroindustriales amazdnicos y césped
ornamental, esta investigacion destaca el potencial de los suelos agricolas como fuentes de energia renovable. Como el primer estudio
en evaluar la generacion de electricidad en suelos amazdnicos establecidos, nuestro trabajo proporciona conocimientos novedosos
sobre la bioelectricidad basada en suelos, un campo poco explorado en la produccion de energia sostenible. Estos hallazgos abren
el camino para futuras investigaciones orientadas a optimizar la generacion de bioelectricidad en suelos tropicales, ofreciendo una
perspectiva innovadora para la integracion de soluciones energéticas renovables en los paisajes agricolas.
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Bioelectricity Generation in Established Cacao (Theobroma cacao), Oil Palm (Elaeis guineensis), and Peruvian Amazon Grass

Introduction

According to the United Nations, the global urban population
was approximately 4.5 billion in 2022 and is projected to
reach 6.6 billion by 2050 [1]. This increase is expected
to escalate product consumption and energy demand.
Currently, the primary energy sources are non-renewable,
which significantly contributes to environmental pollution
through greenhouse gas emissions [2]. The looming threat of
climate change, the dependence on energy imports, and the
finite nature of fossil fuels have raised widespread concern
regarding energy security and the environmental impacts
associated with energy production and consumption.
Consequently, the United Nations have urged governments
to implement strategies geared towards sustainable growth
and development [3].

In response, numerous countries are increasing investments
in renewable energy. A novel form of renewable energy
that has attracted attention in recent years is bioelectricity
generated by soil-dwelling microorganisms and plant root
exudates. This growing interest arises from the global trend
towards sustainable energy production and the capability of
bioelectrochemical systems to degrade organic matter and
perform bioremediation [4]. Biocells, i.e., devices that utilize
microorganisms to convert the chemical energy of substrates
into electricity, represent an emerging technology with
significant potential to mitigate the energy crisis [5]. During
photosynthesis, plants produce compounds they do not fully
utilize and release them through their roots. When these
exudates interact with microorganisms in the rhizosphere
that are capable of oxidizing carbohydrates under anoxic
conditions, electrons are produced in the soil, facilitating
organic matter degradation [6]. The potential of biocells is
considerable, and previous studies have demonstrated their
effectiveness [7], [8]. For instance, a study conducted by [9]
using microbial fuel cells with ornamental plants in wetlands
achieved outputs of 750 mV, and [10] investigated electric
power generation in house-grown potted plants, reaching
maximum voltages of 340 mV.

Reflecting on the progress of field-based bioelectricity
generation research, significant advances have been made
in harnessing the electrical potential of plant-microbial
ecosystems. [11] demonstrated the utility of plant-microbial
fuel cells in diverse agricultural settings. These findings
highlight the practicality of integrating bioelectrochemical
systems into existing agricultural infrastructures to
simultaneously enhance crop yield and renewable energy
production. [12] further explored the deployment of these
systems in field conditions, identifying key factors such
as plant species selection and the optimization of reactor
components that significantly influence bioelectricity
generation efficiency. These insights are particularly relevant
for this study, as they provide a foundation for evaluating the
bioelectric potential of Amazonian soils and the performance
of different electrode materials in an agro-industrial context.
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Carbon-based materials and metal electrodes have recently
been employed in biocell systems. These materials are
promising candidates due to their cost-effectiveness,
high electrical conductivity, large specific surface area,
significant pore volume, and stability [13]. Galvanized
graphite (GG) as an anode material is particularly
suitable for soil-based microbial fuel cells because of its
high conductivity and compatibility with microbial life,
which is crucial for maximizing energy capture from soil
microbial activity. Copper and aluminum (CA) electrodes
are also promising; their exceptional conductivity may
further enhance bioelectric potential in microbial fuel
cells. Notably, copper supports the formation of highly
active biofilms essential for bioenergy production [14].
Moreover, [15] suggest that coating metal electrodes with
biocompatible materials could improve their performance,
an approach that is beneficial for the CA electrodes used
in our study.

Although these findings are encouraging, a noticeable
research gap remains. To date, only a limited number
of studies has evaluated electricity generation in soils
with established crops. Consequently, this study seeks
to estimate the potential for electricity generation in
soils cultivated with two agro-industrial crops and one
ornamental grass. The goal is to quantify the energy derived
from the metabolic activity of microorganisms in soils
planted with cacao (Theobroma cacao), oil palm (Elaeis
guineensis), and Torourco grass (Axonopus compressus).
Additionally, we aim to assess the performance of
two electrode types (GG and CA) and understand the
influence of environmental and soil conditions on voltage
and current production. Significantly, this research offers
a novel contribution to the field of bioelectricity, as it
constitutes the first investigation into electricity generation
in Amazonian soils cultivated with agro-industrial crops
and ornamental grass. Thus, it provides a new perspective
on the renewable energy potential inherent in these
under-researched soils, marking a critical step forward in
this innovative field and offering valuable insights despite
its relatively short duration.

Materials and methods

To provide a clear and concise overview of the research
methodology, a flowchart is included below. This flowchart
outlines the key phases of the study, covering the
experimental design and the materials and methods used. All
this, with the purpose of guaranteeing clarity and facilitating
replication by other researchers (Fig. 1).
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Selection of Study Area
Environmental Data: Sunshine hours, soil temperature, and
humidity

4

Experimental Design
Design: 2x3 factorial design with a control group
Factors: Crop types and electrode materials
Replicates: Three for each trial; eight trials in total
Biocells: Each biocell contained 25 sub-biocells in a 5x5
arrangement

Biocell Construction
Materials: Galvanized graphite and copper-aluminum
electrodes
Sub-Biocell Dimensions: 10 em high, 4 cm wide, insulated
with PET bottles
Installation: Electrodes placed in a 40x40 cm cube with 15 cm
height in soil

r

Measurement Setup
Measurement Period: Seven days, twice daily
Equipment: Multimeter for measuring voltage and current
Data Collection: 200 measurements daily across all trials

Electrochemical Analysis
Parameters: Voltage, current, power density

Soil Analysis
Parameters: Physical, chemical and microbiological.
Sampling: Soil samples collected from all experimental sites

Statistical Analysis
Tool: R Studio
Tests: Kruskal-Wallis for treatment comparisons; graphical
and correlation analyses using Spearman’s Rho

Figure 1. Flowchart of the experimental design and methodology
Source: Authors

Selection of the study area

The experiments were conducted at Universidad Nacional
de Ucayali (UNU), located in the Calleria district, Coronel
Portillo province, in the Ucayali region of Peru (Fig. 2). For
the experiment, we selected three distinct sites within the
university: the cacao botanical garden, the meteorological
station where Torourco grass is cultivated, and the oil
palm plantation. Additionally, a crop-less soil area was
chosen to serve as the control. Data on sunshine hours, soil
temperature, and environmental humidity were collected
from the UNU weather station.

1GoogleEarth

b

%

Figure 2. Location of the study area in a) America and b) the UNU
campus. Specific location of biocells installed in soils with different
vegetation, i.e., ¢) cacao, d) grass, e) oil palm, and f) non-cultivated soil
Source: Authors (images retrieved from Google Earth)

Oil palm, cacao, and grass were selected because they
represent different vegetation strata — high, medium, and
low elevation, respectively. Additionally, cacao and oil palm
were chosen due to their agricultural significance in the
study area and the extensive land area they occupy, which
indicates their potential as energy sources beyond traditional
agriculture. Torourco grass, widely cultivated in the study
area for recreational centers, parks, and central berms,
was selected due to the potential of using soil-generated
electricity for public lighting purposes.

Care was taken to ensure that the experimental substrates
were not affected by other experiments. Throughout the
study period, the experimental sites remained free from
any interference, ongoing work, or additional experiments
conducted nearby. Moreover, no alternate uses of the
area were permitted, thus preserving the integrity of the
experimental conditions.

The experiments were intentionally conducted under natural
field conditions, in order to accurately represent real-world
scenarios involving bioelectricity generation systems. The
frequency of voltage and current measurements, taken twice
every day, was dictated by the study’s objectives, specifically
targeting the immediate response of the bioelectrochemical
system to natural daily variations.

Despite the relatively short duration of our experiments
(seven days), the standard deviation of the voltage
measurements indicated stability (below 0.113 mV on most
days), which was deemed sufficient for the preliminary
scope of this work. The seven-day measurement period was
strategically selected to balance the detailed observation
of microbial consortia dynamics with logistical feasibility.
Extending the duration of the study would have required
significant additional resources, potentially complicating
field logistics. Although a longer study could yield more
comprehensive insights into external factors influencing
energy generation, this preliminary research captures the
immediate response under natural field conditions and sets
a foundation for future extended studies.
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Experimental design

A 2 x 3 factorial design, complemented with a control group,
was employed to evaluate the influence of crop type and
electrode material on the energy efficiency of the biocells,
with a total of eight trials (Table I). The structure of the
biocell is illustrated in Fig. 3. The control group consisted
of uncultivated soil. As previously mentioned, the evaluated
factors were crop type (Torourco grass, cacao, and oil palm)
and electrode type (GG and CA). Each trial was conducted
in triplicate. At each experimental site, two biocells were
installed, each containing 25 sub-biocells with one electrode
type, arranged in a 5 x 5 configuration.

Table 1. Experiment design and coding

Plant species Control
Electrode
Cacao Grass Palm Soil
Galvanized CGG GGG PGG SGG
graphite
Copper and CCA GCA PCA SCA
aluminum

Source: Authors

"
Anode (+)  Cathode (-)
" Copper Aluminun

Figure 3. Biocell structure
Source: Authors

Biocell construction

The electron capture system was designed based on the
fundamental principles of microbial galvanic cells [16]. Two
types of electrodes were prepared: GG electrodes, which
were constructed using galvanized steel (BCC Zincopro)
(Fig. 4a) and graphite extracted from Panasonic AA batteries
(Fig. 4b); and CA electrodes made from copper wire (Indeco)
(Fig. 4c) and bare aluminum wires (Indeco) (Fig. 4d). After
extracting the required materials, anodes and cathodes were
fashioned to a length of 4.7 cm. The electrodes were soldered
using 22-gauge tin wire and insulated with hot silicone to
prevent oxidation and wire sulfation. Each electrode was
placed within a sub-biocell structure measuring 10 cm high,
4 cm long, and 4 cm wide. A 650 mL PET water bottle, cut to
a height of 10 cm, served as an insulator for each sub-biocell
(Fig. 4e). Each biocell comprised 25 sub-biocells containing
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either GG or CA electrodes in a 5 x 5 array (Fig. 4f). The
complete experimental set up is depicted in Fig. 4.

To install the biocells, a cube measuring 40 cm per side and
15 cm deep was excavated in the soil. Some of the removed
soil was poured into the PET bottles before installing the
electrodes. Each biocell was covered with a felt cloth layer
and topped with an additional 5 cm of soil, leaving 5 cm
of wire exposed at the soil surface for voltage and current
measurements (Fig. 4g). To allow for sufficient root growth
around the biocells, measurements began three months
after installation.

; 5 z
Figure 4. Experimental setup: a) galvanized steel cathode, b) AA battery
graphite anode, c) copper wire anode, d) aluminum wire cathode, e)
sub-biocell with anode and cathode, f) biocell composed of 25 sub-
biocells, and g) voltage and current measurement setup

Source: Authors

Electrochemical analysis

Voltage and current were measured using a multimeter
over seven days, twice every day, from 7 am to 12 pm and
again from 2 pm to 5 pm. In each turn, 25 current and 25
voltage measurements were recorded for each of the two
electrode types. Consequently, a total of 100 measurements
per electrode (50 for current and 50 for voltage) were
collected daily, amounting to 200 daily measurements for
both electrodes.

The energy performance of each biocell was evaluated based
on voltage, current, and power density. Voltage and current
readings were obtained directly from the multimeter, while
the power was calculated by multiplying the voltage (in mV)
by the current (in mA). Subsequently, the power density
(mMW/ m?) was calculated by dividing the power by the
biocell’s surface area.

The seven-day measurement period was chosen based
on the specific objectives and logistical constraints of the
study. This duration was considered sufficient to capture
the immediate responses and initial patterns of bioelectricity
generation under the given environmental conditions.
While extending the measurement period could potentially
yield more comprehensive data, seven days provided a
preliminary exploration sufficient to observe notable trends
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within a feasible timeframe. It should also be noted that all
measurements were conducted during September.

Soil analysis

Soil samples were collected from each of the four
experimental sitesin ordertoanalyze their physicochemical
and microbiological parameters by means of established
methodologies. The physical properties assessed
included sand, clay, and silt percentages, determined
via the hydrometer method; as well as the wilting point,
which was evaluated using the gravimetric method. The
bulk density and field capacity were measured using
the measuring cylinder method. The chemical analyses
included electrical conductivity (measured using a
conductometer in an aqueous extract), pH (determined
with a potentiometer using a water-soil ratio of 1:1), and
the organic matter content (assessed using the Walkley
and Black method). The total nitrogen was measured
using the Micro Kjeldahl method, while the available
phosphorus was determined via the modified Olsen
method (NHCO; 0.5M extract at pH 8.5). The available
potassium was extracted using ammonium acetate (1N) at
pH 7, and cadmium levels were analyzed through Tessier
sequential extraction. The cation exchange capacity was
measured using ammonium acetate (1N) at pH 7, while
the effective cation exchange capacity and exchangeable
acids were determined via displacement with KCI 1N (for
soils at pH<5.6). The calcium, magnesium, potassium,
and sodium concentrations were measured using an
atomic absorption spectrophotometer, and the aluminum
and hydrogen contents were analyzed using the Yuan
method.

For the microbiological analysis, aerobic heterotrophic
bacteria were quantified using the standard plate count
method with nutrient agar, while anaerobic heterotrophic
bacteria were counted using the most probable number
(MPN) method on anaerobic agar. Actinomycetes were
assessed via the spread plate method using actinomycete
isolation agar, and fungi (mold and yeast) were identified
through the dilution plate method on potato dextrose agar.
Lactobacillus enumeration was conducted using the de Man,
Rogosa, and Sharpe (MRS) agar plate count method, and
the presence of mycorrhizae was evaluated through root
staining and microscopic observation.

Statistical analysis

The statistical analysis was performed using R. The
differences between the treatments and the control
were assessed via the Kruskal-Wallis test. All treatments
showed significant differences at an alpha level of 0.01.
The variations in daily and hourly averages were examined
through graphical representations, and the correlation
between voltage and current was evaluated using
Spearman’s Rho.

Results and discussions

Under uncontrolled field conditions, the daily variability
in energy generation was analyzed and found to be
stable. The data, collected twice in a day throughout the
experiments, exhibited minimal fluctuations, with modest
standard deviations for the voltage measurements on most
days. The standard deviations ranged from 0.052 to 0.113
mV on all but one day, indicating a negligible impact of
external climatic and solar variations on bioelectricity
generation. These observations support the validity of
the measurement approach and highlight the resilience
of the bioelectric system under varying environmental
conditions.

The only exception occurred on day 2, for which a
higher voltage fluctuation was observed, possibly due to
specific environmental events. This outlier underscores
the importance of careful data interpretation and the
consideration of unquantified variables, which are inherent
in field-based studies. Nonetheless, the overall stability of
voltage measurements throughout the experiment suggests
that the chosen measurement frequency was sufficient to
capture variations in bioelectricity generation under field
conditions.

Efficiency of the biocells

The area of non-cultivated soil exhibits voltage emissions
comparable to those from soils with crops (Figs. 5a,
5b). This could be explained by cattle frequently passing
through and depositing manure, thereby promoting the
growth of pioneer grasses. The roots of these grasses,
along with the organic matter content from manure,
could contribute to voltage generation. This hypothesis
was supported by the soil characterization results (Table
1), according to which the soil without cultivated crops
had similar levels of organic matter, nutrients, and
microorganisms, albeit slightly lower than those in the
cropped soils.
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Figure 5. Performance of biocells with CA and GG in terms of a)
voltage, b) current density, and c) power density
Source: Authors

Energy generation measurements began after root
colonization had occurred, resulting in initial recorded
voltage values of 355-434 mV. Throughout the seven-day
period, no significant fluctuations in voltage, current, or
power density were observed across the experiments,
except for a slight dip in voltage on the third day of the
GGG trial. All other trials maintained consistent voltage
levels throughout the measurement period. This stability
may relate to the acclimatization period before electrode
installation. The generated energy is associated with the
characteristics of microbial communities in the rhizosphere
around the electrodes.

Generally, the microbial growth cycle comprises four
phases: dormancy, exponential growth, stationary, and
death. The experimental conditions and results suggest
that electrical current measurements were taken during the
stationary phase [17], with the dormancy and exponential
growth likely occurring during the initial three-month
period prior to measurement. Therefore, our measurements
remained relatively stable during the seven-day experiment.
A steady voltage output is associated with the maturity of the
biofilms formed on electrodes [18], indicating that, by the
time measurements commenced, plant roots had already
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colonized the biocells and had begun releasing the enzymes
necessary for electron transfer [19].

However, electricity generation is not expected to remain
unchanged indefinitely. The voltage showed a slight
downward trend on day 7, while current and power density
peaked between days 3 and 4. In these systems, fluctuations
in daily power generation measurements are common
and can be attributed to microbial consumption and the
subsequent depletion of the available organic matter around
the electrodes [20].

Throughout the biocells’ operation, both the voltage and
power density values remained relatively stable but displayed
distinct trends. For instance, the CGG trial achieved the
highest power density: 26.2 W/m? with a maximum
voltage of 537 mV. Meanwhile, the GGG trial reached a
maximum voltage of 444 mV and a peak power density
of 10.8 W/m?. These differing outcomes can be explained
by several hypotheses [21]: (i) biocells undergo complex
variations under natural conditions; (ii) plant species
influence microbial communities, altering the root exudate
composition; and (iii) root exudates, primarily products of
photosynthesis, nourish the rhizosphere microorganisms.
Several studies have demonstrated that the composition
and quality of microbial communities in the rhizosphere
vary according to plant type, genotype, and photosynthesis
strategy [22]. Although exudate production generally
reflects photosynthetic activity, numerous factors influence
its composition, which can vary even within different root
zones of the same plant [23].

A comparison between the maximum power density values
obtained in this study and those reported in previous
research (Table II) indicates that plant species tested under
field conditions generate electricity at levels comparable
to those of laboratory studies. Furthermore, identifying
electroactive microorganisms responsible for electrical
activity could allow their introduction into crops in order to
enhance electricity generation.

Table Il. Maximum power density values in biocell experiments

Maximum
Plant species power density Reference
(mW/m?)
Chlorophytum inornatum with copper
10 [24]
plate electrodes
Pipremnum aureum with carbon fiber 15.38 [25]
electrodes
Agapantbhis africanus with carbon fiber 15.55 [26]
electrodes
Chlorophytum with graphite electrodes 18 [21]
Rice with carbon felt anode 41.41 [27]
Eichhornia crassipes with graphite and 100.2 7]
zinc electrodes
Theobroma cacao with graphite and 26.6 This study

galvanized electrodes

Source: Authors
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The duration of the measurements (seven days) was selected
as a practical compromise to achieve meaningful data
collection within the feasibility constraints of this preliminary
study. Recognizing the limitations of a shorter observation
period, this timeframe was sufficient to observe initial trends
and variations in bioelectricity generation under natural
environmental conditions. Despite its limited duration,
the study successfully identified key trends and patterns,
providing foundational insights into bioelectrochemical
systems in natural settings. Although extended measurement
periods could offer more comprehensive insights, the
selected seven-day window effectively captured the
system'’s immediate response to environmental fluctuations,
establishing groundwork for future extended studies.

Biocell performance and atmospheric parameters

The atmospheric conditions recorded over the seven-day
study period are shown in Fig. 6. We monitored environmental
and soil temperatures, which are considered to be among
the most influential abiotic factors affecting photosynthesis
[28], [29]. Despite this, Spearman’s Rho correlation analysis
indicated a very weak relation between electrical parameters
(current and voltage) and atmospheric conditions. It is
generally expected that increased temperatures enhance
photosynthesis, thus promoting plant growth and rhizosphere
biomass. However, the anticipated temperature-voltage
relationship was not evident during our experiment, nor was
there a clear association between environmental humidity and
biocell efficiency. This suggests that environmental moisture
might not significantly influence plant growth, and that,
consequently, it has a limited impact on microbial activity
within the rhizosphere. Nonetheless, it is possible that an
extended observation period could reveal more pronounced
correlation between these parameters [21].
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Figure 6. Atmospheric data for the seven-day study period
Source: Authors

Effect of electrode type

In our experiments, the GG electrodes outperformed the CA
ones, particularly in cacao soils. Throughout the experiment,
the CGG trial consistently achieved the highest voltage (527
mV), current (0.17 mA), and power density (26.2 mW/m?). This
trial exhibited superior performance from the outset, beginning
with a notable power density of 21.5 W/m?, while other trials
started with values ranging between 1.3 and 7.3 W/m?2. The

trials using CA electrodes maintained stable power densities
between 1 and 3 W/m?, and they even recorded lower values
than the control during the first three days (Fig. 5¢).

These findings underscore the significant role that electrode
materials play in electricity generation. The GG electrode
conducted electricity more effectively than the CA one, likely
due to factors such as standard reduction potential, electrical
conductivity, and resistivity. The standard reduction potential
of zinc (used to coat galvanized steel) ranges between -0.76
and-1.25V at 25 °C, whereas those of copper and aluminum
are 0.52 V and -1.66 V, respectively [30]. Metals with lower
standard reduction potentials are generally harder to reduce
[31]. Consequently, although aluminum has a more favorable
reduction potential compared to the zinc in galvanized steel,
the GG electrodes demonstrated greater efficiency. Regarding
electrical conductivity, zinc and copper provide values of
1.60 x 107 and 5.96 x 107 ds/M, respectively. In terms of
resistivity, copper and aluminum exhibit lower values (1.72
x 10%and 2.74 x 10® QQ®m, respectively) than graphite (3.5
x 10° Qem) [32]. A lower electrical resistivity implies a
lower resistance to electric current. Despite graphite’s higher
resistivity, the presence of graphite in the GG electrodes
significantly improved energy performance, potentially even
more so than the zinc coating itself.

Effect of light variation

As shown in Fig. 7, solar radiation appeared to influence the
experiments. Voltage readings in the morning were slightly
higher than those recorded in the afternoon. Peak light
intensity hours coincide with higher temperatures, potentially
facilitating the release of root exudates and enhancing the
activity of soil microorganisms [21]. Nevertheless, plant-
generated electricity is expected to persist into nighttime,
since root exudate production from photosynthesis includes
processes independent of immediate light availability. This
characteristic allows biocells to function similarly to energy
storage batteries [33]. Interestingly, during the GG electrode
trials in this study, the afternoon’s voltage generation
occasionally exceeded morning values, a phenomenon
previously observed in algal biocell studies [34].
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Figure 7. Variation during the seven-day experiment, illustrating the
effects of morning and afternoon light phases on a) GG and b) CA
electrodes

Source: Authors

Effect of soil type

Table Il shows that physical soil parameters were fairly
consistent across all four experimental sites. However,
the chemical properties were notably superior in the soil
cultivated with cacao, as evidenced by higher concentrations
of organic matter, nutrients (N, P, K, Ca, Mg), and the
percentage of exchangeable bases (associated with substrate
fertility). The cacao-cultivated soil also had a higher
concentration of heterotrophic microorganisms, fungi, and
yeasts. These findings highlight a direct correlation between
electricity generation and soil organic matter, nutrients, and
microbial content. Specifically, the cacao crop trial with the
GG electrodes produced the highest energy output (Fig. 5).
It can therefore be inferred that cacao had better access to
carbon sources and displayed increased microbial activity,
both contributing to enhanced electricity generation. This
pattern aligns with previous research studies that observed
greater bioelectricity generation in soils richer in organic
matter and nutrients [35]. Although this study did not
explicitly measure the impact of fertilization on energy
production, the observed trends suggest a hypothesis for
future investigation: increased fertilization could correlate
positively with enhanced bioelectricity generation.

Additionally, the robust electricity generation observed
in cacao-soil biocells may be attributed to the unique
interactions between the cacao crop’s root system and
the soil microbial community. Cacao plants, known for
their dense and extensive root network [36], significantly
influence the biological and chemical properties of the
soil, creating favorable conditions for microbial electricity
generation. As described by [37], plant roots provide
substantial biomass, serving as substrates for cellulose-
degrading microorganisms, which are often associated
with electroactive anode-respiring bacteria. This interaction
between cacao roots and soil microorganisms likely
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facilitates efficient electron transfer processes, resulting in
higher electricity production. Furthermore, organic matter
from dead plant roots and manure, as indicated by the soil
characterization results, may stimulate microbial consortia
involved in bioelectricity generation, thereby enhancing the
overall biocell performance in cacao-cultivated soils.

Table Ill. Physical, chemical and microbiological soil parameters

Parameters Soil Grass Cacao p(:llrln
Physical
Texture Loam Loam Loam Loam
Bulk density (g/mc?) 1.4 1.4 1.4 1.4
Field capacity (%) 25 24 22 23
Field capacity (%) 8 7.8 7.8 7.7
Soil temperature (°C) 32 28 32 28
Chemicals
Electrical conductivity (mS/cm) 0.1 0.05 0.16 0.04
pH 41 511 533 464
Organic matter (%) 0.9 0.9 119  0.75
Nitrogen (%) 0.04 0.04 0.05 0.03
Phosphorus (ppm) 3.4 599  6.39 4.4
Potassium (ppm) 5198 72.47 88.46 55.98
Calcium Cmol(+)/kg 1.78 229 299 1.83
Magnesium Cmol(+)/kg 0.8 0.87 1.16 0.81
Aluminum Cmol(+)/kg 5.7 0.69 0.4 1.3
Hydrogen Cmol(+)/kg 0.3 0.01 0.1 0.1
Cation (er;‘]';za/‘;‘ggéapac'ty 8.58 3.85 465  4.04
Exchangeable bases (%) 30.04 81.83 89.24 65.33
Exchangeable acids (%) 69.96 18.17 10.76 36.67
Aluminum saturation (%) 65.47 17.91 8.61 32.19
Microbiological
Aerobic heterotrophic bacteria 56x10° 48x10° 63x10° 8107

counting (CFU/g)

Anaerobic heterotrophic bacteria

- . " .,
counting (CFU/g) 31x10°% 25x10°% 88x10° 10x10

9x10® 86x10° 88x10° 53x10°

Fungi (Moha and yeasts) counting 1x10°
(CFU/g)

Enum. of Lactobacillus (mo/g)

Actinomycetes counting (CFU/g)

1x10%  5x10°  2x10°

Absence Absence Absence Absence

Mycorrhizae PresencePresencePresencePresence

Note: CFU: Colony-forming unit, mo: micoorganisms
Source: Authors

Conclusions

Bioelectricity generation through interactions between
the plant rhizosphere and soil microorganisms presents a
promising pathway for renewable energy production. This
study evaluated bioenergy performance in three soil types
cultivated with cacao, oil palm, and Torourco grass. Biocells
were installed in these soils and in a non-cultivated control,
with voltage and current measurements taken over seven
days, both in the morning and afternoon. Power density
results demonstrated that the evaluated crops generate
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electricity at levels comparable with previous studies,
suggesting potential for even higher energy outputs with
increased fertilization. Notably, biocells with GG electrodes
consistently outperformed those with CA electrodes. An
analysis of the standard reduction potential, electrical
conductivity, and resistivity values indicated that graphite
likely played a crucial role in enhancing electricity generation.

Interestingly, variations in atmospheric parameters and daily
light intensity had minimal impact on electricity production.
The most effective setup involved cacao cultivation with a
GG electrode, achieving peak voltage, current, and power
density values of 537 mV, 0.17 mA, and 26.6 mW/m?
respectively. The superior energy performance observed
in cacao soils coincided with their enhanced chemical and
microbiological properties, including higher organic matter,
nutrient content, and microbial populations.

Despite its limited duration, this study successfully identified
significant trends and patterns in bioelectricity generation,
validating the utility of monitoring bioelectrochemical
systems under natural field conditions. These results
address a critical gap in the existing research by quantifying
the energy potential in soils cultivated with agro-industrial
crops and ornamental grass. The demonstrated potential
for electricity generation in soils with established oil palm,
cacao, and grass crops suggests these agricultural soils can
serve as renewable energy sources.

As the first exploration of electricity generation in
Amazonian soils cultivated with agro-industrial crops and
ornamental grass, this research provides novel insights into
the renewable energy potential of these under-researched
soils. Consequently, this study represents a significant
advancement in the field of bioelectricity, laying important
groundwork for future research and sustainable energy
applications while highlighting the potential of soil-based
bioelectricity as an environmentally friendly energy source
that can contribute to a sustainable future.

CRediT author statement

Edwar  Edinson  Rubina-Arana:  conceptualization,
methodology, writing — review & editing (original draft),
supervision, funding acquisition. Letty Leonor Sandoval-
Mendoza and Glendy Sanchez-Suncién: formal analysis,
investigation. Dalia Carbonel: formal analysis, writing
— review & editing (original draft), visualization. Grober
Panduro-Pisco: investigation, supervision, resources and
validation.

Conflicts of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Data availability

The datasets generated during and/or analyzed during this
study are available from the corresponding author upon
reasonable request.

References

[1] UNCTAD, “Handbook of statistics 2023,” 2024. Accessed:
Feb. 16, 2025. [Online]. Available: https://unctad.org/pu-
blication/handbook-statistics-2023

[2] T. K. Ghose, M. R. Islam, K. Aruga, A. Jannat, and Md. M.
Islam, “Disaggregated impact of non-renewable energy
consumption on the environmental sustainability of the
United States: A novel dynamic ARDL approach,” Sustai-
nability, vol. 16, no. 19, art. 8434, Sep. 2024. https://doi.
0rg/10.3390/5u16198434

[3] M. A. Caraballo Pou and M. J. Garcfa Simén, “Energfas re-
novables y desarrollo econémico. Un andlisis para Espafa
y las grandes economias europeas,” Trimest. Econ., vol. 84,
no. 335, art. 571, Jul. 2017. https://doi.org/10.20430/ete.
v84i335.508

[4] A.T.Hoangetal., “Microbial fuel cells for bioelectricity pro-
duction from waste as sustainable prospect of future ener-
gy sector,” Chemosphere, vol. 287, art. 132285, Jan. 2022.
https://doi.org/10.1016/j.chemosphere.2021.132285

[5] P.Jalili, A. Ala, P. Nazari, B. Jalili, and D. D. Ganji, “A com-
prehensive review of microbial fuel cells considering ma-
terials, methods, structures, and microorganisms,” He-
liyon, vol. 10, no. 3, art. €25439, Feb. 2024. https://doi.
org/10.1016/j.heliyon.2024.e25439

[6] K. Obileke, H. Onyeaka, E. L. Meyer, and N. Nwokolo,
“Microbial fuel cells, a renewable energy technology for
bio-electricity generation: A mini-review,” Electrochem.
Commun., vol. 125, art. 107003, Apr. 2021. https://doi.
org/10.1016/j.elecom.2021.107003

[71 Z. Du, H. Li, and T. Gu, “A state of the art review on mi-
crobial fuel cells: A promising technology for wastewater
treatment and bioenergy,” Biotechnol. Adv., vol. 25, no.
5, pp. 464-482, Sep. 2007. https://doi.org/10.1016/j.biote-
chadv.2007.05.004

[8] D. Pant, G. van Bogaert, L. Diels, and K. Vanbroekhoven, “A
review of the substrates used in microbial fuel cells (MFCs)
for sustainable energy production,” Bioresour. Technol.,
vol. 101, no. 6, pp. 1533-1543, Mar. 2010. https://doi.or-
g/10.1016/j.biortech.2009.10.017

[9] H. R. Gonzalez-Moreno et al., “Bioelectricity generation
and production of ornamental plants in vertical partia-
lly saturated constructed wetlands,” Water (Basel), vol.
13, no. 2, art. 143, Jan. 2021. https://doi.org/10.3390/
w13020143

[10]1 K. R. S. Pamintuan, M. A. L. Calma, K. A. D. Feliciano,
and K. J. P. D. Lariba, “Potential of bioelectricity ge-
neration in plant-microbial fuel cells growing house
plants,” IOP Conf. Ser. Earth. Environ. Sci., vol. 505, no.
1, art. 012043, Jul. 2020. https://doi.org/10.1088/1755-
1315/505/1/012043

INGENIERIA E INVESTIGACION voL. 45 No. 1, ApriL - 2025 9 of 11


https://orcid.org/0000-0002-7322-9207
https://orcid.org/0000-0003-4418-3328
https://orcid.org/0000-0002-6348-7448
https://orcid.org/0000-0002-3229-3210
https://orcid.org/0000-0001-7050-8449
https://unctad.org/publication/handbook-statistics-2023
https://unctad.org/publication/handbook-statistics-2023
https://doi.org/10.3390/su16198434
https://doi.org/10.3390/su16198434
https://doi.org/10.20430/ete.v84i335.508
https://doi.org/10.20430/ete.v84i335.508
https://doi.org/10.1016/j.chemosphere.2021.132285
https://doi.org/10.1016/j.heliyon.2024.e25439
https://doi.org/10.1016/j.heliyon.2024.e25439
https://doi.org/10.1016/j.elecom.2021.107003
https://doi.org/10.1016/j.elecom.2021.107003
https://doi.org/10.1016/j.biotechadv.2007.05.004
https://doi.org/10.1016/j.biotechadv.2007.05.004
https://doi.org/10.1016/j.biortech.2009.10.017
https://doi.org/10.1016/j.biortech.2009.10.017
https://doi.org/10.3390/w13020143
https://doi.org/10.3390/w13020143
https://doi.org/10.1088/1755-1315/505/1/012043
https://doi.org/10.1088/1755-1315/505/1/012043

Bioelectricity Generation in Established Cacao (Theobroma cacao), Oil Palm (Elaeis guineensis), and Peruvian Amazon Grass

[11] T. Kuleshova et al., “Plant microbial fuel cells as an innova-
tive, versatile agro-technology for green energy generation
combined with wastewater treatment and food produc-
tion,” Biomass Bioener., vol. 167, art. 106629, Dec. 2022.
https://doi.org/10.1016/j.biombioe.2022.106629

[12] F. T. Kabutey et al., “An overview of plant microbial fuel
cells (PMFCs): Configurations and applications,” Renew.
Sust. Ener. Rev., vol. 110, pp. 402-414, Aug. 2019. https://
doi.org/10.1016/j.rser.2019.05.016

[13] R. Agtiero-Quifones et al., “Activated carbon electrodes
for bioenergy production in microbial fuel cells using syn-
thetic wastewater as substrate,” Sustainability, vol. 15,
no. 18, art. 13767, Sep. 2023. https://doi.org/10.3390/
su151813767

[14] M. M. Haque, M. K. Mosharaf, M. A. Haque, M. Z. H.
Tanvir, and M. K. Alam, “Biofilm formation, production of
matrix compounds and biosorption of copper, nickel and
lead by different bacterial strains,” Front. Microbiol., vol.
12, art. 615113, Jun. 2021. https://doi.org/10.3389/fmi-
cb.2021.615113

[15]]J. V. Boas, V. B. Oliveira, M. Simdes, and A. M. F. R. Pinto,
“Review on microbial fuel cells applications, developments
and costs,” J. Environ. Manage., vol. 307, art. 114525, Apr.
2022. https://doi.org/10.1016/j.jenvman.2022.114525

[16] F. J. Rodriguez Varela, O. Solorza Feria, and Z. Hernandez,
Celdas de Combustible. Canada: Y1d books, 2010. https://
es.scribd.com/document/250218936/Celdas-Combusti-
bles

[17] 1. D. Widharyanti, M. A. Hendrawan, and M. Christwarda-
na, “Membraneless plant microbial fuel cell using water
hyacinth (Eichhornia crassipes) for green energy generation
and biomass production,” Int. J. Renew. Ener. Dev., vol.
10, no. 1, pp. 71-78, Feb. 2021. https://doi.org/10.14710/
ijred.2021.32403

[18] M. Christwardana, S. W. A. Suedy, U. Harmoko, and K. S.
S. Buanawangsa, “Exploring and evaluating the relationship
between Saccharomyces cerevisiae biofilm maturation on
carbon felt anodes and microbial fuel cell performance,”
J. Electrochem. Sci. Eng., vol. 14, no. 5, art. 653-669, Sep.
2024. https://doi.org/10.5599/jese.2383

[19] B. E. Logan et al., “Microbial fuel cells: Methodology and
technology,” Environ. Sci. Techno.l, vol. 40, no. 17, pp.
5181-5192, Sep. 2006. https://doi.org/10.1021/es0605016

[20] J. Dziegielowski, M. Mascia, B. Metcalfe, and M. Di Loren-
zo, “Voltage evolution and electrochemical behaviour of
soil microbial fuel cells operated in different quality soils,”
Sust. Ener. Tech. Assess., vol. 56, art. 103071, Mar. 2023.
https://doi.org/10.1016/j.seta.2023.103071

[211Y. M. Azri, I. Tou, M. Sadi, and L. Benhabyles, “Bioelectrici-
ty generation from three ornamental plants: Chlorophytum
comosum, Chasmanthe floribunda and Papyrus diffusus,”
Int. J. Green Ener., vol. 15, no. 4, pp. 254-263, Mar. 2018.
https://doi.org/10.1080/15435075.2018.1432487

[22]1Y. Zhang, J. Lin, S. Chen, H. Lu, and C. Liao, “The influen-
ce of the genotype and planting density on the structure
and composition of root and rhizosphere microbial com-
munities in maize,” Microorganisms, vol. 11, no. 10, art.
2443, Sep. 2023. https://doi.org/10.3390/microorganis-
ms11102443

I 10 of 11 INGENIERIA E INVESTIGACION vOL. 45 No. 1, ApriL - 2025

[23] V. Vives-Peris, C. de Ollas, A. Gdmez-Cadenas, and R. M.
Pérez-Clemente, “Root exudates: from plant to rhizosphe-
re and beyond,” Plant Cell Rep., vol. 39, no. 1, pp. 3-17,
Jan. 2020. https://doi.org/10.1007/s00299-019-02447-5

[24] K. Manohar, A. A. Shinde, and S. Supriya, “Green electricity
production from living plant and microbial fuel cell,” Int. J.
Adv. Res. Sci. Eng., vol. 6, no. 9, pp. 459-466, Sep. 2019.
https://ijarse.com/images/fullpdf/1505454223 506.pdf

[25] P. J. Sarma and K. Mohanty, “Epipremnum aureum and
Dracaena braunii as indoor plants for enhanced bio-elec-
tricity generation in a plant microbial fuel cell with electro-
chemically modified carbon fiber brush anode,” J. Biosci.
Bioeng., vol. 126, no. 3, pp. 404-410, Sep. 2018. https://
doi.org/10.1016/j.jbiosc.2018.03.009

[26] ). C. Gémora-Herndndez, J. H. Serment-Guerrero, M. C.
Carrefo-de-Ledn, and N. Flores-Alamo, “Voltage produc-
tion in a plant-microbial fuel cell using Agapanthus afri-
canus,” Rev. Mex. Ing. Quim., vol. 19, no. 1, pp. 227-237,
Aug. 2019. https://doi.org/10.24275/rmiq/IA542

[271]). Md Khudzari, Y. Gariépy, J. Kurian, B. Tartakovsky, and
G. S. V. Raghavan, “Effects of biochar anodes in rice plant
microbial fuel cells on the production of bioelectricity, bio-
mass, and methane,” Biochem. Eng. J., vol. 141, pp. 190-
199, Jan. 2019. https://doi.org/10.1016/j.bej.2018.10.012

[28] A. Sharma et al., “Photosynthetic response of plants un-
der different abiotic stresses: A review,” J. Plant Growth
Regul., vol. 39, no. 2, pp. 509-531, Jun. 2020. https://doi.
org/10.1007/s00344-019-10018-x

[29] S. F. Bucher, K. Auerswald, C. Griin-Wenzel, S. 1. Higgins,
and C. Romermann, “Abiotic site conditions affect pho-
tosynthesis rates by changing leaf functional traits,” Basic
Appl. Ecol., vol. 57, pp. 54-64, Dec. 2021. https://doi.or-
g/10.1016/j.baae.2021.09.003

[30] D. Linden and T. B. Reddy, “Basic concepts,” in Linden’s
Handbook of Batteries, 5th ed., T. B. Reddy and D. Linden,
Eds. New York, NY, USA: McGraw Hill, 2011, ch. 1.

[31] A. Singh, A. Contractora, R. D. Kale, and V. A. Juvekar, “Un-
derpotential electroless deposition of metals on polyanili-
ne,” App. Phys., vol. 20, no. 06, pp. 1-18, 2020. https://doi.
org/10.48550/arXiv.2006.03635

[32] V. Bhatt, Essentials of coordination chemistry: A simplified
approach with 3D visuals. London, UK: Academic Press, 2016.

[33] M. M. Ghangrekar, S. Das, and S. Das, “Microbial electro-
chemical technologies for CO, sequestration,” in Biomass
Biofuels Biochemicals, A. Pandey, R. D. Tyagi, and S. Var-
jani, Eds., India: Elsevier, 2021, pp. 413-443. https://doi.
org/10.1016/B978-0-12-821878-5.00016-7

[34] A. K. Yadav, P. Srivastava, N. Kumar, R. Abbassi, and B.
K. Mishra, “Constructed wetland-microbial fuel cell: an
emerging integrated technology for potential industrial
wastewater treatment and bio-electricity generation,” in
Constructed Wetlands for Industrial Wastewater Treatment,
Chichester, UK: John Wiley & Sons, 2018, pp. 493-510.
https://doi.org/10.1002/9781119268376.ch22

[35] S. R. B. Arulmani et al., “Sustainable bioelectricity produc-
tion from Amaranthus viridis and Triticum aestivum media-
ted plant microbial fuel cells with efficient electrogenic bac-
teria selections,” Process Biochemistry, vol. 107, pp. 27-37,
Aug. 2021. https://doi.org/10.1016/j.procbio.2021.04.015


https://doi.org/10.1016/j.biombioe.2022.106629
https://doi.org/10.1016/j.rser.2019.05.016
https://doi.org/10.1016/j.rser.2019.05.016
https://doi.org/10.3390/su151813767
https://doi.org/10.3390/su151813767
https://doi.org/10.3389/fmicb.2021.615113
https://doi.org/10.3389/fmicb.2021.615113
https://doi.org/10.1016/j.jenvman.2022.114525
https://es.scribd.com/document/250218936/Celdas-Combustibles
https://es.scribd.com/document/250218936/Celdas-Combustibles
https://es.scribd.com/document/250218936/Celdas-Combustibles
https://doi.org/10.14710/ijred.2021.32403
https://doi.org/10.14710/ijred.2021.32403
https://doi.org/10.5599/jese.2383
https://doi.org/10.1021/es0605016
https://doi.org/10.1016/j.seta.2023.103071
https://doi.org/10.1080/15435075.2018.1432487
https://doi.org/10.3390/microorganisms11102443
https://doi.org/10.3390/microorganisms11102443
https://doi.org/10.1007/s00299-019-02447-5
https://ijarse.com/images/fullpdf/1505454223_506.pdf
https://doi.org/10.1016/j.jbiosc.2018.03.009
https://doi.org/10.1016/j.jbiosc.2018.03.009
https://doi.org/10.24275/rmiq/IA542
https://doi.org/10.1016/j.bej.2018.10.012
https://doi.org/10.1007/s00344-019-10018-x
https://doi.org/10.1007/s00344-019-10018-x
https://doi.org/10.1016/j.baae.2021.09.003
https://doi.org/10.1016/j.baae.2021.09.003
https://doi.org/10.48550/arXiv.2006.03635
https://doi.org/10.48550/arXiv.2006.03635
https://doi.org/10.1016/B978-0-12-821878-5.00016-7
https://doi.org/10.1016/B978-0-12-821878-5.00016-7
https://doi.org/10.1002/9781119268376.ch22
https://doi.org/10.1016/j.procbio.2021.04.015

Edwar E. Rubina-Arana, Letty L. Sandoval-Mendoza, Glendy Sdnchez-Suncion, Dalia Carbonel, and Grober Panduro-Pisco

[36] A. Ishida, I. Ogiwara, and S. Suzuki, “Elevated CO, influen-  [37] 1. Rusyn, “Role of microbial community and plant species

ces the growth, root morphology, and leaf photosynthe- in performance of plant microbial fuel cells,” Renew. Sust.
sis of cacao (Theobroma cacao L.) seedlings,” Agronomy, Ener. Rev., vol. 152, art. 111697, Dec. 2021. https://doi.
vol. 13, no. 9, p. 2264, Aug. 2023. https://doi.org/10.3390/ org/10.1016/j.rser.2021.111697

agronomy13092264

INGENIERIA E INVESTIGACION voL. 45 No. 1, ApriL - 2025 11 of 11


https://orcid.org/0000-0002-7322-9207
https://orcid.org/0000-0003-4418-3328
https://orcid.org/0000-0002-6348-7448
https://orcid.org/0000-0002-3229-3210
https://orcid.org/0000-0001-7050-8449
https://doi.org/10.3390/agronomy13092264
https://doi.org/10.3390/agronomy13092264
https://doi.org/10.1016/j.rser.2021.111697
https://doi.org/10.1016/j.rser.2021.111697

