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Abstract. Plant-Microbial Fuel Cells (PMFCs) are a sustainable derivative of fuel cells that capitalizes on plant rhizodeposition to generate
bioelectricity. In this study, the performance of the novel 3D-printed aquatic PMFC assembly with Eichhornia crassipes as the model plant was
investigated. The design made use of 1.75 mm Protopasta Conductive Polylactic Acid (PLA) for the electrodes and 1.75 mm CCTREE Polyethylene
Terephthalate Glycol (PETG) filaments for the separator. Three systems were prepared with three replicates each: PMFCs with the original design
dimensions (System A), PMFCs with cathode-limited surface area variations (System B), and PMFCs with anode-limited surface area variations
(System C). The maximum power density obtained by design was 82.54 pW/m?, while the average for each system is 26.99 pyW/m2, 36.24 yW/m?,
and 6.81 UW/m? respectively. The effect of variations on electrode surface area ratio was also examined, and the results suggest that the design
benefits from increasing the cathode surface area up to a cathode-anode surface area ratio of 2:1. This suggests that the cathode is the crucial
component for this design due to it facilitating the rate-limiting step. Plant health was also found to be a contributing factor to PMFC performance,
thereby suggesting that PMFCs are an interplay of several factors not limited to electrode surface area alone. The performance of the novel PMFC
did not achieve those obtained from existing studies. Nevertheless, the result of this study indicates that 3D-printing technology is a possible retrofit
for PMFC technology and can be utilized for scale-up and power amplification.
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1. Introduction various aspects from variations on electrode materials,

techniques, and configurations, and on plant selection. In a
study of Helder et al, three different plants namely Spartina
anglica, Arundinella anomala and Arundo donax were tested
and compared for bio-electricity production and maximization
of power output (Helder et al, 2010). From these, Spartina
anglica obtained the highest power density of all having 222
mW/m?, outperforming the highest power density previously
reported, specifically by Strik et al. and Timmers et al. which
obtained 67 mW/m? and 100 mW/m? respectively (Strik et al.,
2008; Timmers et al., 2010). While other studies such of Reyes
et al. focused on optimizing the different electrode spacing,
combinations and number through compartmentalization and
polarization studies (Pamintuan, Reyes, et al., 2020).

Although promising, PMFCs still have some issues they
should address, which makes this field an active area for
research. The major bottleneck for this technology is the small
power density that can be harvested for a single cell. This has
been addressed by stacking efficiency studies which amplify the
power generated by PMFC systems by electrically connecting
the cells in series and parallel (Pamintuan, Ancheta, et al., 2020).
Another is optimization studies, which sought to improve its
performance through variations in electrode surface areas and
other design aspects (Sharma & Chhabra, 2021). The electrode
material is also a variable of focus, to which graphite and other
carbon-derived materials are common due to it being

The continued energy demand driven by the continuously
growing population and living standards has led to the reliance
on non-renewable sources. Consequently, the emissions
(particularly in the form of greenhouse gases) associated with its
consumption ultimately led to irreversible impacts on the
environment (Krishnan et al., 2021). As such, renewable energy
technologies that are simple and cost-effective should be
capitalized on. An example of which is the Plant-Microbial Fuel
Cell (PMFC). In its simplest sense, PMFCs are makeshift
batteries whose fuel is the organic matter deposits on the roots
of plants (Dave et al,, 2020). These organic deposits, termed
rhizodeposit, are consumed by electrogenic bacteria (EAB)
present in the rhizosphere, which then gives free electrons in the
process. PMFCs make use of these free electrons by capturing
them through their polarized electrode configuration, ultimately
generating electricity in the process plants (Garbini et al., 2023;
Pamintuan, Ancheta, et al., 2020; Roy et al., 2023).

Over the course of years, progressions on PMFC mainly
focused on its major challenge, low bioelectricity generation. Its
weaknesses have been overcome by coupling it with other
technologies, most of which are in the wastewater treatment
regime (Kabutey et al., 2019). Despite the limitations, the
prospects of the PMFC technology had been capitalized by
researchers to exploit its diverse capabilities. It has played with
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inexpensive yet highly conductive. However, other possible
electrode materials and technologies are still untapped — one of
which is additive manufacturing. Recent studies have already
employed this technology in the development of biological
electrical systems. In the study of Theodosiou et al., MFCs with
3D-printed membrane electrode assemblies outperformed
those with cation exchange membrane material in terms of
power generation and cost-effectiveness (Theodosiou et al.,
2019). Another attempt at using 3D-printing technology was
made by Halpenny, in which a fully 3D-printed PMFC using
bryophytes was fabricated instead of a vascular plant
(Halpenny, 2021). These attempts suggest that with properly
engineered design, PMFCs can be easily reproduced and
thereby expedite stacking, optimization, and other studies for
improving PMFC performance. However, the majority of the
studies available in the literature focus on integrating this
technology on terrestrial PMFCs alone, and its use on aquatic
systems are yet to be explored. Theoretically, power generation
on the latter should be higher due to the lack of resistance on
liquid media. As such, there is a need to investigate the
applicability of 3D-printing technology on aquatic PMFCs.

In this study, a novel 3D-printed aquatic PMFC that is easy
to operate and maintain was developed. The design utilized
conductive filament as electrodes instead of conventional
materials. It features a clip-like mechanism that makes it easy to
install, thereby making onsite power generation possible.
Moreover, the rapid prototyping advantage of 3D-printing
technology provides further design improvements such as
additional design retrofit and power amplification, thus making
the novel design flexible to different studies of focus. The design
was developed with Eichhornia crassipes as the model plant and
its performance was evaluated. Its power generation was
compared to those of the existing studies, and the effect of
electrode surface area and other factors on its performance was
also investigated. The results provided in this study can be a
step for further design improvements and alternatives for
existing crude assemblies. Also, the design will make use of an
otherwise invasive species, thereby using its drawback to its
advantage to deliver sustainable, cheap, and appreciable
electricity.

2. Materials and Methods

2.1 Plant Microbial Fuel Cell Assembly

E. crassipes sourced from a lake in Taguig, Philippines, was
utilized as the model free-floating macrophyte for the systems.
The plants selected were of comparable sizes and were
acclimatized continuously in 68-liter water basins with
dechlorinated tap water substrate under partial shading.
Acclimatization was performed until plants developed white
roots to remain healthy. Afterward, PMFCs were clipped into
the roots, as illustrated in Figure 1.

Fig 1. Individual PMFC Set Up
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Fig 2. Aquatic PMFC components and dimensions

The assembly of the aquatic PMFC is composed of three
components: the anode, separator, and cathode. The cathode
facilitates the reduction reaction for the electrochemical
reaction, while the oxidation reaction occurs in the anode. A
separator was also utilized to serve as a physical boundary for
the electrodes, which could otherwise result in an internal short
circuit (Tornheim & O’Hanlon, 2020). Contrary to the
conventional PMFC design, the electrode configuration in
aquatic PMFCs is reversed, which the anode being the internal
electrode. 1.75 mm Protopasta Conductive Polylactic Acid
(PLA) and CCTREE Polyethylene Terephthalate Glycol (PETG)
filaments were used for the electrodes and separator,
respectively.

The design of the 3D-printed aquatic PMFC is analogous to
that of a laundry clip. For this assembly, both cathode
compartments are to be secured by a 3.2 mm diameter 3D-
printed pin with the same filament as the electrodes. For the
voltage and current measurements, the external circuit
connections are established by clipping the alligator clips on the
anode and cathode surfaces.

Three PMFC systems, labeled A, B, and C, were developed
with three replicates each: PMFCs with the original design
dimensions (System A), PMFCs with cathode-limited surface
area variations (System B), and PMFCs with anode-limited
surface area variations (System C). The schematic figures of
system A, B, and C are illustrated in Figure 3. A summary of
systems and their corresponding parameters to be observed is
provided in Table 1.

The variations on the electrode surface area are
conducted by adding ridges on the electrodes' exposed surface.
This ensures that the design's structural integrity and filament
consumption are not compromised and the internal resistance
due to filament is not increased. Each cell was placed adjacent
to each other, surrounding an MB-102 Solderless Breadboard
(400 holes, 5.5 cm X 8.3 cm dimension) to which the external
resistors were connected to avoid dangling wires in the setup.

For System B with anode-limited variation, round ridges of
1.5 mm radius were added on each of the cathode surfaces,
resulting in an overall addition of 2, 6, and 10 ridges, whereas
rectangular ridges of 60 mm X 1 mm X 5 mm dimensions were

1.5 mm radius ridges 60 mm x 1 mm x 5 mm ridges

SYSTEM A
Fig 3. PMFC System A, B-10, and C-10 Schematic Diagram

SYSTEM B-10 SYSTEM C-10
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Table 1
PMFC Systems to be studied.
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System Description Parameters to be observed
A 3D-printed PMFC only Power density
B 3D-printed PMFC with anode-limited variation Power density; electrode surface area ratio
C 3D-printed PMFC with cathode-limited variation Power density; electrode surface area ratio

Table 2
C;tuelated nominal surface areas of the exposed parts of the electrodes using Solidworks.
System Number of ridges Anode surface area, mm? Cathode surface area, mm? C/A Ratio
A None (control) 3,954 7,409 1.87
2 3,954 7,610 1.92
B 6 3,954 8,085 2.05
10 3,954 8,525 2.16
2 5,171 7,409 1.43
C 6 7,604 7,409 0.97
10 8,847 7,409 0.84

added on the anode surface for System C. Likewise, the ridges
are added vertically to prevent potential overhangs. Illustrations
and dimensions of the PMFC systems are provided in Figure 4
and Table 2.

2.2 Measurement and Monitoring

The voltage and current readings were manually recorded four
times daily (8 AM, 12 PM, 4 PM, 8 PM) for 14 days, followed by
7 days of single measurement using an Ingco Digital Multimeter.
For voltage and current measurement, a parallel and series
circuit configuration was utilized. The overall measurement was
performed by connecting the PMFCs' jumper cable pins and
alligator clips to the breadboard to which the multimeter will be
connected. The voltage readings were acquired to serve as
evidence that the PMFC is functioning effectively and as a basis
to quantify the power generation from the microbial activity in
the roots of the plant. Also, the resistances of the 3D-printed
PMFCs were measured to determine the average resistivities of
the anode and cathode. Afterwards, a preliminary polarization
test was performed and was accomplished using resistors with
values ranging from 100 Q to 430,000 Q in the voltage
measurement configuration. From these values, power is
calculated and plotted against the current to generate the
Polarization curve, which determines the ideal resistor value for
each system throughout the experiment. This is followed by a
final polarization test after the experiment to determine the
maximum power densities of each system. Power and power
densities will be calculated from the obtained voltage and
current readings. Finally, additional voltage measurements
were held by swapping the plants of the best performing and
least performing PMFCs to determine the significance of plant
health to PMFC performance.

SYSTEM A SYSTEM B2

SYSTEM B6 SYSTEM B10

SYSTEM A

SYSTEM C2

SYSTEM C6

SYSTEM C10

Fig 4. Surface area of the cathode for system B (a) and the anode
for system C (b).
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Table 3
Commercial conductive filament and their conductive composition.
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Filament

Conductive Material

Composition Reference

Polylactic Acid (PLA) Filament

Polylactic Acid (PLA) Filament Carbon Fiber
Polyethylene Terephthalate Glycol -
(PETG) Filament Carbon Fiber
Acrylonitrile Butadiene Styrene
(ABS) Plastic Carbon Black
Thermoplastic Polyurethane Carbon Black

(TPU) Filament

Poly(3,4-ethylenedioxythiophene) coat

20% (w/v) Chang et al., 2016
20% (w/w) Bhandari et al., 2019
20% (w/w) Garcia et al., 2022
15% (w/w) Jayanth et al., 2022
30% (w/w) Atawa et al., 2022

3. Results and Discussion

3.1 Conductive PLA as Electrode

In the study of electrochemical systems, a key component in the
construction of the system to be studied is the electrode. In the
context of PMFCs, electrodes should be conductive,
biocompatible, chemically stable, and economical (Agrahari et
al, 2022; Nidheesh et al, 2022). Carbon is an established
material of choice due to its generally high conductivity, low
resistance, and porous nature. Metallic electrodes in the form of
stainless steel are also viable materials, except for Copper, due
to their toxic effect on microbes (Maddalwar et al., 2021). In
recent studies, however, the use of additive manufacturing,
particularly via 3D-printing technology, has also been used for
constructing conductive electrodes (Theodosiou et al., 2019).
This trend, albeit still yet to be fully explored, has captured the
interest of researchers in taking a new approach to PMFC
studies.

Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene
(ABS), and Polyethylene Glycol (PETG) are among the common
filaments used in 3D printing that have conductive forms which
are obtained by adding a fixed amount of conductive material
into the matrix, among which is carbon black (Gregory, 2022).
Commercial conductive PLA is composed of 53% carbon black
by mass and 26.5% by volume, with a median particle size by
volume of 224 ym (Tirado-Garcia et al., 2021). Consequently,
the resistivities of these filaments are higher than those of purely
conductive materials such as graphite. Table 3 provides the
conductive composition of commercial filaments available from
literature.

In this study, conductive PLA has been used, and the
obtained average resistivities for the cathode and anode of all
systems measured for a 6 cm print length are 0.45 kQ and 0.61
kQ, respectively. In comparison, pure graphite has a resistivity
of 7.35x10-13 kQ corresponding to a similar print length
(Mazloum et al., 2020). Despite this, the reproducibility of the
3D-printed materials remains an advantage over the
conductivity gaps as this opens more opportunities for scale-up
and power amplification.

3.2 PMFC System Performance

The plots of average voltage (mV) and average current (pA)
versus time (days) for comparison of each PMFC system are
provided in Figure 5 to provide a gist of the general trend of the
performance. Here, all systems follow an increasing yet

dynamic trend, as evident in the varying readouts per day.
There are days when the voltage and current readouts suddenly
peak, while there are some when the readouts drop. This
dynamic behavior of each system is accounted the
uncontrollable external factors such as weather, measurement
contact points, and plant health (Maddalwar et al, 2021;
Nitisoravut & Regmi, 2017). The plants' phases are also
hypothesized to affect the readings of each system as plants
undergoing their flowering phase might retard or amplify the
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Fig 5. Daily average voltage (a) and current (b) measurements
against resistances of 20 kQ (Systems A and B-10), 24 kQ (Systems
B-2, B-6, and C-2), 50 kQ (System C-6), and 43 kQ (System C-10)
for closed circuits of each selected system.
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Fig 6. Daily average measurements of power (a) and power
density (b) for closed circuit.

organic matter deposition on their roots which the electrogenic
bacteria consumes. Apart from this, the voltage versus time plot
also suggests that System C-2 achieves the highest voltage
readouts among others, while System B-6 has the lowest
variance in the readings. Essentially, the plots imply that in
terms of voltage readings, System C-2 achieves the highest,
while in terms of consistency, System B-6 has the best
performance. To assess the response of PMFC systems relative
to their measuring period, graphs of the normalized voltage
(mV) and current (pA) readings are provided in Figure 7.
Graphically, the figure shows that the voltage and current peak
at 8 PM, thereby suggesting that the power generation of each
system is at its highest at night. The average voltage measured
at this time period is significantly larger compared to 12NN («
= 0.05). This occurrence is hypothesized by the researchers as
a result of a delayed release of organic substrates on the roots
of the plant. From the context of biochemistry, plants' metabolic
processes are generally classified into two — the light-dependent
reaction (photosynthesis) and the light-independent reaction
(cellular respiration) (Karakaya et al, 2021). In the study
performed by Begcy et al., it was determined that shading is the
primary factor restricting plant growth and metabolism (Begcy
et al., 2022). Since the PMFC systems are partially shaded,
photosynthesis occurs at a lesser rate than the cellular
respiration of the plant, and thus, most of its metabolic
processes occur at night. Because the plants are more akin to
the latter reaction, the organic substrates, which would
otherwise be normally released during the day, are delayed.

Int. J. Renew. Energy Dev 2023,12(5), 942-951
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Fig 7. Average normalized voltage (a) and current (b) readings
of measurement for all systems.

3.3 Electrode Surface Area Variation

Plots of power, power density, maximum power, and maximum
power density are provided in Figure 8. Here, System A is at a
cathode-anode (C/A) ratio of 1.87, while ratios less than and
greater than 1.87 corresponds to Systems C and B, respectively.
Thus, the design benefits from increasing the cathode surface
area, as illustrated by the increasing power and density trend
with an increasing C/A ratio. This suggests that the PMFC is
cathode-limited, and its design aspects should be focused on the
cathode.

The kinetics of the electrochemical reaction occurring in the
PMFC involves microbial oxidation of organic substrates to
produce electrons, protons, and carbon dioxide (CO2) and the
reduction of oxygen, protons, and electrons to form water
molecules (Fadzli et al., 2021; Kabutey et al., 2019). The rate of
these half-cell reactions should be equal to sustain stable
electricity generation. Considering that the design is cathode-
limited, reduction, therefore, occurs at a slower rate than
oxidation. Consequently, too many protons from oxidation from
the anode are transported onto the cathode, which it cannot
immediately process. To compensate for this drawback, a larger
cathode surface area is desired to open more sites for reduction
and match the rate of anode half-reaction. This parallels an
existing compartmentalization study in which the results also
favor an increase in anode surface area to balance the kinetics
of electrochemical reaction in the cell (Pamintuan, Reyes, et al.,
2020).

Figure 8 also shows that the power and power density
peaks at ratios between 1.87 mm?/mm? and 2.05 mm?/mm?.
Thus, a cathode-anode surface area ratio of 2:1 is optimum for
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Fig 8. Effect of surface area ratio variation on the average power
and power density (a) and maximum power and maximum power
density (b) of the PMFC systems

this design. Beyond these ratios, additional resistance will build
up and ultimately hamper the power output. The fluctuations in
ratios of 0.97 mm?/mm? and 1.92 mm?/mm? are due to faulty
cells and other uncontrollable factors. Likewise, the difference
in peak power in terms of average voltage readings and
polarization studies are accounted for the same reason. These
anomalies imply that the PMFC performance is not entirely
dependent on the electrode surface area alone but also on plant
health and other external factors.

3.4 Effect of Plant on Power Generation

To investigate the effect of plant health on PMFC performance,
the plants of the best performing (Systems A, B-6, and C-10,
respectively) and least performing systems (Systems C-6, B-2,
B-10, respectively) were swapped, and their corresponding
voltage readings were measured according to their peak time,
every day, for 5 days. The plant for System C-2 was held as is
since this lies in the middle of the performance ranking. The
increased readings for this system after the 5-day experiment
was accounted for the continuous power generation of the
system. Figure 9 shows the comparison of the voltage readings
of each system after swapping the plants.

The graph implies that the voltage readings of the best-
performing systems had dropped after swapping the plants with
those of the least-performing systems. System B-2 had an
increased voltage reading for the swapped plants based on
Figure 9b, which was formerly one of the least-performing
systems. Also, there is a significant difference between the

Int. J. Renew. Energy Dev 2023,12(5), 942-951
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Fig 9. Comparison of the averaged daily voltage readings of
systems with original plants and the swapped plants for open
circuit (a) and closed circuit (b).

average voltage of swapped plants and the original plants for
both the open and closed circuits (a = 0.05). Therefore, this
suggests that plant health is another contributing factor to the
PMFC performance apart from the electrode surface area.
Suffice it to say, the low performance of some PMFC systems is
not entirely due to the design but is also attributed to plant
health.

3.5 Polarization

Polarization tests were done before and after the 21-day voltage
and current measurements. Resistor loads of values 100Q to
430,000Q were used, and the corresponding voltage readings
(mV) were recorded. Figure 10 shows the plots of voltage versus
resistance for all the systems involved in the study. Here, the
trend of the curves is governed by Ohms law, V=IR, since the
voltage readings can be seen to increase together with the
resistance values (M. Sharma et al., 2022). The trend plateaus,
however, as the system achieves its maximum voltage reading
corresponding to the maximum allowable external resistance.
The optimum resistor value for each system ranges from
20,000Q to 50,000Q, and the average maximum power
densities for systems A, B, and C are 26.99 yW/m?, 36.24
UW/m?, and 6.81 yW/m?, respectively. This design's highest
maximum power density was 82.54 yW/m?, corresponding to
System B-6. The high external resistance of the PMFC systems
can be accounted for by the high resistivity of the 3D prints
since, unlike graphite electrodes, conductive PLAs are not
entirely made of conductive materials. To further improve the
novel design, a decrease in internal resistance should be one of
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the design considerations, and this can be done by utilizing an
electrode material of higher conductivity or optimizing the
electrode configuration.

3.6 PMFC as a hybrid of battery and generator

In conjunction with the polarization conducted in this study,
graphs of voltage-current (V-I) curves were also plotted for each
system. The trend of these V-I curves generally follows a
decreasing trend, as illustrated in Figure 11. This is comparable
to those of batteries and generators, which, on the other hand,
follow a decreasing logarithmic trend (Rawa et al., 2023). This
suggests that PMFCs are comparable to batteries and
generators in such a way that the former generates and stores
electricity. This is further supported by the voltage readings and
graphs previously shown in Figure 5, wherein the PMFC
systems indeed generate their own electricity, and the extended
relationship between the system and the microbes suggests that
it can also store its generated electricity (De La Rosa et al., 2019;
Greenman et al., 2019; Y. Wang et al., 2019).

Moreover, the V-I curve in Figure 11b shows the regions of
ohmic and activation losses for the PMFC. As stated in a
recently concluded polarization study of an MFC, these curves
are generally divided into three sections: a section of rapid
voltage drop, followed by a section of linear voltage drop, and
ends with another section of rapid voltage drop to which the
current density is maximum (Santana et al., 2020; Simeon et al.,
2020). Respectively, these regions correspond to activation,
ohmic, and mass transfer losses for the system. Ohmic losses

Int. J. Renew. Energy Dev 2023,12(5), 942-951
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are seen to be predominant among the other losses, and this can
be accounted for the high resistivity of the 3D prints, unlike
those of purely conductive materials. Nonetheless, these curves
postulate the idea that PMFCs can be a hybrid between a
battery and a generator, and their behavior agrees with those
obtained from the literature.

3.7 Comparison with crude assemblies

As initially mentioned, the critical components of PMFC
construction are the electrodes, and the materials suitable for its
construction should exhibit the characteristics of conductive,
biocompatible, chemically stable, and economical. This study
explored the performance of a novel 3D-printed aquatic PMFC
using conductive PLA electrodes. Table 4 summarizes the
performance of existing PMFCs from the literature with varying
electrode materials as well as the plants used.

Clearly, the performance of the designed PMFC study is
not on par with those of PMFCs retrofitted with purely
conductive materials. Among the listed materials, the stainless-
steel mesh with activated carbon yielded the highest maximum
power density. Meanwhile, the maximum average power
density obtained in this study is lower than those in the
literature, which is mainly accounted for the difference in
electrode material used.

Based on the experimental study, the plant affects the
performance of the PMFC. In the studies of Pamintuan et al. in
Table 4., the maximum power densities of the same PMFC setup
vary with the plant used. This is better observed in the
maximum power densities yielded by PMFC setups using Azolla
pinnata and Lemna minor. This occurrence also agrees with the
results of this study, as evident in the varied performance of
PMFCs with swapped plants. In a gist, PMFCs are complex
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Table 4
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Bibliographic analysis of PMFC performance using different plant species and electrode materials.

Author Plant

Maximum Power Density

Fang et al, 2015 Ipomoea aquatica

Song et al,, 2017 Phragmites australis

Author Plant

Xuetal, 2017 Vallisneria piralis L.

Description
Stainless steel mesh activated carbon )
electrodes; single-cell PMFC 852 yW/m
Granular activated carbon electrodes; single- )
cell PMFC 150 uW/m
. Maximum Power Density
Description
Graphite felt electrodes; single-cell PMFC 3.16 mW/m?
Graphite felt electrodes; single-cell PMFC 5.99 mW/m?

Nitisoravut & Regmi, 2017 Cyperus involucratus R.

QOonetal, 2017 Elodea nuttallii

Wang et al,, 2017 Canna Indica

Pamintuan et al,, 2018 Eichhornia crassipes

Azolla pinnata
Pamintuan et al,, 2019
Lemna minor

Iris pseudacorus

Yang et al., 2020
Phragmites australis

Hyacinth Pink

Activated Carbon electrodes; single-cell

Woven carbon fiber electrodes; single-cell

184.8 + mW/m?

PMFC
Carbon fiber felt electrode; single-cell PMFC 8.91 mW/ m?
Graphite rod electrodes; single-cell PMFC 290 yW/m?
3.43 pW/m?

PMFC 247.11 yW/m?
2
Graphite gravel electrodes; single-cell PMFC 25.14mW/m
21.70 mW/ m?

Graphite gravel electrodes; single-cell PMFC
8.74 mW/ m?
Conductive PLA electrodes; single-cell 82.54 UW/m?

This study Eichhornia crassipes

PMFC

systems that are an interplay between electrode surface area
and other external factors. Theoretically, electrode surface area
helps PMFC performance; realistically, other factors come into

play.

3.8 Future Challenges

This study explored an untapped area in the improvement of
PMFC studies and aims to pave the way for future studies on
aquatic systems capitalizing on 3D-printing technology. Despite
its prospects, it is faced with various technological and
biological limitations such as its low individual bioelectricity
generation, reliance on plant health, and lack of standardized
design. However, various studies have emerged from the realm
of PMFC technology focusing on tackling its major bottlenecks.
Some steered its direction towards integrating PMFC
technology in wastewater treatment - resulting in a
simultaneous power generation and pollution control
(Pamintuan et al., 2018). This indicates that utilizing the design
as a retrofit to other technologies can compensate for its
individual limitations. is mainly accounted for the difference in
electrode material used.

Power amplification, design integration, and identifying the
ideal model plant are among the recommended areas of focus
for future endeavors in this study. Stacking efficiency studies are
the best option to amplify its bioelectricity generation since this
also makes use of the rapid prototyping advantage of the 3D-
printed design (Pamintuan, Ancheta, et al., 2020; Theodosiou et
al, 2019) Moreover, the lower resistance on aquatic systems
contributes to the potential increase in power generation of the
design. Apart from this, coupling the design with other
technologies such as in wastewater treatment or aquaponic
systems makes use of its potential of simultaneous power
generation, which is another way to overcome its limitations. is
mainly accounted for the difference in electrode material used.

In its current state, the prospect of this study outweighs its
limitations. If engineered properly, the design can proceed in
large-scale applications and introduce a new era of smart
agriculture. This ultimately contributes to the United Nations
Sustainable Development Group (UNSDG) goals for a
sustainable future, specifically, on its goal of achieving
sustainable and clean energy, clean water and sanitation, and
climate action. The results of this study are an initial step
towards this envisioned future, and devising solutions in its
future challenges will gradually lead us to the sustainable future
we all hope for.

4. Conclusion

This study had explored the performance of a novel aquatic
PMFC with 3D-printed components. Using conductive PLA as
the electrode material, a maximum power density of 82.54
UW/m? was achieved. As hypothesized, the design achieves
lesser power than the existing PMFCs in the literature due to the
fixed amount of conductive materials present in its matrix.
Despite this, the rapid-prototyping advantage of 3D-printing
provides benefit for stacking studies and other scale-up aspects
of the design.

The variations in electrode surface area provided results
suggesting that the design benefits by increasing the cathode
surface area; hence the design is cathode-limited, with an
optimum cathode-anode surface area ratio of 2:1. However, the
performance of PMFC systems with swapped plants adds the
idea that the determining factor for the design's performance is
not limited to electrode surface area alone, but also to plant
health. This agrees with the results obtained from the literature,
as PMFCs with similar setups but different plants exhibit
different power densities due to the differences in organic
matter deposition dictated by plant’s health.
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Overall, the performance of the novel, fully submerged, 3D-
printed aquatic PMFC was successfully evaluated in this study
— the first of its kind. The results paved the way for the potential
use of 3D printing in developing aquatic PMFCs and capitalizing
on the lower internal resistance present in aquatic systems.
Despite its reproducibility, the scale-up aspect was not explored
in this study and, as such, is suggested for further investigation.
By filling these gaps, we can hope to achieve sustainable energy
by taking advantage of the existing technologies.
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