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Abstract. Microbial fuel cells (MFCs) produce electricity by harnessing the electrons generated from the biochemical reactions of bacteria in
wastewater. In this study, the performance of a novel 3D-printed floating microbial fuel cell (MFC) design was investigated. The design utilized
protopasta conductive polylactic acid (PLA) for the electrodes and ESUN non-conductive PLA+ for the separator. The electrodes were annealed, and
its effects on the electrodes' resistances and peak proton transfer rate were investigated. After annealing both electrodes, the resistance and peak
proton transfer values dropped. The average current and voltage generation were also examined, and the results showed that the annealed set showed
lower values of both voltage and current compared to the non-annealed set. Stacking studies were also done, and the configuration that exhibited the
largest power and power density was 8P for both annealed and non-annealed sets. The maximum power density obtained by the non-annealed design
is 7.195 yW/m?, 21.81 pW/m?, and 26.74 yW/m? for IND, 3S4P, and 4P3S, respectively. For the annealed set, the maximum power densities are
1.059 yW/m?, 24.03 pW/m?, and 24.09 pW/m? for IND, 3S4P, and 4P3S, respectively. Lastly, the COD reduction efficiency of the design is 78.57%
and 79.17% for the non-annealed and annealed sets, respectively. The results of this study prove that 3D-printing technology can be a possible option
for the manufacturing and improvement of future MFC studies. The study verified that annealing reduced the performance of the MFC mainly because
of the design where its electrodes are also acting as the chambers.
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1. Introduction as 3D printing. 3D printing enables the creation of complex
structures using novel materials that would be impossible using
conventional methods (You et al., 2017). One study by You et al.
(2017) utilized conductive polylactic acid (PLA) as the anode,
and Lay-Fomm 60, Lay Felt, and Gel Lay filaments were
employed for the ion exchange membrane. Different designs for
MFCs have been established in various studies, and one of them
is the tubular design for MFCs. One study by Chua et al. (2023)
designed PMFCs like tubular stakes where the mass transfer
direction is in the radial direction. The primary advantage of this
design is its accessibility, making it easy to deploy on the
system. Using the tubular stake in MFCs, the anode is exposed
to all substrates in the system, unlike the traditional MFC
design, making it easier to set up compared to traditional dual-
chamber MFC setups.

The 3D printing enables the construction of MFCs with
complex designs using conductive filaments, such as Protopasta
conductive polylactic acid filaments. One of its limitations is that
the filaments mainly used are not fully conductive. Commercial
conductive PLA is composed of carbon black particles mixed
with a non-conductive filament, which accounts for only 53% by
weight and 26.5% by volume (Tirado-Garcia et al, 2021).
Another improvement in the low-power generation of MFCs is
the reduction of electrode resistances. Electrode materials with
high electrical conductivity are always preferred for MFC

The increasing population is a major contributor to rising
energy demand, leading to the use of non-renewable energy
sources, which in turn increases greenhouse gas emissions. One
solution for these environmental problems is to rely on
renewable energy technology (Izanloo et al, 2022). One
example of renewable energy technology is the microbial fuel
cell (MFC). MFCs produce electricity using electrons derived
from the biochemical reactions of the bacteria in wastewater
(Ruscalleda Beylier et al., 2019; Christwardana et al., 2025). The
anode of the MFC is where bacterial digestion of organic matter
occurs, and the reduction of oxygen takes place at the cathode,
resulting in the production of electricity (Hadiyanto et al,
2023).The main advantage of MFCs is their sustainability at the
cost of low power generation compared to non-renewable
energy, as the average power density of MFCs ranges from 420
to 460 W/m?. This can be improved by using proper materials
for the electrodes and refining the MFC design (Obileke et al.,
2021).

The improvements in the performance of MFCs mainly
focused on the design. Conventional designs, such as single-
chamber and membrane-less setups are considered to find the
optimal design for MFCs. One method for improving the design
of MFCs is the use of additive manufacturing (AM), also known
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(Santos et al., 2023). The lower the electrode resistance, the
higher its electrical conductivity, therefore improving its
performance. One way to decrease electrode resistance is to use
annealing. Annealing is a process that improves the mechanical
strength of 3D printed materials by heating them to a specific
temperature for a particular duration and then slowly cooling
the heated part to room temperature (Szust & Adamski, 2022).
According to the results of Barkhad et al. (2020), annealing PLA
at a temperature of 90 °C for 1-3 hours yielded the most optimal
thermal insulation properties, characterized by low thermal
conductivity, high compressive strength, and very low water
retention. Aside from strengthening the mechanical properties
of the material, its resistivity decreases as the annealing process
alters the structure of the 3D-printed parts (Stankevich et al,
2023). This demonstrates a potential improvement in the 3D
printed MFC performance without altering the conductive
filament composition or availability.

In this study, the novel 3d printed MFC was developed.
Instead of using conventional materials, Protopasta conductive
polylactic acid (PLA) was used for the electrodes. PLA is widely
used due to its renewability, mechanical properties, and
biodegradability at a lower cost compared to traditional
biodegradable polymers (Mostafa et al., 2025). The 3D-printed
electrodes were annealed and compared to their non-annealed
counterparts. Parameters such as resistances, power
generation, stacking efficiency, and polarization were
investigated and compared to the non-annealed electrodes. The
results of this study can serve as a reference for future studies
involving power generation using wastewater from polluted
surface waters.

2. Materials And Methods
2.1 Printing of Individual MFCs

The MFCs were 3D printed using two filaments: Protopasta
conductive PLA for the anodes and cathodes and ESUN non

Table 1
3D Printing Parameters
Filament ConrolOPasta  ESUN PLA%
Nozzle Temperature 220°C 220°C
Bed Temperature 60°C 60°C
Layer Height 0.2mm 0.2mm
Infill 100% 100%

Fig 1. Individual MFC parts from left to right: Cathode,
Separator, and Anode
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Table 2
Dimensions of Proposed Floating MFC
Dimensions Anode Separator Cathode
(mm) (mm) (mm)
Lip
Length 3 5 3
Outer Diameter 30 20 30
Inner Diameter 14.6 12.3 10
Body
Length 95 100 100
Outer Diameter 16.6 11.3 11
Inner Diameter 14.6 12.3 10
Wall Thickness 1 0.5 0.5

conductive PLA+ for the separator. The printing parameters are
summarized in Table 1, and the individual parts of the MFC are
shown in Figure 1. The MFC comprises of three primary
components: the anode, the separator, and the cathode. The
reduction reactions occur at the anode, while oxidation
reactions take place at the electrodes (Ojha & Pradhan, 2025).
The separator serves as a physical barrier to prevent contact
with the electrodes, thereby avoiding internal short circuits in
the MFC. The electrode dimensions are summarized in Table 2.

2.2 Pretreatment of electrodes and resistance comparison

The 3D Printed Electrodes were pretreated using annealing.
Annealing is a process that uses high temperatures to heat the
electrodes over time to improve their mechanical properties
(Barkhad et al., 2020). Twelve sets of electrodes were buried in
fine salt and annealed for 1 hour at 150 degrees Celsius in an
electric oven, while another set of 12 cells was left as is for
comparison. After annealing, the electrode resistances were
measured at varying lengths. Using a multi-tester, the cells'
resistances were measured from end to end, decreasing length
by 1 cm until the end of the cell. The results of the resistance

Fig 2. MFC a) individual and b) 3x4 array experimental setup
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measurements of annealed cells and non-annealed were
compared.

2.2 Proton transfer rate

Non-annealed and annealed electrodes were prepared by
measuring the pH of the surrounding distilled water until no
change in pH was observed. A 0.01 M solution of HCI was used
to fill the electrodes, which were then placed in a beaker filled
with distilled water, allowing the acid to pass through them. The
pH of the surrounding water was recorded every 30 seconds
using a pH meter. The measured pH was then converted into
[H+], resulting in a proton concentration curve over time. The
data was then plotted and fitted to a Gompertz chart using
Origin 2025. The first derivative of the fitted equation was then
calculated and plotted, obtaining the peak proton transfer rate
of the electrodes.

Table 3
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2.3 Sample sourcing and MFC assembly

Sample river water was collected along Fourth Estate Creek
(14°27'45.8"N 121°02'02.5"E) in the Philippines. A 2-liter sample
was collected using a PET bottle and submitted for testing.
Additional water samples were collected and transferred to two
50L megaboxes (16 in x 20 in x 15 in) and are used in the
methodology without modifying parameters such as nutrients
and pH. The parts of the MFC are arranged with the cathode in
the inner part, followed by the separator and the anode. The
single-cell connection is shown in the figure, and the
experimental setup is illustrated in Figure 2. The 3D-printed
MFCs were arranged in a 4x3 array and placed in a hollow
Styrofoam setup. The middle part of the setup is covered with a
net and further strengthened using barbeque sticks. The cells
are then placed in the middle with a 1-inch spacing between

Different Series-Parallel and Parallel-Series Stacking Configurations
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each cell. The first 4x3 MFC array is composed of annealed
MFCs, while the second set consists of non-annealed MFCs.

2.2 Measurement and monitoring

The individual values for current and voltage were manually
recorded three times daily (8 AM, 4 PM, and 12 AM) until a
declining trend in the recorded values was observed using an
XL830L digital multimeter. The measurements were taken by
connecting the cells to a solderless breadboard, where the
digital multimeter was also connected. Various stacking
configurations were tested to determine which configuration
generates the largest power and power density. First, the
voltages and currents for cumulative stacking in series were
done, and for cumulative stacking in parallel. The following
values measured are the voltage and current of various series-
parallel and parallel series connections. The connections for
these combinations are shown in Table 3. Polarization was also
performed using external resistances ranging from 5 Q to 50 kQ.
From the values, the current and power were calculated using
Ohm's Law, while the power density and current density can be
calculated using the anode surface area to form the polarization
curve, which is used to characterize the performance of the
MFC (Taufemback et al, 2024). Lastly, the surface water
substrate used was sent to Mach Union Laboratories (Mach
Union Bldg., 335 Alabang-Zapote Rd., Talon, Las Pifias) for
testing before and after the experiment to quantify the COD
concentration and obtain the removal efficiency using Equation
5 (Ramu et al., 2020).

I=- (1)
P=1V (2)
Pp=g =i (3)
Co =51 (4)

Where V is the measured voltage, R is the selected external
resistance, I is the calculated current, P is the calculated power,
SA. is the outer surface area of the anode, Pp is the calculated
power density, and Cp is the calculated current density.

COD;-CODf

COD removal ef ficiency (%) = on

x 100% (5)

where CODi; is the initial COD concentration and CODs is the
final COD concentration of the polluted surface water used in
the study.

3. Results and Discussion
3.1 Electrode resistance comparison

The plots of electrode resistance vs length are shown in Figure
3. For the cathode, resistances were measured at distances
ranging from 10 cm to 1 cm, while for the anodes, distances of
9 cm to 1 cm were used. For both sets, it is observed that the
resistance increases as the measured length increases. For the
non-annealed set, the average resistances for the cathode range
from 1.198 kQ to 0.921 kQ, while the average resistances for the
anode range from 1.045 kQ to 0.798 kQ. The annealed
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counterparts showed a range of 0.874 kQ to 0.68 kQ for the
cathode and a range of 0.789 kQ to 0.657 kQ) for the anode. Both
sets follow the resistivity rules, indicating that resistance is
directly proportional to length and resistivity, and inversely
proportional to surface area. Since both sets are made of the
same material, the resistivity values can be neglected, and the
resistance-length variation can be directly compared. It is
observed that the annealed set has a significantly lower range of
average resistance values compared to the non-annealed set («
= 0.05). The primary reason for this is the annealing process.
The layers of the 3D printed MFCs were melted and fused more
effectively than the non-annealed sets, resulting in higher
crystallinity, lower contact resistance, and reduced electron
scattering (Sullivan et al., 2014), which led to a lower resistance
reading.

3.2 Rate of proton transfer

The Gompertz function is mainly used to describe the
population growth of animals or bacteria, showing a steady
increase until it reaches a maximum value (Abhishek et al,
2025). The behavior of the Gompertz function is directly
comparable to the proton conductivity of the electrodes since
the protons pass through the electrodes first, and after passing
through, the proton transfer accelerates up to a value where the
pH of the surrounding water becomes equal to the pH in the
electrodes, meaning there is no driving force for the proton
transfer. The fitted Gompertz equation and its parameters were
obtained, and its first derivative was calculated to get the
maximum rate of proton transfer using Origin 2025. The peaks
were obtained from the first derivative graph, and the average
peaks of annealed and non-annealed electrodes were
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Fig 3. Electrode resistance comparison for a) cathode and b)
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Table 4
Peak Proton Conductivity Values

Cathode ([H*]/s) Anode ([H*]/s)

Non-Annealed 9.981x 107 1.591 x 10°
Annealed 3.834x10°° 4398 x 1077
% Difference -61.59 % -72.36 %

compared. The peak values are shown in Table 4. It was
observed that the peak proton transfer in the 3D-printed MFC
decreased after the annealing process. The primary explanation
for this result is that the layers of the 3D-printed electrodes are
tighter after annealing, thereby reducing the micropores present
in the 3D-printed Electrodes (Barkhad et al., 2020).

3.2 Individual MFC Performance

The novel floating MFC sets were observed for 7 days or 168
hours. During this duration, the individual voltages and currents
were measured, and stacking and polarization studies were
performed. The daily average voltage and current of the non-
annealed and annealed sets were compared and are shown in
Figure 4. Both sets showed an increase of voltage and current
until a maximum value, then starts to decrease over time. The
non annealed set showed a peak value for both voltage and
current at an earlier time compared to the annealed set. The
observed voltage drops over time are primarily due to the lack
of organic matter available for consumption by the bacteria
present in the substrate (Ojha & Pradhan, 2025). The non-
annealed and annealed sets show a significant decrease in both
voltage and current after annealing (a = 0.05). The main reason
is the decrease of proton transfer on the electrodes after
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Fig 5. Measured average a) voltage in mV and b) current in pA
over time after replacing substrate wastewater

annealing. In this design, where the electrodes also act as
chambers, the effect is comparable to membrane biofouling in
conventional MFCs, which lowers the membrane proton
conductivity and the MFC's performance (Jadhav et al,, 2021).
After obtaining the results of the first setup, the substrate water
was replaced with a fresh sample from the same source to
confirm if the performance of the MFC is mainly on the organic
matter present in the substrate. Figure 5 showed the average
voltage and current after replacing the substrate water. The
results showed a similar trend to the first setup where the
average voltage and current of the individual cells were shown
to increase to a maximum point and then decrease afterward.
This proves that the voltage and current generation of the
floating MFCs depend on the amount of organic matter present
in the substrate wastewater (Kumar & Singamneni, 2025) .

3.2 Stacking configurations

The following voltages and currents were measured in
cumulative series stacking from 2 to 8 cells stacked in series,
and their power was calculated. The voltages and current
measurements are not reliable enough for performance
comparison since the total surface area of the stacked cells
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increases as more cells are connected. Based on this
observation, only the power and power density were compared
for each stacking configuration. In Figure 6, the non-annealed
set exhibited an increase in power and power density for three
cells stacked in series (3S), which then shows a general decrease
in power and power density as the number of connected cells
increases to eight. For the annealed set, there is a fluctuation in
power density for configurations with 5, 6, and 7 cells. The first
three configurations, with 2, 3, and 4 cells stacked in series,
showed a decrease in power and power density as the number
of stacked cells increased. Like its non-annealed counterpart,
the results show that eight cells stacked in series exhibit the
lowest values for power and power density. The comparison is
shown in the graphs below. The results agree with the findings
of Banerjee et al. (2025); as the number of cells stacked in series
increases, the overall power and power density decrease. The
main reason for this phenomenon is due to the voltage reversal
of some of the stacked MFCs as more cells are connected in
series, resulting in lower power generation (Wu et al., 2016).

Figure 7 shows the bar plots of the power and power
densities of cumulative parallel stacking configurations for both
non-annealed and annealed sets. For both annealed and non-
annealed sets, power increases from 2 cells in parallel up to 8
cells connected in parallel. The same was observed in the
annealed set where the power and power density in the
annealed set is increasing as the number of cells stacked in
parallel increases. Both sets agree to the findings of (Chandra et
al., 2024) where the power and power density of the MFC as the
number of cells connected in parallel increases.

The total surface area of the connected cells increases as the
number of cells increases, which primarily causes a drop in
power density in single-series or single-parallel stacking.
Theoretically, connecting the MFCs in both series or parallel
improves the total voltage or current of the MFC stack, but in
practice, voltage reversal happens when connecting the MFCs
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in series, while current reversal happens when connected in
parallel, resulting in the decrease of the overall voltage and
current of the MFC system (Kim e? al., 2020)). Different series-
parallel or parallel-series configurations to find which
combinations give more power given the number of cells
connected while also avoiding the effects of voltage and current
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reversal in the system. The series-parallel stacking configuration
values are shown in Figure 8, and it is observed that four sets of
3 cells in series stacked in parallel (3S4P) yielded the highest
power of 0.8399 pW and three sets of 2 cells in series stacked in
parallel (2S3P) yielded the highest power density of 16.302
MW/m? for the non-annealed set. For the annealed set, four sets
of three cells in series stacked in parallel (354P) have the highest
observed power and power density, with values of 0.849 pyW
and 13.96 yW/m?, respectively.
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For the parallel-series stacking configurations shown in
Figure 9, it is observed that four sets of 4 cells in parallel stacked
in series (4P3S) yielded the highest power of 0.768 yW, and
three sets of 2 cells in parallel stacked in series (2P3S) yielded
the highest power density of 25.353 pW/m? for the non-
annealed set. For the annealed set, three sets of four cells in
parallel stacked in series (4P3S) showed the highest power of
0.726 pyW, while two sets of three cells in parallel stacked in
series (3P2S) showed the highest power density of 12.813
MW/m? Comparing all the stacking configurations, it is
observed that eight cells stacked in parallel (8P) achieve the
highest values for both power and power density; however, the
increase from 2P to 8P is not significant. In contrast, the parallel-
series configuration achieved a significant increase in power
and power density in 2P2S to 3P2S configuration, showing that
using the 3P2S stacking configuration significantly increases
both power and power density in MFC stacking. The power and
power density values obtained by the annealed set showed no
significant difference compared to the non-annealed set,
implying that the annealing process does not affect the results
of stacking methods used in the study.

Aside from voltage reversal, all stacking setups are shown
to have fluctuations in their values. One of the reasons is the
uncontrolled weather during the experimentation process,
resulting in a change in temperature of the substrate water,
which potentially affected the performance of the MFC array
(Ren et al., 2017). Faulty cells also affected the stacking results,
especially on cells with series connections, because one faulty
cell or connection affects the whole system compared to the
stacking configurations involving parallel connections (Estrada-
Arriaga et al., 2017).

3.3 Polarization

Polarization curves are significant in MFC studies, as they
enable the determination of MFC performance in terms of its
maximum power density and optimal current density.
(Abrevaya et al., 2015). The polarization curves are mainly
governed by Ohm's law, V=IR and P=IV, since it is observed

Table 5
Power Densities of Existing 3D-Printed MFC Studies with Different Electrode Material
Source Description Maximum Author
Power Density
. Single Chamber MFC 2 .
Urine PTFE-free/alginate-based Cathode and carbon veil fibre anode 10.57 mW/m (Theodosiou et l,, 2019)
Shewanella oneidensis MR-1 Single Chamber MFC 2 .
inoculum Carbon Cloth Cathode and 3D printed Porous Copper Anode 6.5 mW/m (Bian, Wang, et al., 2018)
. . Single Chamber MFC
Shewanelilrzlzocz:r;e;f;nszs MR-1 Carbon Cloth Cathode and Carbonized UV curable Resin 233.5 mW/m? (Bian, Shi, et al., 2018)
Anode
. Single Chamber MFC 2 (You et al., 2017)
Synthetic Wastewater Activated carbon cathode and conductive PLA anode 50.962 mW/m
. Dual Chamber MFC 2
Acetate-feed anode medium Carbon cloth cathode and carbonized UV curable resin anode 0.6 W/m (He et al,, 2021)
. Single Cell MFC 3 (You, Jiseon, Hangbing Fan,
Organic Wastewater Activated cathode and nickel coated PLA anode 14 W/m 2020)
. . . Single Cell PMFC ) .
Eichhornia crassipes Conductive PLA anode and cathode 82.54 yW/m (Malinis et al., 2023)
Single Cell PMFC 2 .
Solanum melongena Conductive PLA anode and cathode 200 yW/m (Constantino et al., 2023)
) . Stacked PMFC 2 .
Vigna radiata Conductive PLA anode and cathode 13.76 yW/m (Kimura et al., 2023)
7.195 yW/m?
Single Cell MFC (non-annealed) .
Polluted Surface Water Conductive PLA cathode and anode 1.059 yW/m? This Study
(annealed)
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Fig 10. Power Density Curves for a) IND b) 3S4P and c) 4P3S
configurations for non-annealed set

that the voltage is increasing as the value of the external
resistance increases (Sharma et al, 2022). In this study,
polarization was performed on three different configurations:
IND, 3S4P, and 4S3P. The maximum power densities and
optimal current densities are shown in Table 6. As shown in
Figures 10 and 11, both annealed and non-annealed sets
showed that the power density of the system is reaching its
maximum value as the current density decreases. At the
maximum power density and optimal current density, the
optimum resistance values range from 40000 Q to 50000 Q.

Table 6

Summary of Maximum Power Density and Optimal Current

Densities after Polarization
Power Density

Current Density (mA/m?)

(UW/m?)
Non- Non-

Annealed Annealed Annealed Annealed
7.195 1.059 0.17255 0.06621
21.81 24.03 0.30041 0.31531
26.74 24.09 0.36276 0.31572
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Table 6 showed that the 4P3S configuration showed the highest
power and current density in both annealed and non-annealed
sets. There is a significant decrease in power and current
density when comparing the non-annealed set to the annealed
set. Since the polarization curves are governed by Ohm's law,
the decrease of the generated voltage value due to the decrease
of micropores present in the 3D-printed MFC after annealing
results in a lower power density (Barkhad et al., 2020).

In comparison to the existing 3D-printed MFC studies
shown in Table 5, it is observed that the novel 3D-printed
floating MFCs have lower maximum power density values. Two
main reasons for this are due to the difference in power sources,
despite the polluted surface water source having enough
organic material to produce power. In comparison, urine is an
excellent substrate for MFCs since it has high organic
composition, buffering performance, and conductivity (Arkin et
al., 2023), and the Shewanella oneidensis MR-1 inoculum is similar
to synthetic wastewater where the bacteria present in substrate
water has controlled amount of organic matter to consume. The
second reason is the composition of electrodes. This study
utilizes conductive PLA to 3D-print both electrodes which is not
purely conductive, whereas other MFC studies have 3D-printed
only one electrode and then used conventional materials for the
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Fig 11. Power Density Curves for a) IND b) 3S4P and c) 4P3S

configurations for annealed set
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Table 7
Initial and Final COD Concentrations
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Concentration (mg/L)

COD Removal Efficiency

Initial Final
Non-Annealed 168 36 78.57%
Annealed 168 35 79.17%
Table 8
COD removal efficiency of existing MFC studies
Author Type of MFC Substrate COD Removal Efficiency Duration
(Chandra et al., 2025) Single Chamber Fermented Jackfruit Waste 86% 40 days
(Opoku et al., 2025) Single Chamber Synthetic wastewater 95.15% 7 days
(Qi et al., 2025) Dual Chamber Refined wastewater 89.76% 67 days
(Yolanda et al., 2025) Dual Chamber Synthetic wastewater 93.7% 28 days
(Wang et al., 2020) Dual Chamber Synthetic wastewater 94.46% 6 days
(Shadman et al., 2024) Dual Chamber Organic wastewater 82.74% 14 days
(Islam et al., 2023) Dual Chamber Organic Wastewater 82% 30 days
(Pamintuan et al., 2024) Dual Chamber Graywater 97% 14 days
(Cetal, 2025) Dual Chamber Synthetic Wastewater 92% 30 days
0 -
This Study Dual Chamber Polluted Surface Water 78.57% (non-annealed) 7 days

79.7% (annealed)

other electrode. Commercial conductive PLA only consists of
53% carbon black by weight. Making it significantly inferior to
conventional electrode materials such as pure carbon cloth and
activated carbon.

3.3 COD removal efficiency

Table 7 shows that the initial COD concentration of the
wastewater substrate was 168 g/mL. After conducting the MFC
study, the COD levels decreased to 36 mg/L and 35 mg/L for
the non-annealed and annealed sets, respectively. This
translates to a COD removal of 78.57% and 79.17% for the non-
annealed and annealed sets, respectively, in 7 days. Comparing
the results for both sets, there is no significant difference
between their COD removal efficiencies (a = 0.05). COD is one
of the crucial indicators in the energy generation of MFCs
because it is an indicator of the amount of organic matter
present in the wastewater substrate, which the bacteria will
oxidize, resulting in energy production in the MFC. The removal
of COD signifies that organic matter present in the surface water
substrate is consumed as the MFC generates power (Malik et al.,
2023).

Table 8 summarized related studies that are comparable
to the results of this study. It is observed that the study has a
lower overall COD removal efficiency compared to other
studies. The study of Yolanda et al., (2025) has an overall COD
removal efficiency of 94.46% in 28 days. Taking the overall
duration of the experiment into account, a COD removal
efficiency of 78.75% in 7 days is comparable to the other studies
with higher COD removal efficiencies while having a longer
duration. Another possible reason for the short duration for this
study is the initial concentration of COD in the substrate used.
Compared to other studies, the Substrate only has a COD
concentration of 168 mg/L, which is relatively low compared to
the listed studies where the initial COD concentrations are 500
mg/L and higher.

4. Conclusion

The performance, stacking efficiency, and polarization study
were successfully conducted and quantified using a 3x4 array of
novel 3D-printed floating MFCs. The design successfully
generated electricity using surface water from a polluted creek.
It is shown that the resistance of the 3D-printed electrodes
decreased after the annealing process. The annealed set
produced a lower power and power density compared to the
non-annealed set, which opposes the hypothesis that the power
generated will be higher if the resistance of the electrodes is
lower. For the stacking configurations, combined series-parallel
connections generated a higher power and power density than
single series and parallel stacking, making it more effective in
stacking MFCs. The highest power density without polarization
was achieved by the 3P2S configuration for the non-annealed
set and the 3S4P configuration for the annealed set, with values
of 23.35 pW/m? and 13.96 pW/m? respectively. After
polarization, the maximum power density achieved by an
individual cell was 7.26 yW/m? for the non-annealed set and
1.37 yW/m? for the annealed set. For 3S4P, the maximum
power density was 21.81 yW/m? for the non-annealed set and
24.03 yW/m? for the annealed set. For 4S3P, the maximum
power density was 26.73 yW/m? for the non-annealed set and
24.09 pyW/m? for the annealed set. Lastly, COD was consumed
by the MFC to generate electricity, achieving removal
efficiencies of 78.57% and 79.17% for the non-annealed and
annealed sets, respectively.
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