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Abstract. Microbial fuel cell technology addresses both issues in finding new ways to clean water systems while harnessing electricity. Several studies 
suggest that a single large-scale MFC is proven to be inefficient and expensive. Therefore, producing small-scale MFCs is focused on investigation to 
provide an efficient system and cost-effective approach. This study used 3D-printed MFCs using a spongy electrode design to produce a modern 
approach to modifying electrode capacity in energy generation. Furthermore, the study identifies the electrical conductivity of the spongy electrode 
by determining the voltage generated and power density by stacked MFCs in series, parallel, and hybrid configurations. The MFCs generate a 
maximum voltage of 633 mV and a current of 14.22 𝜇𝐴. One way to reduce the effects of voltage reversal in the MFC system is the application of 
hybrid connection circuits. Parallel-series hybrid connection possesses stable voltage generation of 250−300 𝑚𝑉 with the highest current generation 
of 115.20 𝜇𝐴. At the same time, the Series-Parallel Connection generates the highest voltage and current of 259 mV and 30 𝜇𝐴, respectively. The 
spongy electrode design and hybrid connection produced a maximum power and current density of 29.30 μW⁄m2 and 279.41 μA⁄m2 obtained from a 
different connection of pure parallel and 28P-2S hybrid connection. Furthermore, water quality parameters were examined (pH, TDS, ORP, and COD), 
that the MFCs design is efficient in wastewater treatment, with a %COD removal of 95.24% efficiency, reduced ORP from +48.00 mV to -7.00 mV, 
and the TDS concentration from 270 ppm to 239 ppm. 
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1. Introduction 

The Microbial Fuel Cell (MFC) technology, an emerging 
alternative technology for renewable energy generation, utilizes 
living active microorganisms as biocatalysts in anaerobic 
degradation (Rahimnejad et al., 2015) shows potential in 
application in wastewater treatment. The anode of the MFC 
structure is exposed to the wastewater, and the bacteria 
consumes organic matter from it while producing charged 
particles by metabolism. The electrons produced from the 
anodic chamber are accepted by the cathodic chamber while 
generating electricity (Hadiyanto et al. 2023). Bioelectricity 
generation from investigations in applying MFCs in wastewater 
treatment has opened studies on different operating conditions 
to increase its efficiency in removing pollutants, hefty metals, 
and toxic elements (Habibul et al., 2016; Christwardana et al, 2020). 
However, the electrical performance studies primarily available 
in its upscaling are still in their infancy. The existing designs of 
MFCs exhibit low power output wherein composite materials 
such as carbon nanotubes (CNTs) and carbon-based nano 
materials (Mustakeem, 2015) as well as fabrication of an 
assembly of CNT structures were used (Yazdi et al., 2016). The 
growing 3D printing technology opens an expansive room for 
design modification and fabrication, particularly in the 
construction of complex material structures explicitly 
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corresponding to the biocompatibility of the anode since it is 
exposed to organic materials by design modification, increasing 
its porosity and surface area. This includes choosing a 
geometric pattern that would maximize the surface area of the 
electrode components. A geometric pattern applied for the 
electrodes in a study in 2021 was a gyroid lattice structure 
where it exhibited distinctive electrical characteristics due to the 
pattern’s porous nature (Abid et al., 2021) that was deemed 
favorable to a similar study such as this research. 

Electrode material and configuration are also critical to the 
MFC’s performance. The advantages lie in the anode and 
cathode component’s bacterial compatibility, conductivity, 
surface properties, and costs (Wei et al., 2011). Recent studies 
show that employing a porous carbon anode improves the 
power generation of MFC, suggesting its superiority to carbon 
cloth anode and carbon fiber brush undergoing the same 
conditions (Bian et al., 2018). Thus, contributing to the further 
development of studies there is. An innovative way to produce 
electrode materials to achieve the ideal properties is through 
additive manufacturing by fused deposition modeling (FDM). 
This allows profound changes in the material’s properties such 
as freedom of geometrical design, enhanced porosity, and its 
scaling (Browne et al., 2020).  Thus, the capability of producing 
a complex porous structure reduces the expenses of using 
ceramic-based or metallic-based electrodes. The use of 
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conductive polymers in manufacturing electrodes through 3D 
printing models allows the resolve of the problem of surface-
area and electroactive sites available for electron exchange 
(You et al., 2017). Thus, increasing power output. Conversely, a 
regular polylactic acid polymer (PLA) was used for the separator 
of the anode and the cathode. PLAs, as thermoplastic, are 
among the promising polymers used in 3D printing and are non-
electronically conductive (Patrick et al., 2023). Moreover, design 
modification offers the possibility of commercial use. It 
examines prospects and challenges for the future of MFC 
electrode development (e.g., reduction of humanity’s 
dependency on fossil fuels that generate a large amount of 
greenhouse gases) and ideally helps to mitigate environmental 
pollutants in wastewater and potentially providing a reliable 
addition to existing renewable energy sources (Lovley et al., 
2011). 

The study seeks to develop a spongy or porous 3D-printed 
electrodes for a multi-celled MFC set-up and determine the 
effect of stacking these cells in different electrical 
configurations, series, parallel, and hybrid configurations. 
Specifically, it aims to analyze the electrical conductivity of the 
spongy electrode, and determine the voltage generated and 
power density by the stacked MFCs in series, parallel and 
series-parallel configurations and compare the results from 
these configurations among each other; along with analyzing 
wastewater parameters for testing namely pH, total dissolved 
solids (TDS), and the oxidation-reduction potential (ORP), and 
the chemical oxygen demand (COD) reduction to test the 

wastewater treatment capacity of the design set-up. The 
application of 3D-printing technology in the production of 
electrode components appeals to the need for exploratory 
research on viable designs that would substantially increase 
power output. 

2. Materials and Methods 

The experimental setup utilized a 20-liter polypropylene 
container measured 426 mm x 312 mm x 260 mm (LxWxH) 
holding the 32 electrodes. 32 holes were made on the lid of the 
polypropylene container where the outer diameter of the anode 
was fitted. The electrodes were organized wherein they are 

 

 

 

Fig 1. 32 MFC assembly in polypropylene (PP) container 

 

 

 
(a) 

 
(b) 

 
(c) 

Fig 2. Dimension of the individually fabricated electrodes: (a) electrode sliced perspective; (b) gaps between components; (c) electrode 
length and thickness 
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hanging above the lid of the container as shown in Fig. 1 and 
Fig. 3 where the electrodes can be submerged when the setup 
is filled with wastewater. The study incorporated a single-
chambered MFC of 32-piece stacked electrodes. Fig. 2 shows 
the dimensions of the individually constructed 3D-printed 
electrodes. 

2.1 Fabrication of 3D-printed electrode 

The electrode components were produced through additive 
manufacturing by a fabrication technique called fused 
deposition modeling (FDM). The melted polymer filaments 
were extruded from the nozzle of the 3D-printer building each 
electrode part layer by layer until the part is completed. All 3D-
printed pieces were modeled using a cloud-based 3D modeling 
software called Autodesk Fusion 360. The design was then 
imported to a slicing application for 3D printing called 
Ultimaker Cura wherein the digital designs were decoded by the 
software into physical dimensions for the 3D printer to read.  
The design of the 3D-printed electrodes was based on a gyroid 
lattice structure. With such geometrical complexities, this 
design pattern for the electrodes was chosen for being highly 
porous. This allowed optimal bacterial adhesion. This study 
used a conductive PLA-composite filament (Proto-pasta 
CDP11720 Electrically Conductive Spool) that was directly 
bought from ProtoPlant, USA. This was fed to a single extrusion 
3D printer machine (Creality Ender-3 V2). 

Parts A and B represent the cathode wherein A was a 60% 
infill gyroid pattern, and B was a 100% infill foundation. Part C 
is the separator with 100% infill. Part D and E represented the 
anode where D also had a 100% infill foundation wall, and E had 
a 60% infill gyroid pattern. Figure 2b shows the gaps between 
the parts of the electrode assembly. The inside diameter of the 
cathode was 6 mm, the gap between the cathode and the 
separator was 3 mm, and the gap between the separator and the 
anode was 0.25 mm. Lastly, Figure 2c shows the length and 
thickness of the cathode, the separator, and the anode. The 
cathode was 2.5 mm thick, while the anode was slightly thicker 
at 2.5 mm. The length from the upper part of the separator to 
the 60% gyroid infill was 147.5 mm, while measuring from below 
was 143.50 mm, giving the thickness of the protruding part of 
the separator 4mm. The actual lengths of the cathode, 
separator, and anode are also shown in Figure 2b, 160 mm, 157 
mm, and 156 mm, respectively. The gyroid infills in percentage 
represent the infill density by which the interior volume was set 
to comprise the material used, specifically the conductive and 
non-conductive PLA.  

The electrode assembly underwent water and resistance 
tests before the actual experimentation. In this part, rice water 
was used as wastewater. The permeability of the separator was 
tested by pouring substantial wastewater into the anode, and 
the time it takes to drain was observed. This test took 

approximately 4.5 hours for the water to be completely drained. 
The initial resistance test on the cathode was done using a 
digital multi-tester), showing a preliminary result of 1.156 kΩ for 
the cathode and 1.036 kΩ for the anode. 
 
2.2 MFC instrumentation and configuration 

The single chamber MFC was operated in a static batch 
mode for the whole duration of the experimentation. During 
this, the MFC used the nutrients from the same substrate 
(wastewater) all through out and the wastewater was not 
replenished or replaced at any point during the testing period. 
A multi-parameter water quality monitor pH 117 Multi-
parameter Water Quality Monitor) was used to measure water 
quality indicators such as pH, total dissolved solids (TDS), and 
the oxidation reduction potential (ORP) every day for two 
weeks. On the other hand, for the testing of the chemical oxygen 
demand (COD), the samples taken from the initial and final part 
of the experiment were sent to a testing laboratory (F.A.S.T 
Laboratory) in Quezon, City Philippines.  

There were various of electrical configurations done 
throughout the study. The circuits were arranged in series, 
parallel, and series-parallel configuration, respectively. This was 
carried out to measure the voltage and current.  Cumulative 
stacking efficiency from previous studies showed a positive 
impact on increasing the system’s and is likely to increase the 
power and power density of the system. For this paper, the 
voltages generated were measured against varying external 
resistances against several electrical configurations. The 
stacking studies was implemented and explored by stacking 
studies such as shown in Fig. 4. Moreover, the increase in the 
number of cells to greater than the usual number of cells (<15 
cells) making up an MFC system was also intentionally targeted 
to achieve a higher power output. 

2.3 Sample sourcing and MFC installation 

The wastewater sample was collected from a canal 
greywater reserve in Barangay San Rafael I Sapang Palay, City 
of San Jose Del Monte Bulacan, in the Philippines. Greywater 
was considered to be of value to the study since its chemical 
composition comprised substances such as food fragments, dirt, 
fats, sludge, or even a detectable amount of feces that may be 
deemed as a suitable substrate for microorganisms such as 
bacteria present to metabolize, and thus generate power in the 
process (Hussain et al., 2022; Sonawane et al., 2022; You et al., 
2021). Before using the wastewater sample, parameters such as 
pH, oxidation-reduction potential (ORP), and total dissolved 
solids (TDS) were measured using multi-parameter testing 
equipment (pH 117 Multi-parameter Water Quality Monitor). 

 

  
Fig 3. Isometric view of the set-up and distance between MFCs 

 

 

 
Fig 4. Series-parallel electrical configuration 
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The initial chemical oxygen demand (COD) was also measured 
by laboratory analysis. 
 
2.4 MFC hybrid connection 

The voltage (V) and current (I) of the individual electrodes 
were monitored and measured every three days in terms of the 
resistances of the MFCs. The cells' cumulative measurements 
were also measured to determine and make a sufficient 
comparison between the theoretical and the actual voltage 
generation of cumulative series and cumulative parallel 
connections. Since the system is relatively small, at 20 L and 
with numerous cells (32 MFCs), the conventional testing 
duration of one month was reduced to a 23-day testing period 
due to the theoretical assumption that the COD of the system 
deplete faster in such a scenario. Furthermore, to expand the 
probabilities of increasing the system's efficiency, stacking 
studies were performed on the system, such as pure series and 
pure parallel configurations and a total of 14 hybrid connections 
of the series-parallel (S-P) connections and the parallel-series (P-
S). These are 4S-8P, 8S-4P, 12S-3P, 16S-2P, 20S-2P, 24S-2P, 
28S-2P for series-parallel, and the oppositely interchanged 
connections, which are 4P-8S, 8P-4S, 12P-3S, 16P-2S, 20P-2S, 
24P-2S, 28P-2S.  This first number corresponded to the number 
of cells connected in either series or parallel connections, while 
the second number corresponded to the total number of groups 
connected in either series or parallel connections. (e.g., 28P-2S 
hybrid connection means that 28 cells were connected in 
parallel, and the last four cells out of the 32 were also connected 
in parallel, giving two groups of cells connected in series).  
 
2.5 Analysis and calculations 

The voltage measured using a digital multimeter the voltage 
reading was used to calculate the current using Ohm’s Law, as 
the power densities, normalized to the estimated surface area of 
the cathode, and were determined using the formula for 
calculating current 𝐼 = 𝑉 𝑅⁄ , and for calculating power density 
𝑃 = 𝑉2 𝑅⁄ . Where 𝑉 is the electrode voltage generated,  𝐼 is the 
current, 𝑅 is the electrode’s external resistance, and P is the 
Power density of the MFC. 

The measurements for polarization studies were done on 
the 18th day of the experimentation period from the onset of the 
submersion of the cell. The first was seven days when the 
substrate was made to sit for the whole period, considered a 
pre-colonization stage. The external resistances varied from 16 
values, ranging from the lowest resistance of 513 Ω to the 
highest at 94500 Ω, wherein a potentiometer was utilized. The 
corresponding voltages were measured along with external 
resistances set for each reading, where the current was 
calculated. This allowed the power, power density, and current 
density calculation, given that the anode surface area is 0.012 
m2. The formulas were as follows: for the calculation of power 
P=IV; for the calculation of power density PD=P⁄A; and for the 
calculation of current density, CD=I⁄A. P denotes power, I 
denotes current, V denotes voltage, PD is the MFC’s power 
density, CD is the MFC’s current density, and A is the anode's 
external surface area.  

Data for polarization is visualized by generating polarization 
and power density curves. The polarization and power density 
curve displayed the voltages and power densities on the y-axis, 
plotted with the calculated current density on the x-axis. The 
study mainly showed the power-current-voltage relationship by 
gradually increasing the resistor load and measuring voltage 
output with a multimeter. Identifying the highest power/power 
density value generated by the system allowed the identification 

of the most efficient current density by which power generation 
of the cumulative stacking of the 3D-printed electrode is 
verified. Thus, the development of a more optimized design 
with reduced internal resistance. 
 
2.6 Chemical oxygen demand removal 

Furthermore, a conventional approach will determine the 
chemical oxygen demand (COD). COD in mg/L was tested in 
wastewater samples using a laboratory test analysis. Using the 
equation 1, wherein CODi and CODf are the initial and final 
values, the COD removal efficiency of the MFC stack was 
calculated. 
 

%𝐶𝑂𝐷𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =
𝐶𝑂𝐷𝑖 − 𝐶𝑂𝐷𝑓

𝐶𝑂𝐷𝑖
                    

(1) 

  

 
3. Results and Discussion 
 

The spongy microbial fuel cell electrode design was 
examined for its performance and wastewater compatibility for 
23 days. It consists of six tests dedicated to determining the 
efficiency of the MFCs' performance. The individual 
performance and resistances of the MFCs regarding voltage and 
current generation are gathered every three days. It shows the 
MFC system adaptation to the wastewater system during the 
exposure of anode to the organic materials inside the system. 
Studies have shown the ability of utilizing carbon-conductive 
PLA materials regarding its biocompatibility with organic 
material (Xie et al., 2011). During the voltage and current 
measurement, the cumulative cell connection of individual cells 
was measured to determine and compare actual voltage 
generation of MFCs. 

Moreover, the hybrid configuration of MFCs was 
conducted to establish the stacking capabilities of the designed 
3D-printed electrode assembly. Along with these stages of trials, 
the power and power density of the electrode hybrid 
configuration was identified as well, together with its 
polarization curves, allowing the direct observation of the 
performance of the MFC system configuration (Simeon et al., 
2020), with connections such as 4S-8P, 8S-4P, 12S-3P, 16S-2P, 
20S-2P, 24S-2P, 28S-2P, for series-parallel connection and pure 
series connection. Alternately, for the parallel-series 
connection, it was imparted to conduct the interchangeable 
configuration, such as 4P-8S, 8P-4S, 12P-3S, 16P-2S, 20P-2S, 
24P-2S, 28P-2S, and pure parallel connection. Ultimately, the 
external resistances of these connections and the design 
attributes of the 3D-printed spongy electrode were measured, 
which determines the circuit regulation of electron flux and the 
MFC’s anode availability as an electron acceptor (Jung & 
Regan, 2011). The wastewater quality parameters were limited 
to four assessments: the treatment stage and data collection for 
pH, Oxidation Reduction Potential (ORP), and Total Dissolved 
Solids (TDS) lasted for two and a half weeks, while the Chemical 
Oxygen Demand (COD) took approximately three weeks of 
data acquisition. 
 
3.1 Individual voltage and current reading of 3D-printed spongy 

Microbial Fuel Cell 

The final voltage readings of 32 individual cells are shown 
in Figure 5. It is observed that the voltage readings are different 
from the pre-colonial stage voltage reading and the post-
treatment stage voltage reading. The inconsistent reading of 
voltage generation for the individual cells was observed due to 
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different overall resistance values measured of individual MFC 
that are caused by the 3D-print quality of each cell, which affects 
the capacity MFC to generate voltage. The individual electrodes 
such as anode and cathode are produced in batches. This 
process creates a difference in internal resistance which is 
caused by the difference in characteristics such as print infill 
affecting the overall performance of each MFC.  

Moreover, the generated voltage for each cell during the 
pre-colonial stage of biological content in the MFC system 
varies due to the difference in bacterial species. Therefore, the 
activity of the species affects their adaptation to one another 
and to the material that contributes significantly to the transfer 
of electrons during bacterial growth (Daniel et al., 2009; 
Hashem, 2019; Jung & Regan, 2011). The MFC chamber's setup 
is designed to be anaerobic, promoting the growth of 
electroactive bacteria (EAB). Several types of EAB commonly 
grow without oxygen. These bacteria are obliged anaerobes 
since their energies are generated from metabolic processes 
that do not utilize oxygen from their surroundings.  

The 3D-printed MFCs in this study possess a general 
concept of how individual microbial fuel cells are expected to 
generate energy. The bacteria in the anodic side of the electrode 
create a biofilm that serves as the bacterial adaptation for the 
MFCs. Thus, the substrate began to oxidize while the system 
was anaerobic. From there, it releases electrons to the anode, 
which is transported to the cathode side through the proton 
exchange membrane that acts as a separator with a Polylactic 
acid (PLA) material that somewhat allows the transfer of 
particles to the cathode side of the cell. This phenomenon of 
electron transfer through a membrane to the cathode generates 
electricity through the external circuit, observed in the voltage 
reading of individual MFCs. This data proves that the 
electroactive bacteria accepted the MFCs 3D-printed design, 
which is expected to generate significant voltage through the 
treatment period. The determination on day 23 of the 
wastewater treatment shows that in 3 weeks, the individual cells 
increased their voltage generation, and only nine cells 
decreased their voltage generation from the initial to the final 
treatment from the 32 sets of individual cells. Referring to Figure 
5. (Day 23 Data), the cells with significant voltage are MFC2, 
MFC5, MFC10, MFC17, and MFC31. These MFCs generate a 
voltage of approximately 500 mV during the final treatment 
period. 

Furthermore, the designed anode has a calculated external 
surface area of 0.012 m2, used to determine the power and 
current density of the MFC system for the pure and hybrid 

connections. The individual MFC voltage reading is very similar 
to studies using 3D-printed MFCs. The monolithic design of 
MFCs using conductive PLA generates a voltage generation 
range of 480 to 500 mV. Furthermore, some findings acquire 
open circuit potential (OCP) of 116 mV using the conductive 
filament produced by Additive Layer Manufacturing of cathode 
MFC electrode (You et al., 2017). Additional studies that use 3D-
printed porous copper electrode has a maximum voltage of 62.9 
±2.54 mV. Somehow, the 3D-printed MFCs using Carbon for 
anode material produce a significant amount of maximum 
voltage of 453.4 ±6.5 mV (Bian et al., 2018) These suggest that 
the spongy electrode 3D design significantly impacts the 
voltage generation of the MFC wastewater system. 
 
3.2 Series and Parallel MFC circuit connection  

The individual cell voltage and current generation, the pure 
series, and the pure parallel connection are initiated to 
determine the efficiencies of different configurations among the 
MFCs and conclude a more comprehensive study regarding 
optimizing the power output of MFCs. Studies show that series 
and parallel connections are significantly different in the large-
scale system of MFC technology. The phenomenon that affects 
the performance of MFCs is the voltage reversal generated by 
the circuit. The stacked MFCs create a voltage drop, producing 
a negative voltage reading under short-circuit conditions. 
Another observation during this phenomenon is that the 
difference in voltage output while connecting MFCs has 
different spikes of voltage drop and voltage rise. This is due to 
the substrate loading rate resulting in inactive kinetics on the 
anode and generating a relatively large anode overpotential 
much greater than the cathode (An et al., 2016). One of the 
notable adverse effects of voltage reversal is its power 
generation throughout the treatment period of the wastewater 
system. 

Furthermore, voltage reversal has a crucial dissociation 
effect on the anode biofilm that could potentially alter the 
efficiency of individual MFCs. The voltage reversal of circuits is 
observed more in the series connection since the individual fuel 
cells acquire internal resistance differences that affect the 
current between MFCs connected in a series configuration 
(Chang et al., 2020). Furthermore, the parallel connection 
observed a significant voltage generation compared to a series 
connection that prevents large voltage loss during the testing of 
pure parallel connected MFCs. 
 
3.3. Cumulative Stacking of Series and Parallel Circuit Connection 

In MFC research, the stacking of MFCs has been growing 
interest to develop the system’s wastewater treatment 
efficiency and power generation. However, there are numerous 
methods of connection that can be applied, which need to be 
considered. Figures 6 and 7 are the results collected in 2 weeks 
of wastewater treatment for the cumulative stacking of series 
and parallel circuit connection. The series circuit connection, 
shown in Figure 6, generates a large gap between the theoretical 
and actual voltage readings. From a theoretical perspective, a 
series connection will generate proportional growth in voltage 
generation. However, in the real-life application of a series 
circuit connection of an MFC system, there is significant voltage 
loss during the treatment and observed in different literature 
investigating MFC in other configuration connections. As 
stated, this is due to the voltage reversal caused by the 
difference in voltage generation of individual MFCs when they 
undergo large quantities of connected cells (Gajda et al., 2018).  
The largest voltage generation for the cumulative series 

 
Fig 5. Post-treatment voltage reading of individual MFCs. 
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connection was produced by MFC21, which generated a 
maximum voltage of 226.45 mV. 

Furthermore, the parallel cumulative circuit connection in 
Figure 7 reveals a different voltage generation; it produces 
better voltage generation than a series circuit connection. The 
theoretical voltage reading and the actual voltage reading are 
different in the initial stage of MFC treatment. However, the 
theoretical and actual reading begins to produce the same 
values in the latter part of the treatment. These results prove the 
conceptual effects of stacking multiple MFCs: voltage stables in 
an average amount and current increases as the wastewater 
treatment progresses (Jafary et al., 2013). Regarding the internal 
resistance of the 3D printed electrode, individual MFCs for the 
anode have an average internal resistance of 0.78 Ω, while the 
cathode has an average internal resistance of 1.50 Ω. This 
suggests that the resistance for the electrolytes from the 
substrate was low, which possesses a better flow of electrolytic 
particles through the MFCs. Developing new designs for the 
MFCs creates more optimization for MFC modification. The 
voltage response produced in stacked MFCs connected in 
series shows the same behavior from previous Voltage 
Reversals (VR) investigations on MFCs. Thus, this limits the 
performance of the MFC system. However, this can be 
mitigated by several approaches to the circuitry and the 
substrate quality used during wastewater treatment. One of the 

solutions to avoid VR is to eliminate the individual cell with low 
voltage generation. However, this has implications in the system 
of multiple MFCs. In that notion, it is practical to apply hybrid 
connections in each MFC to overcome the loss of voltage and 
current. Another method can be used by modifying the system 
and quickly short-circuiting that, generating a voltage drop 
during the trial period. One way to achieve this is to use diodes 
connected in the circuit due to the diode's low ohmic resistance 
that prevents charge reversal. This will enhance the capacity of 
the system to short-circuit individual cells with less modification 
on MFC design automatically. Ultimately, focusing on the 
structure of the MFC can also help avoid VR by increasing the 
concentration of the substrate and allowing more oxygen to the 
cathode side of the MFC. It will prevent the fuel starvation of 
the microorganism inside the system and the process of 
continuous treatment operation (Oh & Logan, 2007). 
 
3.4. MFCs Stacking Combinations 

The stacks and controls of the pure connections of series 
and parallel circuits were discovered  to have different 
behaviors during the trial period of the wastewater treatment. 
The pure series connection creates unstable voltage generation 
caused by voltage reversals of the circuit while increasing the 
number of connected cells. Furthermore, the cumulative parallel 
circuit was observed to suffer from energy loss due to the nature 
of the MFC system itself. Several factors might affect this 
phenomenon in this type of system, mainly because it relies on 
the biological activity of microorganisms inside the MFC 
chambers or systems, electrolytic resistance losses in 
electrodes, potential losses in both anode and cathode 
chambers, and the type of electrical circuit used, whether it is 
running under an open or closed circuit (Kim et al., 2011). 
 
3.4.1 Stacking Combination of Series-Parallel Hybrid Connection 

The stacking combination of series-parallel connection was 
conducted seven days after the pre-colonization stage of the 
biological matter in the wastewater system; at this point of 
treatment, the biofilms are established to optimally generate 
substantial energy and power, individually and in circuit 
connection (Alonso-Lemus et al., 2022; Yanuka-Golub et al., 
2021). From Figure 8, it is observed that the voltage generated 
by hybrid connections possesses a unique output. However, the 
trends produced by the series-parallel circuit allow the system 
to generate significant voltage and observe the current 
difference. The data shows that the current generation 

 
Fig 6. Cumulative stacking of pure series connection; theoretical 
and actual voltage reading 
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Fig 7. Cumulative stacking of pure parallel connection; theoretical 
and actual voltage reading 
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Fig 8. Cumulative series-parallel hybrid connection voltage and 
current reading 
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decreases for the 7-day trial period as the series connection 
increases. Incorporating a cumulative combination of stacked 
Series-Parallel MFCs offers enhanced performance of the whole 
wastewater treatment. Additionally, the hybrid connection that 
generated a significant result was 8S-4P and 24S-2P, which 
generated a voltage of 259.57 mV and 224.28 mV and a current 
of 15.06 µA and 10.37 µA, respectively. The hybrid connection 
maintained the relative increase of power density and the 
connection’s power generation. 

Figure 9 shows the cumulative series-parallel hybrid 
connection's power and power density, resulting in a decreasing 
value trend. This indicates that as the series connection 
increases and the connected group of series connected in 
parallel decreases, it produces a lower power generation and 
power density of hybrid connection. These results indicate that 
the most efficient connection has fewer MFCs connected in 
series, producing a more significant number of cell groups to be 
connected in parallel. Furthermore, connections that reveal the 
significant power and power density are 4S-8P, 8S-4P, and 12S-
3P, which produce a maximum value of 5.52 µW, 3.90 µW, and 
2.70 µW for power. With power densities of 14.07 µW/m2, 9.95 
µW/m2, and 6.89 µW/m2, respectively. Consequently, the 
increasing number of connected cells in series generates a 
limited power and power density. Hybrid connections such as 
16S-2P, 20S-2P, and pure series connections generated 0.97 
µW, 0.88 µW, and 0.41 µW, respectively, reflected by the 
voltage and current generation. 
 
3.4.2 Stacking combination of parallel-series hybrid connection 

 
The parallel-series connection significantly increases 

voltage and current generation, as shown in Figure 10. The 
results show that even if the number of connected parallel MFCs 
increases, the voltage still produces an average value of 288.77 
mV. Significantly, hybrid connection 12P-3S has the highest 
voltage of 320.28 mV. Moreover, the hybrid connection reveals 
a different view of how stacked MFCs generate current in these 
configurations. Figure 10 also shows that as the connection of 
MFCs in parallel increases, the current generation also 
increases. The pure parallel connection found that it has the 
highest current generation of 115.2 µA and has 4P-8S with the 
less efficient hybrid parallel-series connection that only 
produces 18.97 µA. These results also reflect the studies of 
bioelectronics platforms possessing current loss. One of the 
analyses of hybrid connections is that stacked parallel-series 

MFCs decrease the possibility of voltage reversal (An et al., 
2016). However, a large number of unit cells stacked in more 
parallel groups connected in series results in inner-circuit 
current loss, also called current reversal (Wu et al., 2016).  

The power and power density efficiency of parallel-series 
hybrid connections significantly differ from the series-parallel 
hybrid connection. The same trend was revealed: power and 
power density also increase as hybrid systems' parallel 
connection increases. This is reflected in the current 
generation's increase as the connection of MFCs forms a pure 
parallel connection with hybrid connection 4P-8S possessing 
the least power of 5.70 µW leading up to the most significant 
generated power of 34.04 µW on the pure parallel MFC 
connection. The whole trial period suggests that both series-
parallel and parallel-series connection have their strengths and 
weaknesses regarding power, voltage, and current generation. 
Several studies were recorded to achieve a peak of power 
generated in the system of 0.92 µW to 11.39 µW. The material 
used in the study was a Polylactic Acid Filament (PLA) that 
produces 3D-printed MFC components of the MFCs. This 
signifies that the complexity of the design has contributed to 
generating a much more efficient power generation.  

 
Fig 9. Cumulative series-parallel hybrid connection; power and 
power density reading. 
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Fig 10. Cumulative parallel-series hybrid connection; voltage and 
current reading 
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Fig 11. Cumulative parallel-series hybrid connection; power and 
power density reading. 
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3.5 Polarization curve of pure and hybrid connection 

This study section shows polarization studies, one of the 
most common fuel cell testing methods. Using a potentiometer, 
the resistance load was increased from 0.513 kΩ to 94.5 kΩ, and 
by using the measured surface area of the electrode being 0.012 
m2, the voltage response was recorded wherein Ohm’s Law 
determined the corresponding current values along with the 
power and power densities calculation. 

The pure series and series-parallel configurations shown in 
Table 1 show the polarization data of the pure series and the 
series-parallel configurations. There are seven hybrid series-
parallel configurations, which are 4S-8P, 8S-4P, 12S-3P, 16S-2P, 
20S-2P, 24S-2P, and 28S-2P. The y-axis denotes the power 
generated in microwatts, while the x-axis represents the current 
in microamperes. The maximum power generated is attributed 
to the graph's peak concerning its corresponding most efficient 
current density. 

Comparing the results in both sections, the peak power 
generation for the gyroid-lattice structured MFC system is at 
11.49 µW with a current value of 91.60 µA from the pure parallel 
configuration against an external resistance of 1369 Ω. This is 
summarized and shown in Figure 12, with the voltage readings 
and power densities plotted on the x-axis against the current 
densities plotted on the y-axis. The polarization line of voltage 
is plotted along with the current density and power density, 
which both consider the electrode's surface area being 0.01225 
m2, by which the maximum power density is at 29.29 µW/m2. 
Moreover, the lowest power generated is by the pure series 
configuration at 0.57 µW, having a lower current value of 4.74 
µA against an external resistance of 25400 Ω. Power densities 
increase to a peak point and then deteriorate after a duration. 
This result trend ties nicely with the typical polarization and 
power density graph wherein the cell voltage decreases with an 
increasing current density by Ohm’s law. Moreover, it shows the 
power density relationship with the current density. The 
external resistance of the purely parallel stacked cells at 1369 Ω 
attaining the maximum power achieved can also be attributed 
to the cells' total internal resistance in the polarization studies 

(Logan et al., 2006). Herein, the external resistance would be 
equivalent to the internal resistance. 

 
3.6 Wastewater treatment parameter reading  

Several wastewater parameters were part of analyzing the 
functioning 32-celled microbial fuel cell system. This includes 
the oxidation-reduction potential (ORP), the total dissolved 
solids (TDS), pH, and the chemical oxygen demand (COD) 
removal. The application of the MFC system was not limited to 
power generation, but several studies have explored its 
functions using several wastewater types. 

The oxidation-reduction potential of the system after 15 
days (about two weeks) was observed to have linearly 
decreased, as well as the system's total dissolved solids (TDS). 

Table 1 
Polarization data for cumulative stacking of MFC pure and hybrid connection 

Hybrid MFC 
connection code 

Maximum External 
Resistance (mΩ) 

Maximum Power (µW) 
Maximum Power Density 

(µW/m2) 

Series – Parallel Hybrid configuration 

4S-8P 3.37 9.86 25.15 

8S-4P 15.00 2.38 6.09 

12S-3P 7.30 2.73 6.97 

16S-2P 25.40 1.29 3.30 

20S-2P 15.00 1.29 3.30 

24S-2P 15.00 1.15 2.95 

28S-2P 10.05 3.33 8.50 

Pure Series 25.40 0.56 1.45 

Parallel – Series Hybrid Configuration  

4P-8S 15.00 2.66 6.80 

8P-4S 7.30 3.62 9.24 

12P-3S 2.02 4.71 12.02 

16P-2S 2.48 4.85 12.37 

20P-2S 3.37 5.44 13.87 

24P-2S 1.37 7.65 19.53 

28P-2S 0.62 7.41 18.91 

Pure Parallel 1.37 11.48 29.29 

 

 
Fig 12. Maximum polarization and power density curve for 
cumulative pure parallel connection 
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This is contrary to the minute changes; the increase in the pH 
ranges from 7.72 to 8.28, which was about only a 7.3% change 
in that range. The pH reading was identified as unstable and did 
not show any significant trends as the trial of wastewater 
continued. This can be attributed to the instability of the 
wastewater sample and, thus, is typical for a system with 
disturbance. This could happen when the set-up is suddenly 
moved or disturbed. 

The highest ORP value was read on the first day at +48.0 
mV, and the lowest was read on the last measurement day at -7 
mV, as shown in Figure 13. Biochemical reactions such as 
denitrification may correspond to the results being that these 
figures were identified to be in between the range of +50 mV to 
-50 mV in the ORP, wherein the nitrate (NO3

-) reduction to 
molecular nitrogen (N2) in the wastewater sample occurs. 
Denitrification occurs in an anoxic (no oxygen) environment 
wherein heterotrophic bacteria are mainly responsible for 
converting nitrates to nitrogen (Si et al., 2018). This ties nicely 
with the fact that the MFC design was theoretically targeted to 
be a closed system and anaerobic, limiting oxygen in the 
system. This was done by incorporating rubber linings on the lid 
and the holes atop the lid where the 32 individual MFCs were 
positioned. However, this would not be tangibly verified since 
no direct measurements of nitrates and nitrogen content in the 
system were done. That is part of the limitation of the project. 
However, in terms of the obtained ORP and pH values 
measured for 15 consecutive days, together with the TDS, an 
inversely proportional relationship between the two parameters, 
pH and ORP, is supported by similar studies (Copeland et al., 
2004). 

The wastewater's total dissolved solids (TDS) content can 
be attributed to the dissolved minerals and salts present in the 
substrate. Shown in Figure 13 was the TDS trend on the 15-day 
reading. The concentration of the TDS on the first day of the 

measurement was 270 ppm, which decreased to the lowest 
concentration of 225 ppm. A similar MFC study aligns with this 
decrease in TDS and other parameters such as total suspended 
solids (TSS) and nitrates (NO3

-), arguing how viable the MFC 
system is as an economical technology in wastewater treatment. 
This occurs due to the microorganisms present in the substrate 
and is impacted by some elements in the sample, such as salt 
content, wastewater volume, and oxidation and oxygen 
reduction occurring in the system. There is no direct correlation 
between the TDS and the other parameters, pH and ORP. 
However, the researchers noted that the inverse relationship 
between the data produced by TDS and pH may have been due 
to some components like phosphates, nitrates, carbonates, 
minerals, or other impurities present as dissolved solids in the 
wastewater utilized. These impurities presently affect the 
chemical properties of the water, wherein the pH changes may 
happen based on, thus also affecting the ORP. A good example 
is that pure water with a pH of 7.0 will likely have a negligible 
value to zero TDS. 
 
3.7. COD Removal Efficiency 

The chemical oxygen demand removal and the design of 
electrodes function in a microbial fuel cell (MFC) system as 
factors that are usually modified and studied due to their 
correlation. In essence, the surface area of the electrode is 
deemed to be a significant factor in increasing its efficiency due 
to its function as biocatalytic activities happen in these sites. 
Prior studies have found a correlation between the power 
densities of microbial fuel cells and COD removal efficiency. A 
study on an air-cathode MFC using petrochemical wastewater 
showed that COD removal efficiency and power generation 
increase (Sarmin et al., 2018). Furthermore, a study on the 
operation of another air-cathode MFC system utilizing a biofilm 
and operating at different COD concentrations showed an 
optimum range of external resistances wherein maximum 
power is generated. Herein, a comparison of polarization curves 
of different COD concentrations shows the highest power 
density generated from the MFC operated with the highest COD 
concentration (Pinto et al., 2022). This explains the parameter 
being tested in several MFC systems with various changes in 
design fabrication and using several wastewater types. 

The percent COD removal calculated and achieved by the 
system is about 95.24% removal efficiency (initial COD of 987 
ppm, final COD of 47 ppm). This parameter may be identified to 
be an integral part and factor of the MFCs' overall efficiency 
since organic matters that were oxidized by the bacterial 
activities inside the system while simultaneously producing 
energy are attributed and quantified through the COD removal 
efficiency. A similar pattern of results has been found in previous 
studies wherein the COD removal efficiency of the MFC 
systems was measured. A study on MFC-cascade stacked using 
a siphon-type tubing system achieved about 96% COD removal 
efficiency (Ledezma et al., 2013). Another study of MFCs 
incorporating dairy wastewater on a dual-chambered system 
obtained a maximum % COD removal of 92% (Al-saned et al., 
2021). Furthermore, the 32-celled MFC study showed a greater 
COD removal efficiency than another 3D-printed membrane 
electrode assembly that was fabricated by a graphite coating has 
achieved <80% COD reduction (Theodosiou et al., 2019) versus 
the 95% reduction attained in this study. These findings suggest 
that the 32-celled MFC system can keep up and may even 
surpass the efficiencies from existing designs of current studies. 
Moreover, the relationship of the electrode design played a 
significant role in this bacterial activity. The greater surface area 

 
(a) 

 
(b) 

Fig 13. Daily reading of (a) oxidation-reduction potential (ORP), 
and (b) total dissolved solids (TDS). 
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corresponds to more sites for biocatalytic activities to occur. 
This is quantified by the COD removal efficiency where organic 
matter from the wastewater used was consumed while that 
consumption allows bioelectricity generation (Malik et al., 2023). 
Moreover, nutrient depletion happens when bacterial activities 
are no longer maintained due to decreased soluble COD, 
eventually reaching a certain threshold (Li et al., 2021). 
 
4. Conclusion  
 

Incorporating 3D-printing technology in the fabrication of 
the 32-celled MFC technology offered flexibility on the design 
freedom with the gyroid pattern appealing to desired electrode 
properties of bacterial adhesion by increasing its surface area. 
The study attained a maximum voltage of 633 mV and a current 
of 14.22 μA from the individual cell reading. The comparison of 
the pure series and pure parallel cumulative stacking shows the 
underperformance of the series stacking. It favors the parallel 
configuration as well as the hybrid parallel configurations to 
illustrate a more efficient operation than the series. The power 
and power density data show the maximum attainable power of 
11.49 µW and power density of 29.30 µW/m2 from the pure 
parallel connection. The higher the current and voltage values 
with low external resistance, the higher power generated, thus, 
higher power density. On the contrary, the highest external 
resistance of 25400 Ω (pure series) gives the least power density 
of 1.45 µW/m2. Higher current and voltage values with low 
external resistance corresponded to higher power generated 
and, thus, higher power density.  

The MPP of the 32-celled MFC system is at the internal 
resistance of 1369 Ω. Collectively, the results show consistent 
data favoring the pure cumulative and PS connections over pure 
series and SP connections. Additionally, wastewater parameters 
of %COD reduction, pH, TDS, and ORP were measured 
accordingly. The TDS and ORP collectively decreased over the 
testing period, possibly attributed to denitrification of the 
substrate, which was not exclusively covered in this paper.  
There were minute changes in pH that ranged from 7.72 to 8.28. 
The %COD reduction of 95.24% efficiency indicates high 
generation of power densities, and the identification of the 
range of external resistances from the polarization studies for a 
particular COD content can be helpful to prevent the decrease 
in mass transfer losses, eventually leading to a decrease to no 
current produced. The latter occurs when operating beyond the 
optimum range of external resistances. The use of diode for 
hybrid circuits could reduce the effects of voltage reversal 
during MFCs voltage generation. This could further enhance the 
capacity of the system to produce more power and efficiency.  
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