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ABSTRACT. Plant-Microbial Fuel Cell (PMFC) technology is a promising bioelectrochemical system that can exploit natural plant
rhizodeposition to generate electricity. PMFCs can be used to simultaneously generate electricity while growing edible plants, as
illustrated in this study. However, the common problem encountered for soil PMFCs is the low power output. To solve this problem, the
stacking behavior of PMFCs was examined to maximize the power output of several cells. A grid of 9 PMFCs (3x3) was constructed with
stainless steel and carbon fiber electrodes growing green beans (V. ungiculata spp. sesquipedalis) for stacking purposes. Stacking results
have shown that too many cells connected in series will result in voltage losses, while stacking in parallel conserves voltage between cells.
Stacking a maximum of 3 cells in series is acceptable based on the results, since cumulative stacking revealed that voltage reversals can
reduce the overall potential of the stack if there are too many connected cells. Stack combinations were also tested, resulting in an
enhanced performance upon combining series and parallel connections allowing power to be amplified and power density to be conserved.
The combination of three sets of three cells in series stacked in parallel (3S-P) generated the highest power and power density (160.86
uW/m?) amongst all combinations, showing that power amplification without losses to power density are possible in PMFC stacking.
Overall, proper stacking combinations have been shown to greatly affect the performance of PMFCs. It is hoped that the results of this
study will contribute to the efforts of applying PMFC technology on a larger scale. ©2020. CBIORE-IJRED. All rights reserved
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1. Introduction protons and electrons from their cells through
extracellular electron transfer (Ishii et al., 2017). Through
this process, PMFCs generate electricity by utilizing
sunlight to fix atmospheric carbon to its roots, which in
turn is oxidized by rhizospheric bacteria. This makes
PMFCs a carbon-neutral electricity generator. PMFCs are
also attractive to use in agricultural lands as it permits
the simultaneous generation of electricity and biomass
production.

Before PMFCs can be applied on a large scale for green
electricity generation, design characteristics and other
process variables are to be optimized to reduce cost and
maximize power. Attempts to optimize fuel cell elements
such as electrode material, spacing, configurations, model
rhizodeposition (Nitisoravut & Regmi, 2017; Bais et al Slant, substrate,. and. in-situ - applications are well

. . . . ocumented for Microbial Fuel Cells MFCs) (Pamintuan,
2006). The rhizodeposits, mainly composed of simple B ba. & Domi 2020 .

. - e agumba, omingo, )(Zhouw et al., 2017)(Hou, Liu,
sugars and amino acids (Bacilio-Jiménez et al., 2003), are & L, 2015)(Logan et al., 2006), but not for PMFCs. The

consumed by bacterl.a in the r hizosphere. Some baCte]?la’ key difference is that PMFCs are mainly applied in plant-
called exoelectrogenic bacteria, are capable of releasing sustaining soil while MFCs are operated in aqueous

An increasing pressure to reduce our carbon emissions
from the energy sector to curb excessive global warming
points to the development of renewable energy
technologies. Bioelectrochemical systems (BES) as applied
to renewable energy generation shows promise as it
utilizes living systems to generate electricity or produce
energy-dense compounds (Bajracharya et al., 2016). One
subclass of BESs are Plant-Microbial Fuel Cells (PMFCs).
They serve the same functions as solar photovoltaic cells;
PMFCs generate electricity from sunlight that drives
photosynthesis, forming carbon compounds. Some of these
compounds are stored by the plant while some are
excreted through the roots through a process called
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solutions and are often fed with wastewater. Literature is
scarce for PMFCs using food-bearing plants, with Oryza
sativa (paddy rice) as an exemption. In an actual field
study of PMFCs growing O. sativa, it was reported that
power densities were about 75% higher if the cathodic
surface area is larger than the anode, indicating that the
cathodic reaction is rate-limiting in established PMFCs
(Ueoka, Sese, Sue, Kouzuma, & Watanabe, 2016). Another
study investigated the use of maple wood biochar as anode
material on the power generation and methane production
of paddy soil with O. sativa. While power generation was
about 73% lower than a PMFC using carbon felt as anode,
methane emissions were about 39% lower for those with
biochar anodes (Khudzari, Gariepy, Kurian, Tartakovsky,
& Raghavan, 2018). If PMFCs are to be applied in
farmlands, more studies are to be conducted with food-
bearing plants and improved designs and configurations.

The stacking of PMFCs was previously reported for
aquatic cells growing Ipomoea aquatica (water spinach)
and Pistia stratiotes (water lettuce)( Pamintuan, Clomera,
Garcia, Ravara, & Salamat, 2018) with promising results.
It was demonstrated that aquatic PMFCs have additive
voltage and constant current in series connection, and
additive current and constant voltage in parallel
connection, a behavior similar to commercially available
electrochemical cells. This information is important for
scaling-up as smaller stacked cells are more efficient than
one large cell, at least in MFCs (Greenman & Ieropoulos,
2017). Stacking cells in various configurations have been
shown to reduce internal resistance and increase power
density in MFCs (Ieropoulos et al 2013)(Yazdi et al 2015).
Although stacking behavior was positive with aquatic
PMFCs, the same is yet to be demonstrated to terrestrial
PMFCs. As this is the first study that tackles stacking in
terrestrial PMFCs, elucidating the stacking behavior of
soil PMFCs will hopefully lead to increased performance
and the possibility of in-field large-scale application.

This study aims to characterize the stacking capability
of low-cost terrestrial PMFCs growing Vigna ungiculata
spp. sesquipedalis (green bean), a commonly grown food-
bearing plant. Stacking limits, mixed stack
configurations, and voltage losses will be discussed and its
implications in scale-up will be examined. This study is
the first of its kind as it uses a fruit-bearing legume (V.
ungiculata) to illustrate the possibility of concurrent food
and electricity generation in the same land. This bears
great importance as developments could lead to farmlands
being capable of generating appreciable amounts of green
electricity while continuing to provide food for the people.
Doing so could lead to further innovations in design for
terrestrial stacked PMFCs, with the ultimate goal of
bringing the technology on the field for simultaneous
electricity generation and biomass production.

2. Materials and Methods
2.1 PMFC Configuration

The PMFC set-up was constructed using twin-wall
polycarbonate plastic with the same dimensions as
reported previously (Pamintuan et al., 2018). The design
is shown in Figure 1. The specific design was chosen to
incorporate a biocompatible anode (carbon felt, Sinotek
Materials Co., Ltd., China) and a catalyzing cathode
(stainless steel 304, Anping ADY, China). Both electrodes

have a nominal dimension of 10.16 cm by 2.54 cm (25.8
cm?). Holes were drilled in the bottom of the container to
facilitate the draining of excess water and oxygenation of
the soil near the cathode. Loam garden soil was sourced
from a gardening shop and was first thoroughly mixed in
bulk before placing in PMFCs to ensure a consistent
composition of the soil. A piece of cotton cloth with the
same dimensions as the cross-section of the PMFC (232.26
cm?) was placed between the anode and cathode to act as
a low-cost separator. An external resistor (2000 Q, 0.25 W)
was connected to each anode-cathode pair of the PMFCs
to close the circuit. The resistance value was chosen
considering that an external resistance higher than the
internal resistance of the cell would most likely lead to
larger losses compared to a lower resistance value (Nikhil,
Krishna Chaitanya, Srikanth, Swamy, & Venkata Mohan,
2018). From a previous study on terrestrial PMFCs,
internal resistances were measured to be around 8000-
10000 ohms (Kristopher Ray S. Pamintuan & Sanchez,
2019).

Fifty (50) seeds of V. ungiculata were grown for 20 days
in seed trays with moist loam soil. After germination, they
were transplanted to the constructed PMFC assemblies,
making sure that the roots will touch the anode. V.
ungiculata was chosen as a model plant for several
reasons: it hosts nitrogen-fixing bacteria in the roots
which can be important in PMFC operations (Nitisoravut
& Regmi, 2017), it is a commonly grown crop in tropical
countries, and it can be harvested multiple times, thereby
lengthening the time that the plant spends in the soil
which is beneficial for PMFCs. This allows for continuous
harvest of biomass and bioelectricity from the plants.
Transplanting was done early in the morning to avoid
temperature shock to the plants. Nine plants were
selected to be transplanted based on similarities in initial
height (21.62 cm + 1.82 c¢cm), number of leaves (> 6), and
vigor. The soil was not compressed. All cells were watered
twice daily, morning and afternoon, with 50 mL of distilled
water per cell per watering. No fertilizers were used for
the plants.

2.2 Stacking potential and efficiency

Voltage was the primary parameter measured against a
2000-Q external resistor using a multimeter (RS Pro
RS12). Current (I =V/R), current density (I; =1/4),
power (P = V2?/R), and power density (P; = P/A) where A
is the nominal anode area were then computed from
voltage data. Voltage was measured daily for individual
cells (IND), 3 cells stacked in series (3S), 3 cells stacked in
parallel (3P), 9 cells stacked in series (9S), and 9 cells
stacked in parallel (9P). Several possible non-repeating
permutations for stacking were performed to have a clear
picture of the stacking characteristics of PMFCs.
Furthermore, series and parallel combination stacks were
also observed: 3 sets of 3 cells in series stacked in parallel
(3S-P), and 3 sets of 3 cells in parallel stacked in series
(8P-S). To determine stacking efficiency, cumulative
stacking tests were performed. In these tests, an
increasing number of cells were sequentially stacked in
series and parallel (e.g. 1, then 1-2, then 1-2-3, and so on)
to determine the behavior of voltage as the stack size
increases. This allows for the determination of the
maximum number of cells that can be efficiently stacked
as well as the potential drop for stacking too many cells.
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Fig 1. Designed PMFC Assembly: (a) individual cell; (b) group
of 9 cells for convenient stacking

2.3 Measurement of possible heavy metal contamination

Since the PMFCs in this study are valued for both
bioelectricity generation and biomass (food) production,
the amounts of chromium and nickel must be determined
from the system. This is part of the hypothesis that one of
the drawbacks of using stainless steel as the cathode
material is the possibility of it leaching chromium and
nickel to the soil, and worse, to the plant. To ensure the
safety of stainless steel in PMFCs, the amounts of nickel
and chromium were determined from the soil, leaves, and
bean pod samples after the experiment. The
concentrations of the heavy metals were determined both
for pristine samples (control, no electrodes were placed)
and for the samples inside the PMFC.

The samples were first oven-dried at 80°C in an oven
until constant weight. The samples were then pulverized
using a blender and digested in sufficient amounts of 70%
nitric acid under gentle heating until brown fumes cease
to form (around 30 minutes) (Pequerul, Perez, Madero,
Val, & Monge, 1993). The resulting solutions were filtered
and diluted to 50 mL. The solutions were processed in
Inductively Coupled Plasma — Optical emission
Spectroscopy (ICP-OES, Perkin Elmer Optima 8000) for
determination of chromium and nickel content using
standard calibration method. The operation of the
instrument was followed from the application note
provided (Sarojam, 2010).
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3. Results
3.1 Individual performance of PMFCs

The PMFCs were monitored for a minimum of 50 days
after transplanting with combined vegetative and
reproductive stages. This allows for the observation of the
voltage of PMFCs concerning the growth stage of the
plant. The growth of plants is generally differentiated into
two main stages: the vegetative stage and reproductive
stage. The two stages are differentiated by the presence of
carbon sinks in the plant. During the vegetative stage, the
roots are carbon sinks, while seeds and fruits are carbon
sinks during the reproductive stage (Holland, Monk,
Clayton, & Osborne, 2019). The voltage trend of the
individual cells is shown in Figure 2. The observed onset
of flowers started at day 18. A steady increase in voltage
was observed during the vegetative stage as more
rhizodeposits are exuded in the roots, then the voltage of
PMFCs started to decrease at the onset of flowering (day
18), and further decreased during fruit development. This
pattern was consistent with findings on different varieties
of rice (Oryza sativa), noting that in general,
rhizodeposition decreased during the fruiting stage
(Aulakh, Wassmann, Bueno, Kreuzwieser, & Rennenberg,
2001). This suggests an increase of nutrition priority to the
fruits of the plant decreases the rhizodeposits available for
microorganisms in the rhizosphere, leading to lower
bioelectrical output. This is another hurdle for PMFCs
growing food plants as most of them are valued for their
fruits. However, there are also indications that the
translocation of carbon compounds to the roots is
enhanced upon removal of carbon sinks in the plant, i.e.,
removal of the fruits(Klaring, Hauschild, & HeiBner,
2014). Hence, such fluctuations in voltage of PMFCs
growing food plants are expected and mainly attributed to
its development stage and presence of carbon sinks.

There is a considerable variation in the voltage output
of the individual cells. On average, voltages of the cells
varied by about 115% from the daily mean. Such a large
variation in voltage output is attributed to several factors
such as plant physiology, microbial population of the
rhizosphere, soil condition, environmental effects, and
other factors that are difficult to control (Nitisoravut &
Regmi, 2017). This also shows that variation in power
output is evident even in similarly constructed cells, a
factor that will be important when considering large-scale
applications.
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Fig 2. Average individual voltages of PMFCs showing the
divide between vegetative and reproductive stages
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3.2 Pure Series and Parallel Stacks

The daily average voltage of individual (IND), 3 cells
stacked in series (3S), and 3 cells stacked in parallel (3P)
are shown in Figure 3. The trends of the three curves are
noticeably similar, with the individual and 3 cells stacked
in parallel overlapped with each other. This confirms what
we already know for batteries; three cells connected in
parallel would exhibit the same voltage of a single cell,
similar to previous reports on open-circuit aquatic PMFCs
(K.R.S. Pamintuan et al., 2018). However, for series
connection, it is expected that the voltage of three cells
connected in series would be 3 times that of the individual
voltage. The data suggests that on average, it is only about
2.4 times the individual voltage.

This discrepancy was further examined by repeatedly
measuring both voltage and current of different
permutations of cells connected in series and parallel
during the latter stages of the experiment where the
voltage has stabilized. In Figure 4a, the actual voltage of
3 cells in series is on par with the expected or theoretical
voltage.

However, this is only true because of the large
variation in samples resulting in a high standard
deviation. If the observations are interpreted individually,
about 75% of samples in series showed voltages that are
75% lower than that of the theoretical. This difference in
voltages can be attributed to losses due to connections and
it is expected to be magnified as more cells are connected.
The actual current of the cells connected in series is in
agreement with the theoretical, which should be the same
current of the individual cell.

For three cells connected in parallel (Figure 4b), it is
expected that the current of the stacked cells is three times
the current of the individual cell and the voltage of the
stack will be similar to the voltage of the individual cells.
In terms of voltage, the expectations were met, even
overshot. However, for the current of the cells connected
in parallel, there is a large discrepancy in actual and
expected values. Further analysis of the data revealed
that the current exhibited by a stack of three parallel cells
is only equivalent to the current of an individual cell.
Thus, parallel stacking can preserve the voltage of the
group at the expense of lower current. By now, the
problem with stacking bioelectrical systems is unfolding;
when polarized, they do not behave in the same way as
batteries.
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Fig 3. Daily average voltage comparisons of individual PMFCs
to those stacked in series and parallel
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Fig 4. Averaged voltage and current of 3 cells connected in (a)
series and (b) parallel compared to the expected values

Stacks of 9 cells in series and parallel were also
investigated, and the results are summarized in Figure 5.
The results were similar to the previous stacks of 3 cells,
but the problems are more evident; large voltage drop for
series connection (only 38% of theoretical), and large
current drop for parallel connection (only 13% of
theoretical). The losses previously noted in stacking 3 cells
were much more magnified, suggesting that the losses are
a function of the number of cells connected (Oh & Logan,
2007). As such, the results prompted the addition of
cumulative stacking to the analysis.

3.3 Cumulative Stacking

Cumulative stacking was performed to determine the
progression of losses in the stacking chain. It can help
identify faulty cells or identify the most efficient number
of cells that can be stacked. Shown in Figure 6 are the
results of cumulative series and parallel stacking.
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Fig 5. Averaged voltage and current of 9 cells connected in (a)
series and (b) parallel compared to the expected values

The cumulative stacking verified the results from
stacking 9 cells in series and parallel. There is an
appreciable amount of voltage loss for series stacking
beyond 3 cells (Figure 6a) in which the voltage failed to
increase even as more cells are connected. This reveals the
electrical nature of PMFCs as flawed generators of
electricity. The failure of one cell across a string of many
stacked cells will result in a lower total voltage of the
system (Estrada-Arriaga et al., 2017). However, the data
shows that faulty cells are not the problem, as pictured by
the rising theoretical line. Thus, the problem of the stack
is voltage reversal. In Microbial Fuel Cell (MFC) studies,
voltage reversals were observed to occur under a variety
of circumstances such as the presence of a weak cell
causing the stronger cells to “charge” the weak cell or the
variation of internal impedance due to membrane
separator fouling (Gurung & Oh, 2012). When voltage
reversal occurs, the polarity of the weak cell switches,
making the anode positive and the cathode negative. In a
series connection, this results in a voltage decrease rather
than an increase due to the negative potential of the weak
cell. Cumulative stacking in parallel (Figure 6b) showed
higher stack voltages than expected. In a parallel
connection, the voltage of the stack is expected to be the
average voltage of the cells.
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A higher stack voltage in parallel was observed for all
trials and permutations. These results are consistent with
stacking 3 and 9 cells in parallel. The results suggest that
parallel stacking prevents losses in voltage but is
consistently generating lesser current than expected.
Furthermore, too many cells connected in series are
preserving the current but fail to reach higher voltage,
leading to problems in large-scale systems. Thus, stack
combinations are also tested to see if it solves this
problem.

3.4 Stacking Combinations

Tests on stacking combinations were performed beyond
day 30 as the average voltage of the individual cells were
reaching a stable value. Two configurations were
observed: 3 sets of 3 cells in series stacked in parallel (3S-
P) and 3 sets of 3 cells in parallel stacked in series (3P-S).
The idea was to cancel out both the strengths and
weaknesses of series (failure of voltage increase beyond 3
cells but can sustain current) and parallel connections
(consistently high stack voltages but cannot increase
current). The results are summarized in Figure 7.
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Fig 7. Voltage and current readings of PMFC stack
combinations; (a) 3 sets of 3 cells in series stacked in parallel
(3S-P), and (b) 3 sets of 3 cells in parallel stacked in series (3P-
S)

Both configurations were able to reach the expected
voltage and current, even exceeding in some cases. This is
important because this shows that it is possible to magnify
both current and voltage in PMFCs with the proper
configuration. However, connecting several series of cells
in parallel (3S-P) ultimately produced the highest
sustained voltage and current, and ultimately the highest
power. To test if the combination stack has exceeded the
performance of individual cells, a summary of power and
power density for all tested systems in this study are given
in Figure 8.

In general, high power and power density are sought
for PMFCs. The main way to increase power is to increase
the electrode surface area or stack many cells which also
increases the total electrode surface area. However, a
common trend observed is although power tends to
increase as the electrode surface area is increased, the
power density generally goes down. This happens as the
incremental increase in the power due to the increased
surface area is not enough to increase power density;
instead, the power density quickly deteriorates as the
electrode surface area increases. This is commonly seen in
MFCs wherein the additional resistance of more electrode
surface dilutes the power produced resulting in a lower
power density(Zhang et al., 2014).
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Fig 8. (a) Power and (b) power densities of all studied systems:
individual (IND), 3 cells in series (3S), 3 cells in parallel (3P),
9 cells in series (9S), 9 cells in parallel (9P), 3 sets of 3 cells in
series stacked in parallel (3S-P), and 3 sets of 3 cells in parallel
stacked in series (3P-S)

The same was true for this study; take into
consideration the succession of IND, 3S, and 9S. The
number of cells increases from 1 to 3 to 9, which also
increases the anodic surface area from 25.8 cm2to 77.4 cm?
to 232.2 cm?2. In terms of power, stacking in series resulted
in an increase in power (0.39 pW < 1.00 pW < 1.37 uW,
Figure 8a). However, since the anodic surface area
increases faster than the increase in power, the trend for
power density is decreasing (149.45 pW/m2 > 129.28
pW/m2 > 59.00 pW/m?2, Figure 8b). The decrease in power
density is even faster in parallel connection. This implies
that neither series nor parallel connections alone are
sufficient for boosting the productivity of PMFCs.

The combined stacking showed interesting results. The
configuration of 3 sets of 3 cells in parallel stacked in
series (3P-S) showed an increase in power compared to
individual cells but a lower power density. On the other
hand, the configuration of 3 sets of 3 cells in series stacked
in parallel (3S-P) was able to amplify the power of an
individual cell by a factor of 9.7 while maintaining a
higher power density than the individual cells (160.86
uW/m2). The configuration increased the power generation
of PMFCs while preserving the power density of the
system, which is the ultimate goal.
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3.4 Possible Heavy Metal Contamination

Since a catalyzing stainless-steel electrode was used as
the cathode, it is of concern if it will leach heavy metals to
the soil or the plant especially if PMFCs are being pushed
as being able to grow food while generating electricity. The
nickel and chromium content of the different parts of the
PMFC are shown in Figure 9. Both nickel and chromium
are naturally present in the soil albeit in varying
quantities. In this case, there are existing amounts of
nickel and chromium in the soil. After more than 2 months
of operation, the levels of both heavy metals only increased
slightly, still below the usual concentrations in soil (20
mg/kg for Ni(Eskew, Welch, & Cary, 1983) and 50 mg/kg
for Cr (Kimbrough, Cohen, Winer, Creelman, & Mabuni,
1999)). There is also a reason to believe that a large
portion of the chromium and nickel present in the soil are
in stable forms such as insoluble hydroxides because their
concentrations in leaves and bean pods of the plant are
very low, some even below the detection limits of ICP-OES
(0.5 ppb for Ni and 0.3 ppb for Cr). These promising results
show that even with the electrical nature of PMFCs, the
fruits produced by the plants are safe and are not
accumulating heavy metals introduced from the
electrodes. The voltage passing through the system even
in stacked conditions is not enough to convert the metals
into ionic species at an appreciable rate. However, care
must be exercised if this will be applied to a larger system
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capable of generating higher voltages as it may accelerate
the transfer of metals from the electrode to the soil or
plant matrix. An inert electrode such as carbon-based
materials could be used as cathode materials at the
expense of reduced performance.

4. Discussion

This study is the first known attempt of a deep stacking
analysis for terrestrial PMFCs. Although several studies
have investigated stacking in MFCs (Ieropoulos et al.,
2013)(Zhang et al., 2014)(Liu, Zhang, Liu, Wang, & Hao,
2015)(Linares et al.,, 2019)(Reyes, Lat, & Pamintuan,
2018), the difference in substrate and nutrient source
made comparisons with PMFCs irrelevant. For instance,
stacking reports on MFCs indicate that MFCs are
stackable without much voltage reversal as long as each
cell was maintained with the same nutrient media, and its
consumption is at similar rates. Voltage reversal was only
observed upon the depletion of nutrients wherein the
degrading bacteria starved and the MFC was unable to
generate enough voltage, thus affecting the stack voltage
(Oh & Logan, 2007). Theoretically, there should be no
danger of voltage reversal in PMFCs if voltage reversal is
caused by a lack of nutrients as the PMFC runs on
rhizodeposits, which are continually supplied by the plant.
However, in this study, the voltages of each cell were
appreciably different from each other due to
uncontrollable factors such as local microscopic
differences in soil and other conditions. Those
discrepancies are suspected to cause inconsistencies with
predicted and actual values of both voltage and current.
A previous attempt to stack PMFCs used an aquatic
system with aquatic plants(K.R.S. Pamintuan et al.,
2018). The results demonstrated the ideal behavior of
batteries stacked in series and parallel and no voltage
reversal was observed. In an aquatic set-up, ions
encounter little resistance to movement as the media is
one continuous fluid matrix and thus a gradient that
supports uniform diffusion is achieved. Soil, on the other
hand, is highly heterogeneous and variable. The
diffusivities of ions in the soil are several magnitudes
lower than their diffusivities in water (Nye, 1979). The
movement of ions is restricted by the water content of the
soil and is hindered by air pockets, pebbles, and
discontinuities within the matrix for ion movement mainly
relies on diffusion though trapped solution in the pores of
soil particles (Vaidyanathan, Drew, & Nye, 1968). For this
technology to be applied in a real farmland, more control
over ion movement is necessary as modifying the soil just
for PMFC use is impractical. One way around this problem
is to decrease the distance between anode and cathode
such that the ions would travel through less soil and thus
increase the rate of the current generation. In a study on
membrane-less MFCs, it has been observed that the
voltage of the cell was highly dependent on anode-cathode
spacing (Kristopher Ray S. Pamintuan et al., 2020); too
close and the voltage suffers presumably due to voltage
reversal induced by ions moving towards the wrong
direction, too far the voltage also drops due to increased
media resistance. In some studies, it was demonstrated
that the anodes and cathodes can be placed near each
other as long as a membrane maintains a gradient for
proton diffusion (Wetser, Dieleman, Buisman, & Strik,
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2017). This could be a superior design for terrestrial
PMFCs as no soil between the anode and cathode hinders
diffusion.

Stacking studies on MFCs have relied on cells on
separate containers in which the working fluid has no
contact from cell to cell. In this study as well, the cells are
also separated by boundaries to prevent contact of
substrates which will lead to short-circuiting. However, if
practicality is considered for scaled-up operations, it
would be very impractical to convert a planting field into
discrete pots or cells to house PMFCs as they hinder
normal mechanized farm operations such as tilling, soil
priming, seedling transfer, etc. This poses a challenge on
the design level to implement a configuration of PMFCs
that is stackable to provide an appreciable amount of
electricity, with means for energy storage (De La Rosa et
al., 2019), and easy to deploy for ease of operations. All
these efforts point to the goal of utilizing farmlands to
simultaneously generate electricity and produce biomass
and will be the subject of future investigations.

5. Conclusion

Stacking of PMFCs was successfully performed with a
combination of series and parallel connections in a stack
being the most efficient. The voltage and current of
stacking a few cells in series or parallel mostly agreed with
the theoretical values, but quickly deteriorate to low levels
upon increasing the number of cells connected linearly.
The configuration of 3 sets of 3 cells in series stacked in
parallel was able to amplify the power of a single cell as
desired while also increasing the power density. Stacking
of many cells in pure series or pure parallel connections is
discouraged as voltage reversal can hinder the stack from
reaching its theoretical potential. Voltage reversal can
also happen easily in PMFCs as several factors diversify
the output of individual MFCs. Overall, the results of this
study indicate the possibility of stacking PMFCs and could
be used to investigate the large-scale applications of this
technology.
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