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ARTICLE INFO ABSTRACT

Keywords: The plant-microbial fuel cell (P-MFC) is a suitable stand-alone power source for low-power (mW) electronics. P-
Plant-.m-icrobial fuel cell MFCs have been studied extensively under laboratory conditions. Some studies investigated P-MFCs under field
Electricity conditions, usually on a small scale or for a short time. The objective of this research was to identify the per-
‘S: ;;:; d restoration formance of the tubular P-MFC over a period of years during the establishment of a constructed wetland from a
Scale-up brownfield that was fed with water from a ditch. The performance of tubular P-MFCs with seven different
Tubular commercially available electrode materials, different depth below the surface, tube length, as well as tube

diameter, was investigated by measuring voltages and temperature, as well as by performing polarization
measurements. With a maximum of 13-18 mW/m? projected plant surface, or 1.1 mW for a 1m tube, the tubular
P-MFC is expected to be a suitable power source for remote sensing equipment. The performance of the tubular P-
MEFC is correlated to temperature and decreases significantly at temperatures below 6 °C. Longer tubular P-MFCs
produce more power, but less power per meter, where the optimum tube length seems to be around one to 2 m.
Longer tubes experience higher losses due to material resistance. The tubular P-MFC design is not so sensitive to
different electrode material choices, and smaller P-MFCs seem to perform relatively well. To utilize P-MFC power
for sensor applications, an appropriate harvester should be designed that is able to find the maximum power
point of the P-MFC while harvesting and has sufficient buffer capacity in case of temperature and seasonal
variations.

1. Introduction electricity production, as well as potential methane reduction, wetland

restoration and nature conservation [5-8]. The technology can be

The plant-microbial fuel cell (P-MFC) is an emerging technology that
converts organic matter into electricity using living plants and bacteria
naturally present in the soil. In a P-MFC, organic matter is oxidized by
electrochemically active bacteria (EAB) that use an electrode, the anode,
as a terminal electron acceptor. Depending on how the systems are
implemented, this organic matter can be derived from the rhizodeposits
of living plants, plant waste, and soil, as well as from the influx of ma-
terials from (natural) water flows or as a combination of these sources.
In addition to EAB, chemical-induced oxidation reactions can also be
expected to occur in a P-MFC, especially once P-MFCs are placed into
marine sediments where oxidation of sediment sulfide could play a role
[1,2]. The anode is connected through an external circuit to a cathode,
where oxygen from the air is reduced to water [3]. Oxygen can be
reduced at the cathode abiotically as well as catalyzed by microorgan-
isms through a biocathode [4]. P-MFC applications include “small-scale”
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applied in natural and constructed wetlands, as well as in marine en-
vironments, or even incorporated into plants directly [9]. Wetland
restoration is a recent issue that is gaining much attention [10,11] and
can have multiple purposes when combined with P-MFCs. Since P-MFCs
do not require external energy storage or input, the technology can be
applied in remote areas without electrical infrastructure.

A potential application in which the electricity produced by P-MFCs
can be used is remote sensing. As electronic sensors and microchips
become cheaper and more energy efficient, small-scale wireless sensing
and data collection systems are developed. These systems are often
battery or photovoltaic powered and are frequently installed in remote
places [12-15]. Photovoltaic cells are installed above ground, making
them vulnerable for vandalism by humans or animals [16], and are
dependent on light availability. Batteries can be small and hidden, but
they contain rare-earth chemicals and eventually need to be replaced
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[17]. Although electronic sensors and microchips are becoming cheaper,
the manual labor needed to change batteries is becoming proportionally
more expensive and is driving the need for a stand-alone power source
[18,19], [20]. P-MFCs have the potential to be this power source [21,
22].

Scale-up research and performance evaluation at prolonged periods
of time under real conditions is critical for the implementation of Plant-
MEFC with remote sensing. Different forms of P-MFCs have been designed
and described in the literature, including tubular Plant-MFC [23-25]. In
many P-MFC systems, plants are planted in a reactor containing solely
conductive material, which is labor intensive and may be stressful for
the plant since these plants are often transplanted from natural soil into
a different, conductive, substrate [26]. A tubular P-MFC system, in
contrast, is buried within the subsurface of an ecosystem, which requires
less labor for installation (personal communication Plant-e BV, see S2)
and limited visual disturbance of the ecosystem. While many different
P-MFC designs, including the tubular design, have been extensively
studied, most of these studies have been carried out in the lab [27,28].
Lab studies are suitable for determining single parameters, but they do
not accurately represent more dynamic, natural outdoor conditions.
Some researchers have done P-MFC studies in outdoor conditions, such
as Helder et al. [29] on a roof in the Netherlands and Kaku et al. [30]
using a submerged anode and floating cathode in real rice paddies.
However, these studies have been done on a small scale and not with
tubular P-MFCs. Different studies have investigated the connection of
multiple P-MFCs in series and parallel, but this strategy was not suc-
cessful, causing lower power output and even total collapse due to cell
reversal [31,32]. Sudirjo et al. [24] installed tubular P-MFCs in a rice
paddy in Indonesia, but this was with only three 1-m(1m)-long P-MFCs.
Tubular P-MFCs over 1 m in length in outdoor conditions over multiple
years or seasons have not yet been investigated. Tubular P-MFCs are
designed to be scalable by increasing the length of the tube to allow a
higher power generation. Moreover, seasonal effects, outdoor condi-
tions, and material variations are expected to affect the performance of
tubular P-MFCs [24,29,30,33]. Although there are some studies that
applied a P-MFC as a power source for remote sensing equipment, these
were either under controlled (lab) environments [34,35]; [36] or for a
short time [21]. There is a lack of long-term studies under real outdoor
conditions. Such studies can provide confidence in the tubular P-MFC as
a reliable power source, which is a sensible prerequisite for successful
commercialization. Understanding the scaling effects as well as corre-
lating environmental conditions is imminent in the design of possible
solutions to provide energy for remote sensing.

The objective of this study was to investigate the performance effects
of different electrode materials and configurations of scaled-up tubular
P-MFCs under real outdoor wetland conditions in the Netherlands, for at
least two growing seasons, those being two consecutive spring-summer
periods. To make this study possible, a temporary wetland fed with
water from a local ditch was constructed with ~400 m? surface area on a
remediated brownfield, which was originally part of the large wetland
system called the Loozerheide, in the Netherlands [37]. The results
presented in this research are from a pilot study with 59 tubular P-MFCs,
the combined length of which was more than 100 m. The following
parameters were investigated in triplicate: seven different commercially
available electrode materials, two different installation depths, five tube
lengths, and two diameters of tubes. Dynamic performance (influenced
by external parameters such as temperature and seasons) and effects of
the mentioned parameters were evaluated over a total period of 26
months. Finally, the power and current production of the best per-
forming P-MFC design was assessed, determining the potential viability
of the P-MFC as a remote stand-alone power source for sensing equip-
ment. This study therefore also contributes to the worldwide growing
interest in the Internet of Things [13,14], evaluating a potential power
source for small electric devices for locations and situations where there
is no alternative available.
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2. Materials and Methods
2.1. Experimental site

From August 2016 to October 2018 (26 months), 59 tubular P-MFCs
were installed in a constructed wetland just south of Budel in Brabant,
the Netherlands (51°14'22.5'N 5°35'46.8"E). The pilot site was made
available by the Nyrstar Zinc factory located next to the research site.
The site was a remediated brownfield; a new sand/loam top layer was
added in 1999. The site had little plant growth at the start of the
experiment (Fig. 1); it was dry land where the groundwater level was
artificially maintained at -3m below the surface. A 1m-high levy was
constructed enclosing an area of 8m by 50m. This wetland was fed with
water from a small ditch next to the site (unnamed: 51°14'22.0'"N
5°35'45.2"E) using a sump pump. A level logger (relative pressure
logger, mini-diver Royal Eijkelkamp soil and water, the Netherlands)
was connected through Labview using a NI DAQ (USB-6289, National
Instruments USA) board that was also used to control a relay to turn the
water inlet pump on or off. The pump and level logger were pro-
grammed to maintain a 15 cm water layer (above the surface) within the
constructed wetland. No maintenance was performed, such as mowing,
and no plants were planted or seeded.

2.2. P-MFC assembly and installation

A benchmark tubular P-MFC was used for comparison. The bench-
mark tubular P-MFC has often been used in pilot and demonstration
studies carried out (Patent # EP3167506A1) [38] by Plant-e BV and is
also described in the study from Sudirjo et al. [24]. The benchmark
tubular P-MFC was a silicone tube (VQM silicone, 12/16 mm inner/-
outer diameter, rubbermagazijn.nl, Zoetermeer, the Netherlands),
which acted as an oxygen diffusion layer. A layer of carbon felt (thick-
ness 5 mm, size: 100 x 10 ¢cm, KFA-5mm SGL-Carbon GmbH, Bonn,
Germany) was wrapped around the cathode. Another layer of the same
carbon felt was added as an anode, and the two electrodes were sepa-
rated by a nonconductive layer made from filter cloth (air filter cloth
DA/290, 100 x 19 cm, DACT Filter & Milieutechniek, Kerkrade, the
Netherlands). Titanium wire (grade 2, 0.5 mm, Titaniumshop BV,
Kampen, the Netherlands) was individually wrapped around the anode
and the cathode as current collectors. The tubes were buried about 30
cm in the ground using a trench digger and shovel, submerged well
below the water level, which was controlled at 5 cm above the soil
surface. The P-MFC was not inoculated with EBSs or other microor-
ganisms. As mentioned above, no plants or seeds were added. The nat-
ural biome, i.e., the (microbial) species which lived in or gained access
to the location during the experiment were responsible for developing
the tubular assembly into an actual P-MFC. This approach was similar to
an earlier study that introduced a non-inoculated fuel cell into a
laboratory-based constructed wetland where a bioanode and apparent
biocathode evolved using natural available microorganisms [23]. The
silicone tubes stuck out and were exposed to the air so fresh air with
oxygen could flow through and diffuse to the cathode. U-shaped caps
were placed on both ends of the tubes to prevent rain from seeping in
and were dimensioned so as not to obstruct airflow. Both titanium wires
were connected to a copper wire above the water level to prevent
corrosion. The connection was made using two different types of heat
shrink tubing; the two wires were first physically connected with heat
shrinkable solder sleeves, after which a second layer of heavy duty heat
shrink tube was added for additional protection. The copper wires were
connected to a data collection system (Ni DAQ, USB-6289, National
Instruments USA) and through hole resistors that could be manually
exchanged (see S5 in the supporting information for the exact resistor
values used). A gel-type 3M KCl Ag/AgCl reference electrode (QIS,
Oosterhout, the Netherlands) was installed on top of each tubular P-MFC
and perpendicular to each anode to measure anode and cathode
voltages.
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Fig. 1. A: Situation, six months into the test: fully submerged but with little vegetation. B: Situation, 24 months into the test, two months before the site was
dismantled. Other than keeping the wetland under waterlogged conditions, no maintenance was performed, nor were any plants planted or (artificially) seeded. C
and D: Two of many examples were wetland plants growing in the anode, in this case, Typha latifolia & angustifolia (cattail). The pictures were taken after 26

months, when the pilot site was dismantled.

Different design parameters were investigated and compared,
including anode thickness, electrode material, and tube length, as well
as a negative control without plants growing. The different parameters
are summarized in Table 1. The numbers in the table refer to the location
of the tubular P-MFC on the site plan shown on Fig. 2. Data acquisition
for one of the #18 triplicates worked fine, and since the configuration
was like that of the benchmark, data from this P-MFC was used in the
temperature analysis described in Fig. 3.

Table 2 shows the different electrode materials used and the pa-
rameters that were changed. For the electrode, carbon-based materials
have been used for their conductivity and inertness. Carbon-based felt
materials were used for the electrode, the only two exceptions being Ti
wire and graphite strips. In this study, two different brands of carbon felt
were used: SGL-Carbon GmbH, Bonn, Germany; and Mersen, La Défense,
France. The precursor was either PAN (or Polyacrylonitrile), which is
synthesized, or Rayon, which is a broad term for many types of natural
polymer fibrous material that are used as precursor felt. Different tem-
peratures indicate the temperatures used to carbonize or graphitize the
cloth. In the column “treatment,” additional steps are mentioned if they
were applied anywhere in the production process to further clean, purify
or alter the material to meet certain criteria. In the purification step, an
inert gas is sent through the material while it is still hot, to drive out any
gaseous impurities. Further details on the purification step, as well as
“battery grade,” KFD and KFA, are confidential information from the
manufacturer and were not shared.

Table 1

19 | 19 | 19

17 | 15 [ 16

1 13 14

Fig. 2. Schematic plan of the pilot site and installed tubular P-MFCs. HQ
(headquarters) refers to the small shed that contained the data acquisition
equipment. A water level sensor was installed at the “x” in the circle to control a
pump that maintained the water level at 5 cm above the ground. The brown
lines mark the installed walkways, ensuring that dry feet when working on the
site. The numbers refer to tubular P-MFCs (see also Table 2). Note that tubes 16
and 19 are not included due to technical malfunction.

2.3. Measurements and calculations

The recording of P-MFC cell voltages, anode, and cathode potential,
as well as water level and temperature, was performed using a USB
multifunctional I/O instrument from national instruments (NI USB-

Summary of the different parameters that were changed in this experiment compared to the benchmark tubular P-MFC. The parameters in bold were altered compared
to the P-MFC benchmark. The tube numbers correspond to the numbers on the map that indicate the position of the different tubes in the location of the site. The
electrode type refers to the numbers that can be found in Table 2, where the different types of electrode materials used for both the anode and cathode are summarized.

TUBE # TESTED VARIABLE REPETITIONS DEPTH (CM) ELECTRODE TYPE LENGTH (M) ANODE THICKNESS (LAYERS) REMARK

1 - 2 30 1 1 single benchmark

2 electrode 3 30 9 1 single

3 electrode 3 30 3 1 single

4 electrode 3 30 2 1 single

5 electrode 3 30 4 1 single

6 electrode 3 30 5 1 single

7 electrode 3 30 6 1 single

8 electrode 3 30 7 1 single

9 length 2 30 1 2 single

10 length 3 30 1 4 single

11 length 3 30 1 8 single

12 length 3 30 1 12 single

13 electrode 3 30 8 1 single

14 anode thickness 2 30 1 1 double

15 depth 2 60 1 1 single

17 Blanc 2 30 1 1 single without plants
18 - 3 30 1 2 single 2m benchmark
20 depth 3 60, 40, 30 1 2 single on top of each other
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Table 2
Different electrode materials used in this study, sorted by parameter.
TUBE # TYPE BRAND PRECURSOR THICKNESS (MM) TEMP (°C) TREATMENT
1 felt SGL PAN 5-6 n.a. KFD
2 felt SGL Rayon 5 n.a. KFA
3 felt Mersen Rayon 6 900 purified
4 felt Mersen PAN 6 2000 batt grade
5 felt Mersen Rayon 6 2000
6 felt Mersen PAN 10 900 purified
7 felt Mersen PAN 3 900 batt grade
8 Ti wire Titaniumshop BV - D=0.5 - grade 2
9 graphite strips - -

6225, National Instruments, Texas USA) in combination with NI Lab-
VIEW software. The installed water level logger (relative pressure
logger, Mini-diver Royal Eijkelkamp soil and water, the Netherlands)
that was used to control the water level included a temperature sensor.
The temperature of the level logger (relative pressure including tem-
perature logger, Mini-diver Royal Eijkelkamp soil and water, Giesbeek,
the Netherlands) (and therefore water body) was recorded throughout
the experiment. These temperature values were taken to investigate the
effect on the performance of the tubular P-MFCs; the level logger was
installed in a drainage tube at 30 cm depth, where the P-MFCs were
buried at 20-30 cm below the ground in the same groundwater. Voltages
and temperatures were recorded with hourly intervals.

No resistors were connected when new tubular P-MFCs were
installed, leaving them in open cell configuration. Three months after
the tubular P-MFCs were installed, the voltage was stable, and a first
resistor was connected. The current was evidently able to flow in the P-
MFC when the resistor was connected, resulting in a drop in cell voltage
that often took a few weeks to a few months to stabilize. This behavior is
often observed in P-MFCs with (activated) carbon cloth electrodes and is
allocated to capacitive currents due to the large surface of the electrode
material [39]. Capacitive current is stored and temporary, so to deter-
mine the continuous and long-term performance, the capacitive current
should not be included. Therefore, the external resistors were replaced
when a voltage plateau was reached (<15 mV difference per week), and
therefore the current stabilized.

To smooth out the zigzags that form during a trend formation (signal
to noise) and better visualize actual trends, running averages were
calculated using subsets of 30 data points. Averages and standard de-
viations were calculated using data from triplicates per parameter.
Markers were added in some graphs to further clarify the differences
between lines. The markers, when included, are no additional data
points but are visualized every 504th data point, an arbitrary interval
that was chosen for visual and clarity reasons. The complete data set
used is provided as a courtesy from Plant-e BV, the Netherlands, and can
be provided on request. Currents were calculated using Ohm’s law from
external resistor values and recorded cell voltages. (Equation (2)).
Multiplying the current by the corresponding voltage resulted in the
power produced by the system (Equation (1)).

P=UxI (eq.- D)

U
1= (eq. 2)
Where I is the current (A), U the voltage (V), P power (W), and R the
external resistance applied (Q). The cell potential is defined by the dif-
ference between the cathode and the anode potential (Equation (3)).

(eq. 3)

Ionic losses can be expected because of the distance between the
electrodes. In this research, total losses through dissipation as well as
ohmic losses attributed to ionic resistance and material resistance are
included. The total loss was calculated by determining the total potential
drop of the P-MFCs at any given time, using Equation (4). The ohmic loss

Ueet = Uctr — Uan

attributed to ionic resistance is a function of the voltage drop AUjo, (V)
that was calculated using Equation (5). In this study, an equivalent
circuit is proposed to determine the ohmic loss through the resistance of
the material. A detailed explanation of the method used for the resis-
tance of the material can be found in S1.

AU =Uocp — Uca (eq- 4
Where Ugcp is the highest cell potential (V) measured when the P-MFCs
were in open circuit. Upcp was obtained during the first three months of
the experiment allowing the Plant-MFC to stabilize in a new redox
environment. Uy is the cell potential (V) measured at any given
moment.
AUin = 4 (eq. 5)
o

Where d = distance between electrodes (cm), j = current density (A/
em?) and 6 = conductivity (S/cm) [39,40].

To determine the long-term maximum power, and to eliminate the
seasonal influence on the P-MFC, polarization curves were obtained
after the tubular P-MFCs were removed from the test site and placed in
an indoor bin. Four tubular P-MFCs were selected—one control tube (#1)
and three tubes with a different electrode material (#7, with electrode
material 6)-to see whether the behavior was different. The containers
were kept at room temperature (20° C) in sediment sludge taken from a
nearby ditch (not analyzed), and the level of water was maintained
above the surface by manually watering the containers. Power produc-
tion is normalized to the production per projected plant surface to be
able to compare it with other studies in the literature. The projected
plant surface is the area in square meters that is occupied by the tube on
the surface, looking from the top.

3. Results & discussion

3.1. Long-term performance: significant effects of temperature, seasons,
and plant growth on the P-MFC

In this study, a plant-rich wetland was established without actively
introducing plant species. The plot of the original brownfield had little
visible original vegetation. Keeping the soil permanently covered with 5
cm of water from the nearby ditch throughout the experiment resulted in
a clear increase in vegetation compared to the soil outside the con-
structed wetland. Biomass quantification was not performed, but visual
evidence leaves no doubt, as can be seen in Fig. 1A and B. The origin of
the increased flora is not precisely known; seeds could have been
transported through the air or through wildlife (like birds) or been
pumped in through the pumping installation that was used [19].
Another option could be that seeds and/or much smaller vegetation
were present before the constructed wetland was created that started to
flourish after the land was permanently flooded. At the end of the
project, all tubular P-MFCs were dug up and inspected. Fig. 1C and D
shows some examples of many tubular P-MFCs that had roots growing
into the anode felt. Plants sometimes even germinated from the tubular
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Plant-MFCs. Plant species that where most dominant and visible in the
constructed wetland where species present in Dutch natural areas, i.e.,
Typha latifolia & angustifolia (cattail) and Equisetum fluvatile (water or
swamp horsetail).

Electrical energy was generated by the installed P-MFCs that were
exposed to changing environmental conditions such as temperature,
plant growth, and rainfall. Both the air temperature and the temperature
observed at 30 cm below the surface changed with seasons (see S3).
None of the tubes investigated experienced day-night temperature
fluctuations as shown before by, e.g., rooftop P-MFCs [41], likely
because they were buried 30 + 5 cm below the surface and water level,
limiting the effect of air temperature dynamics (see S3). The tubular
P-MFCs were exposed to groundwater at the anode and ambient air via
the gas diffusion tubes at the cathode. The temperature that the P-MFC
experiences is assumed to be similar to the water at that depth, because
the heat capacity of air is 3.5*10~° lower than the heat capacity of water
[42], making it much easier for water to transfer heat and therefore
influence the temperature of the P-MFC. The lowest-observed temper-
ature to which the tubular P-MFCs were exposed was 4.0° Celsius in
mid-February 2017. The highest-observed temperature to which the
tubular P-MFCs were exposed was 19.5° Celsius in mid-August. At lower
temperatures, a higher anode potential was typically observed and vice
versa, indicatively shown in Fig. 3 (data is collected from two groups of
P-MFCs: #1 benchmark and #18 right behind each other; both groups
consist of the same type of P-MFCs, with the exception that the latter is
2m and the control 1m long, for fourteen months, from August 2017 to
October 2018). The cathode potential remained relatively stable, be-
tween 200 and 500 mV vs. Ag/AgCl throughout the season. Cell po-
tentials in winter (December to February, water temperature between 5
and 10° Celsius) were often less than 50 mV (November to May) and
current production in winter (<0.35 mA) was also lower than in warmer
summer (June to September, water temperature between 17 and 21°
Celsius) (1.3-3.35 mA).

3.2. Incoherent P-MFC vs. Temperature correlation between spring and
fall

In this study, the current production of tubular P-MFC was compared
with soil temperature to understand if a correlated temperature rela-
tionship is present under the tested wetland conditions. The anode and
cell potential seem to follow the temperature trend, but with a several
weeks to months lag (Fig. 3). Cell potential drops in winter with an in-
crease in anode potential. The cathode potential shows evidently less
variation than the anode potential throughout the different tempera-
tures, varying between 300 and 550 mV vs. Ag/AgCl (see S8). Some

0.8 1
0.7 A
0.6 1
0.5 4
0.4 1
0.3

Potential (V)
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studies found the oxygen supply to be limiting, resulting in lower
cathode potentials [4], but in this study the more stable and positive
cathode potential suggests the oxygen supply was not limiting the cur-
rent production of the tubular P-MFC. The temperature data in this study
suggest a significant drop in current production when comparing pro-
duction at 12 °C and 5 °C, with a sharp decrease from 6.5° Celsius and
below (Fig. 4). The data is collected from a random selection of P-MFCs
that had similar anode material: #1 benchmark; #14 thick anode; #17
no plants; #20 twice normal depth, all showing a similar pattern (in-
dividual data sets can be found in the S7). When the temperature drops
below 6 °C, the average current production drops faster: there is a
quasi-linear drop that describes the average current for temperatures
above 6 °C with a gradient of 16 pA/°C of current loss per degree Celsius.
Around the 6 °C mark, the gradient is steeper with 55 pA/°C of current
loss per degree Celsius. Although there is variation in the data, there is a
significant difference between the current production at 12 °C and 5 °C,
supporting a correlation between outdoor temperature and average
current.

There are several temperature-dependent processes happening in the
anode of a P-MFC that can cause an increase of the anode potential. First,
current is naturally generated at the anode with microorganisms that are
temperature sensitive [27,43]. The metabolism of EAB will slow down at
lower temperatures, resulting in a lower current production. Diffusion of
substrate for microorganisms is also affected by temperature and will

0.8 4
0.7 4 I
0.6 1
0.5 4

0.4 4

Current (mA)

0.3
0.2 Average 6 Plant-MFCs >6.5C
e  Average 6 Plant-MFCs <6.5C
Linear (Average 6 Plant-MFCs >6.5C)
Linear (Average 6 Plant-MFCs <6.5C)

0.1 4

10 12 14

temp (°C)

Fig. 4. Correlation between current production and water temperature 30 cm
below the surface, to which the P-MFCs were exposed. Data from random se-
lection of P-MFCs that had similar anode material: #1 benchmark; #14 thick
anode; #17 no plants; #20 twice normal depth and gathered between October
2016 and February 2017: five months.

20.0

15.0

10.0

Temperature (°C)
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— A= Vcell #18 -yr1 ]
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Fig. 3. Fluctuations in cell potentials throughout the season, following the temperature fluctuation, but especially in the spring, there is a visible delay. Vcell #1-
control managed to maintain a high cell potential during the first year of operation, including the winter, while dropping significantly during the winter of the second
year. The large and sudden dip of Vcell #1 control year 1 in June 2017 can be explained by a pump failure, leaving the constructed wetland dry for a short time. The
markers are existing data points visualized as markers every 504th data point (an arbitrary value) and act as additional visual clarification.
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slow down with lower temperatures as described by the
Einstein-Smoluchowski-Sutherland relation [44]. The internal resis-
tance of the P-MFC is, among other things, determined by the diffusion
coefficient of ions in the solution [39]. The diffusion coefficient of ions
in solution is also affected by temperature; hence, a lower temperature
will increase the internal resistance of the P-MFC system. Finally, the
chemical reaction rate constant is temperature dependent according to
the Arrhenius equation [45], meaning the reaction rates will go down
with lower temperatures, both at the anode and at the cathode.

This study shows the temperature correlation; for example, the
anode potentials rise when the temperature drops, but this effect fluc-
tuated throughout the different years, as can be seen in Fig. 3. Seasonal
temperature trends were comparable throughout the two years, but cell
potentials did not follow the temperature fluctuations consistently,
suggesting that other processes play a role. Group #1-Control had a high
cell potential during the winter of the first year, for example, but
dropped in the second winter. In the fall, the cell potential drops as the
temperature drops, but in spring there is a delay of two to three months
between the trend of increasing temperature and the increase in cell
potentials (Fig. 3). Since the cathode potential was stable throughout the
year, the changes are the result of a rising anode potential. The anode
potential is affected by the water chemistry, such as pH, dissolved
molecules, substrate availability, etc. These conditions could have been
different between years because the water used to feed the constructed
wetland was pumped from a ditch that farmers also used in the neigh-
borhood. Farmers can use pesticides or fertilizers, which could end up in
the ditch through run-off, resulting in for example different amounts of
nitrate, which is considered to be an alternative electron acceptor [26]
and therefore lowering the coulombic efficiency.

Another reason for seasonal fluctuations could be the interaction of
plants with the P-MFC. Two wetland plants that were found predomi-
nantly in the constructed wetland were Typha latifolia & angustifolia
(cattail) and Equisetum fluvatile (water horsetail). Both plants are known
for their ability to transport oxygen down into the rhizosphere [46,47],
were much more abundant as the pilot progressed, and were frequently
found growing in the anode, with roots and rhizomes. In springtime,
plants grow fast and have a high metabolism and photosynthetic ac-
tivity. These processes are related to increased transportation of oxygen
to the root system [48]. Oxygen is an alternative electron acceptor and
facilitates aerobic microbial activity, lowering the coulombic efficiency
of the P-MFC [49]. The delay between the temperature change and the
cell potential going up observed in spring may therefore be related to
oxygen transport into the anode by plant roots.

Finally, root exudation and rhizodeposition can play an important
role in the performance of P-MFCs [50,51]. As plants grow, they release
organic matter such as rhizodeposits and plant litter that can be con-
verted by EAB [3,52]. There is evidence suggesting carbon excretion by
plant roots also varies with temperature [53,54], where lower temper-
atures result in less carbon through root exudation and therefore a lower
carbon availability in the anode, resulting in less current. Many roots
were found to be growing in the anode part of the tubular P-MFCs when
disassembling the pilot, which would support the hypothesis on the ef-
fect of exudation and oxygen release. In this research, a series of blank
tubular P-MFCs was investigated to test this hypothesis. This blank
tubular P-MFC was shielded from plant growth and surprisingly per-
formed similarly to the benchmark tubular P-MFC. Unfortunately, the
variability in the blank series was too high to draw conclusions, but it
seems to suggests that other mechanisms, such as variability in biolog-
ical activity or substrate, are involved in explaining the dynamic per-
formance over time (data can be found in S4, not shown due to high
variation between replicates).

3.3. P-MFC tube length and its effect on electricity generation

In this study, the longest P-MFCs made so far were evaluated based
on performance. The length of the tube influenced the current and thus
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the power production of the P-MFC, which was assessed for a period of
twenty weeks. The performance of the tubes with a length of 1, 2, 4, 8,
and 12 m is summarized in Fig. 5.

Longer tubular P-MFCs seemed to produce more power, but due to
the large variation between the replicates, it is not possible to show
significant differences (see Fig. 5a, data set on the left side). Only the
difference between the 1m and 8m tubes is significant, and the 8m tube
performs better. If the charge and energy production are normalized to
production per meter tube (see Fig. 5a, data set on the right side),
however, the 2m tubes produced the most current (i.e., charge transfer)
and energy. Although smaller, 1m tubes produced similar amounts of
energy per meter as compared to the 2m tubes and can therefore be
recommended for effective material use.

The lower relative energy production and charge transfer observed
(see Fig. 5b) can be explained by various aspects including differences in
biofilm configuration, oxygen transport to the cathode, local variations
and soil conditions, different ohmic losses, and, finally, local differences
in pH [55], but pH was not measured throughout the experiment.

Longer tubes provide more total surface area for EAB to grow,
resulting in higher energy production. A possible reason for the differ-
ences in energy production with length could be the biofilm size; a larger
biofilm can indicate more current production as well as a change in
internal resistance. There have been several studies that looked into the
conductivity of Geobacter-type biofilms, where metallic-like conductivity
was sometimes found [56] and sometimes biofilm conductivity was
found that was several orders of magnitude lower [57]. After the tubular
P-MFCs in this study were dug up and inspected by eye, no visual (dif-
ferences) in the biofilm covering were observed. It seems like there is no
evidence from the field or the literature that can quantitatively relate
EAB occurrence to differences in normalized performance between the
different P-MFC lengths.

Longer tubes will also result in a longer distance between fresh ox-
ygen from the air and the cathode where it is used. Oxygen is reduced at
the cathode and naturally diffuses into the tube from the two openings
on either side. As oxygen is consumed, the concentration will drop,
which can become a rate-limiting step. As the tubular P-MFC becomes
longer, the oxygen must be transported over a larger distance, which can
lead to limitations in current production. Wetser [58] calculated the
maximum length of a P-MFC based on a theoretical model based on
oxygen diffusion and concluded that oxygen becomes limiting when
tubular P-MFCs are longer than 0.77m [58]. However, the stable posi-
tive cathode potential observed in this study suggests that the oxygen
supply was not limiting the current production of the tubular P-MFC
even at lengths of 12 m. One reason for this difference could be con-
vection, which was not considered in the approach of Wetser et al.
Because this study is carried out outside where the air will often not
stagnate, convection can increase the oxygen refreshment rate within
the tubular P-MFC. The second reason could be the lower current pro-
duction observed in this field study: with the limited current produced
by the EAB, limited oxygen needs to be supplied to the cathode. Wetser
found that the best performing P-MFC under laboratory controlled
environmental conditions was 1.3 mA/m, where in this study the 12m
tubular P-MFC produced on average 0.2 mA/m, with a maximum
observed value of 0.7 mA/m, a factor of 7 to 5 lower (see S6). With a
lower current density, the maximum tube length before oxygen will be
limiting can also be increased by the same factor.

Longer tubes include more materials than shorter tubes, resulting in
a different internal resistance, which affects the performance of the P-
MEC. Fig. 6 illustrates the estimated losses in the P-MFCs with different
lengths, split for totals, and normalized values (per meter tube).
Different losses were calculated to investigate whether differences in
internal resistance could explain the difference in relative performance.
The internal resistance was further specified as material resistance and
ionic resistance. When the tubes are longer, more electrode and current
collector material is used through which the current flows. With more
material used, total internal resistance also increases [59,60], by
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Fig. 5. performance of the tubular P-MFC systems of five different lengths. Figure A shows the total energy produced over twenty weeks (April 5, 2017 to August 24,
2017) and the total energy produced per meter tube (normalized production). Figure B shows the total charge transferred over the same twenty weeks and also the
total charge transferred per meter tube (normalized). Repetitions for Im: n =2, 2m:n=1,4m: n = 3, 8m: n = 2, 12m: n = 3.
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increasing losses mainly through electrode material and in-
terconnections. In this study, an equivalent circuit is proposed to
determine the total resistance of the material through the current col-
lectors and the anode/cathode electrodes of the different tubes. A
detailed explanation of the method used to determine the resistance of
the material can be found in S1. Furthermore, the estimated ionic loss,
which expresses the resistance of ions to migrate between the electrodes,
was calculated by Equation (5) described in the Materials and Methods

section. The results show that the ionic losses were minimal and
contributed to a maximum of 1.1 % of the total energy loss.

The energy losses due to material resistance were especially signifi-
cant for the 8m and 12m tubes, where 56 % and 57 % of the energy
production was dissipated through losses. Although the energy har-
vested in these larger systems is lower, it only explains part of the dif-
ference in relative power production that was observed as the tubular P-
MEFC grew longer. There are more studies that have found that upscaling
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the electrode material in a MFC system can lead to a lower relative
power production [61,62,63], but this is the first time it has been
observed in a P-MFC.

3.4. Non-significant effect on average electricity generation due to
different electrode types

In this study, several P-MFCs with different commercially available
materials as electrodes were investigated. Seven different types of cloth
were tested, as well as tubular P-MFCs without a true electrode, where
titanium wire or graphite strips doubled as an electrode and current
collector in one. Finally, a negative control was included, where the root
cloth prevented the plants from growing in the electrode material.

The results of the material test are presented in Fig. 7, showing the
net energy and charge produced during 170 days of operation, from
April to September 2017. The benchmark P-MFC produced 1.96 kJ of
energy and transferred 8.03 kC of charge during this time. The tubular P-
MEC that was shielded from plant growth but buried in the same soil was
not significantly different from the P-MFCs that were exposed to plant
growth, but the variation between the duplicates was large. Making the
anode double as thick with the same electrode material as was used for
the benchmark did make a significant difference and produced more
charge and electrical energy. The tubular P-MFCs without an electrode
(Ti wire and graphite strips) did not show notable current or negative
(reversed) current and power production over a one-year operation,
illustrating the need for the carbon anode and cathode electrode. On
average, the Mersen PAN 2000C no purification 6 mm battery grade and
Mersen PAN 900C 10mm outperformed the benchmark tubular P-MFC
by up to 180 %.

Although seven different cloth types were used, the difference in
energy output and charge transfer was limited; only two types of ma-
terial outperformed the benchmark, but there is no common denomi-
nator between these two. The two tubular P-MFCs that only had a
current collector installed, but no electrode, performed significantly
worse. It seems that a large electrode surface is necessary to generate
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electricity and support EAB in generating electrons.

The tubular P-MFCs with a double-thick anode performed better than
the benchmark, by 17 % on average. Although the anode in the
benchmark was the limiting factor, doubling the thickness of the anode
and effectively also the surface of the cloth, the current and energy
production did not double. A larger electrode surface means more space
for the EAB to populate the electrode. More EAB can result in a thicker
biofilm and consequently more current and energy production, although
this can lead to pH gradients and substrate diffusion limitations within
the biofilm [64,65]. In particular, the pH gradient within the biofilm will
start to inhibit current production of the EAB when current densities will
be 5A/m? or more [55,66]. However, in these studies, high current
densities are achieved with high substrate concentrations in the bulk,
under well-mixed conditions. Although substrate concentrations were
not measured in our study, wetland and soil concentrations of readily
available substrate are typically much lower than the concentrations
used in laboratory studies. In addition, the current density is much lower
(20 mA/m? in this study, a factor of 250 lower), indicating that the
electrode surface is not the limiting factor, supporting the hypothesis of
limited substrate availability from the bulk. Since the Plant-MFCs are
buried in the subsurface, little mixing occurs, and the availability of
soluble organic matter is low [4], it seems likely that diffusion limita-
tions occur in transportation of the electron donor to the anode (bio-
film). Therefore, substrate limitations from the bulk, and/or local pH or
substrate gradients in the biofilm can explain why the double-thick
anode did not perform twice as well as the benchmark. Finally, a
thicker electrode will increase local transport and ionic resistances,
which will also reduce the energy recovery. Therefore, using less ma-
terial for the electrode seems to be a valid strategy to save material use
and associated costs while having an acceptable reduction in power
production.
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Fig. 7. A: Energy and B: Charge production of nine different electrode materials, produced in 170 days operation from April until September 2017. Tubular P-MFCs
where the electrode was left out and only had a current collector from titanium wire or graphite strips produced insignificant amounts of energy and charge. All
standard deviations are the results of tests in triplicate except for the benchmark, the blank, and the thick anode, which were done in duplicate and are marked with

“n = 27 in the graphs.
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3.5. Long-term maximum power production with long-term polarization
curves

In this study, four tubular P-MFCs were selected to perform polari-
zation curves: one control tube (#1) and three tubes with a different
electrode material (#7, with electrode material 6), to see if the behavior
was different. The “long-term” maximum power was estimated and not a
short-term maximum power of, for example, minutes/hours as is often
used in other studies [67,25,68]. This was done since longer waiting
times are needed in order to minimize the capacitive current effect, also
described by Ref. [39]. To eliminate the effect of temperature on the
potentials and current production on the P-MFC, polarization curves
were obtained after the tubular P-MFCs were removed from the test site
and placed in a bin indoors.

The polarization curve showed a typical shape that is observed more
often with P-MFCs where the current production drops significantly
after the maximum power point is reached [39]. The maximum power
point was found when applying a resistor of 330 Q (Fig. 8), corre-
sponding a maximum power point between 0.9 and 1.3 mW at potentials
between 0.55 and 0.65V, or 13-18 mW/m? projected plant surface,
which is twice as high as a comparably-designed P-MFC used in a rice
paddy in Kalimantan, Indonesia [24]. The potential drop at MPP was
only 25 % compared to the open cell potential, which is lower than
observed in typical Plant-MFC and MFC studies [67,51,69-71]. The
configurations of the systems used in these studies are different, so it is
hard to compare the polarization curves [24]. used a comparable design
as is used in this study, but the polarization is done in much less time
(hours/min) than in this study (months), overestimating the long-term
maximum power production [67]. The final load step, between 330
and 150 Q, resulted in a sharp potential and current drop, and conse-
quently the power production was reduced by 65 %. The polarization
curves generated in this study provide guidance in power harvesting
strategies when using tubular P-MFCs. The voltage is well maintained
when drawing more current until a sharp drop manifests shortly after
the MPP, so it seems advisable not to harvest close to the MPP.

3.6. Toward applications: using performance characterization to develop
harvesting electronics and future work

When using the P-MFC as a power source, an electronic harvester
board is connected to harvest the electricity from the P-MFC and in-
crease the voltage from the P-MFC to voltages suitable for small appli-
cations with minimal conversion losses. Ideally, this harvester can be
programmed so that it harvests electricity at a potential that corresponds
with the potential at the systems maximum power point (MPP) [72]. In
this way, the maximum power can be harvested. The experimental
conditions and the explained environmental factors such as tempera-
ture, influencing reaction kinetics, substrate availability, and microor-
ganisms all vary and likely influence the shape of the polarization curve,
which therefore changes with conditions and time. To overcome this,
harvesters can also be equipped with MPP-trackers that monitor the
harvesting potential and current development over time and ensure an
optimal harvesting regime, even if conditions change [73,74]. To
develop a proper MPP harvesting and tracking regime, understanding
the shape of the power curve and the behavior of the system as the
current is harvested is crucial. The data provided in this research can,
therefore, be a valuable contribution to the development of such har-
vesting electronics. Some studies describe harvesters connected to a
P-MFC, working at 3.5 mW/cm? [21] or even 2.09 pW [22], and on the
same order of magnitude as the power production found in this study.
Therefore, it is expected that the tubular P-MFCs used in this study are a
suitable power source for low, milliwatt power electrical applications in
the field, although backup and electrical buffer capacity should prob-
ably be included for ensured operation at lower temperatures and
temporary unfavorable soil and or plant conditions.

This study has shown that long-term studies under outdoor
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Fig. 8. Polarization and power curves of four tubular P-MFCs. The interval
between the change of the resistor has been chosen carefully to eliminate the
influence of the capacitive current. It took on average two months (data not
shown) between the resistor changes; the next resistor was connected only
when the voltage had stabilized at the then applied load. The black arrow in-
dicates the chronological order in which the resistors have been changed.
Figures B and C show the power and polarization curves of the individual
tubular P-MFCs, where the colors correspond with individual P-MFCs. Figure A
shows the average, using the same data as was used for Figures B and C.

conditions can be challenging, mainly due to the large variation in the
data that are collected. Furthermore, different wetland plants and
different environmental or climate conditions can influence perfor-
mance, and more insight into these factors can create the boundary
conditions for the application of the P-MFC. In conducting such tests, a
larger number of repetitions than three would be recommended to
reduce variability. Furthermore, the quantification and qualification of
plants that grow in the wetland system over time can provide a corre-
lation between the performance of P-MFC and the development of
certain species. Finally, a thorough microbial analysis on the soil, in
particular close to and in the electrodes of the P-MFC, can provide
insight into the role of different microorganisms on the performance of
the P-MFC, although such work has been done by Sudirjo et al. [24] with
a similar system, who did not find clear differences between the mi-
crobial community inside the electrodes, and that a few meters away.
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4. Conclusion

P-MFCs were successfully installed in a constructed wetland, created
on a brownfield at pilot scale. A maximum production of 13-18 mW,/m?>
was found, which would make the tubular P-MFC a viable stand-alone
power source for low-power remote sensing equipment. Long-term
monitoring showed variation over the seasons, while performance
changed over the years. Temperature seems to correlate with the per-
formance of tubular P-MFCs. The correlated performance of the P-MFC
dropped faster at temperatures below 6 °C. In winter times, the power
production drops by up to 90 %, so in low-temperature regions a backup
battery could be necessary. Longer tubular P-MFCs produce more power,
but do not do so when normalized to power per meter, where the opti-
mum seems to be around 1-2 m long. On average the Mersen PAN 2000C
no purification 6mm battery grade and Mersen PAN 900C 10 mm out-
performed the benchmark tubular P-MFC, by up to 80 %, but there is no
common denominator between these two, so there is no clear explana-
tion for the difference in performance. A thicker anode performed up to
17 % better and systems with a current collector alone were not able to
produce power. There is probably room for improvement in the design
of the P-MFC by using less or cheaper material, since the used design is
not very sensitive to different electrode material choices and smaller P-
MFCs seem to perform relatively well. Not all fluctuations in energy
production over the years could be explained by the investigated vari-
ables; there are likely unknown dependencies of plant growth and spe-
cies as well as soil conditions that influence the performance of the P-
MEFC. To utilize P-MFC power for sensor applications, an appropriate
harvester should be designed that is able to monitor the production
capacity of the P-MFC while harvesting and have sufficient buffer ca-
pacity when lower temperatures are expected. Similar large-scale pilots,
such as the work presented under different circumstances, e.g., different
climate and different wetland plants, can provide the necessary data to
indicate how reliable the P-MFC performance is, versus under different
wetland conditions.
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