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Abstract: In the present work, sedimentary microbial fuel cells (s-MFC) have been proposed as
effective tools to power remote sensors in different aquatic environments, thanks to their ability
to produce renewable and sustainable energy continuously and autonomously. The present work
proposes the optimization of cylindrical sedimentary microbial fuel cells (s-MFC) as a compact and
cost-effective system suitable to be integrated as a payload in an Autonomous Underwater Vehicle
(AUV). To this purpose, a new AUV payload, named MFC-payload, is designed to host the cylindrical
s-MFC and a data acquisition system to collect and store information on the voltage produced by the
cell. Its overall performance was evaluated during two field measurement campaigns carried out
in the Mediterranean Sea. This investigation demonstrates the power production by s-MFC during
operation of the AUV in seawater and analyzes the actual influence of environmental conditions on
the output power. This study demonstrates that energy production by s-MFCs integrated in AUV
systems is decoupled by the navigation of the autonomous vehicle itself, showing the effectiveness of
the application of MFC-based technology as a power payload for environmental analysis. All these
latter results demonstrate and confirm the ability of the devices to continuously produce electricity
during different AUV operation modes (i.e., depth and speed), while changing environmental
conditions (i.e., pressure, temperature and oxygen content) demonstrate that cylindrical s-MFC
devices are robust system that can be successfully used in underwater applications.

Keywords: microbial fuel cells; sedimentary MFC; floating MFC; autonomous underwater vehicles;
MFC-payload

1. Introduction

During recent years, an increasing interest into the development and design of Au-
tonomous underwater vehicles (AUVs) has occurred. AUVs can be defined as uncrewed,
untethered, underwater vehicles, characterized by self-propulsion, which are mainly em-
ployed for underwater surveys, such as oceanographic, commercial and military mis-
sions [1–4]. In particular, the majority of these vehicles show mobile instrumentation
platforms with actuators, sensors and on-board intelligence, with the main aim of perform-
ing survey and sampling tasks autonomously, i.e., without human supervision. AUVs are
primarily used for seabed mapping by different sonar-based imaging tools and for water
column analysis of different parameters, such as temperature, salinity, pH, oxygen content,
bioluminescence and a wide range of inherent optical properties [3,5–9]. Several works in
the literature [3,5–9] have identified energy storage capacity, propulsion system efficiency,
hydrodynamic attributes of the vehicle hull, vehicle guidance and navigation accuracy as
the main technological factors influencing the maximum endurance for a specific AUV
mission. Indeed, defining an AUV’s mission means precisely fixing requirements such
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as nominal speed, maximum depth, the specific payload necessary for the mission and
endurance. All these requirements affect each other, but endurance is strictly correlated to
the available stored energy [10]. Batteries are the technology of reference for energy storage
in AUVs, and interest is high in advancements in this technology [10–14]. Despite the
significant improvements in this class of energy storage devices, they suffer the limitation
of intrinsic low energy density which hinders the prolonged underwater operations of
AUVs [1]. To overcome this severe technical barrier, different energy storage strategies have
started to attract interest, and sustainable and renewable energy sources have emerged as a
potent option [15]. Among all renewable energy technologies, such as solar energy [16–19],
wave energy [20–24], and wind energy [24–26], fuel cell technologies represent an intrigu-
ing storage option [27]. A particular class of fuel cells, classified as bio-energy sources, is
based on Microbial Fuel Cells (MFCs). MFCs are versatile bio-electrochemical systems
able to produce electrical energy autonomously, continuously and safely. Given their
unique features, successful integration of MFCs in robotic systems has already been demon-
strated [28]. MFCs are indeed able to produce electrical energy starting from chemical
energy trapped in the organic matter (i.e., fuel) available in different substrates [29]. Differ-
ently from common fuel cells, in MFCs electroactive microorganisms, which are able to
proliferate under anaerobic conditions, leading thus to the creation of biofilms in intimate
contact with the anodic electrode [30], carry out the oxidation of the fuel or organic matter.
Electroactive bacteria are able to catalyze the oxidation reaction of organic compounds,
releasing electrons which can flow from the anode to the cathode through an external
load. At the cathode, the circuit is closed through a reduction reaction, usually involving
molecular oxygen, often in the presence of a Pt-based catalyst to speed up the reaction [31].
A key role is played by the metabolic activity of electroactive bacteria in the working
principle of MFCs, making them intrinsically sensitive to variations in the environmental
parameters [32–34]. Furthermore, using oxygen as the electron acceptor offers significant
advantages to simplify MFCs’ architecture and operation mode, making them suitable for
a wider range of applications [35–38]. As concerns the employment of MFCs in aquatic
environments, different works in the literature have focused their attention on two main
configurations: (i) sedimentary microbial fuel cells (s-MFCs), where the organic matter
present in sediments was directly used as fuel for the metabolic activity of microorganisms
and (ii) floating microbial fuel cells (f-MFCs), which exploited organic compounds available
in seawater [39,40]. Both kinds of device were able to produce renewable and sustainable
energy continuously and autonomously [39–45].

In the present work, we investigate s-MFC with the main aim of designing a compact,
cost-effective and sustainable energy unit suitable to be integrated as a novel MFC-payload
in a modular Autonomous Underwater Vehicle (AUV). Moreover, we demonstrate the
capability of applying s-MFcs as new reservoirs for powering robotic platforms, such as
an AUV glider. Actually, during the last twenty years, pioneering works from Wilkinson,
Melhuish, and Ieropoulos successfully demonstrated the possibility of integrating MFCs in
robotic systems as the sole power source [28,46–48]. Differently from the above, the goal of
the present work is to demonstrate how s-MFCs, integrated in AUV, can help extend the
duration of autonomous activities, by providing a continuous source of blue, clean and
sustainable energy.

To the best of our knowledge, this is first application of s-MFCs that provides, at the
same time, an energy production tool and sensor capability in an AUV system, leading
thus to correlate s-MFCs’ power variation with the environmental conditions. Indeed, in
the present work, we propose to analyze the power production of s-MFC during operation
of the AUV in seawater, especially with the aim of understanding the possible influence of
environmental conditions on the power output. To this purpose, we optimized a cylindrical
architecture made of an inner-chamber, adapted to work as the anodic chamber, and an
outer-shell, working as the cathode. In this configuration, the anode is completely buried
in sediment, which is rich in organic matter, while the cathode is suspended in overlying
water, as sketched in Scheme 1. The anoxic conditions are preserved at the anode due to
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the presence of the sediment, where the anode electrodes were completely buried [49]. The
device can work for a long time with low or null maintenance costs [49,50]. Moreover, in
the present work, we provided an in-situ pre-colonizing enrichment approach, allowing
the induction of a proliferation of marine microorganisms onto carbon-based material,
directly into sea environments [40]. Onto the cathode electrodes, no catalyst layer was
applied, guaranteeing spontaneously aerobic biofilm formation, which plays a crucial
role in catalyzing the oxygen reduction reaction, as confirmed by several works [51,52].
Preliminary tests in our laboratory were performed to optimize s-MFCs, which can be
successively hosted into the newly designed AUV payload, named the MFC-payload,
represented in Scheme 1.
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Scheme 1. Structure of the work. In our laboratory, the development and optimizations of cylindrical s-MFCs occurred;
subsequently 2 outdoor campaigns were planned and cylindrical s-MFCs were integrated in AUV’s folaga as MFC-payload.
The details of AUV’s folaga were reported in (a) complete housing for s-MFC; (b) the integration of s-MFC into MFC-payload;
(c) the complete AUV’s folaga assembled; (d) an example of outdoor campaign in La Spezia Bay.

After development in the lab, preliminary analysis of the performance of the cylin-
drical s-MFCs was evaluated during a measurement campaign carried out in the Mediter-
ranean Sea in a static condition, i.e., not yet integrated into the AUV. The overall perfor-
mance of the cylindrical s-MFC integrated in the MFC-payload was then analyzed during
two measurement campaigns: the first one to test the behavior at a maximum depth of 3 m,
and the second one to test the performance of the new MFC-payload up to 9 m of depth.
These depths were selected with the purpose of investigating the behavior of s-MFCs as a
stable MFC-payload, evaluating the impact of environmental external parameters, such
as pH values, sea-water temperature, sea-water conductivity, and salinity on the energy
output of s-MFCs [53,54].

All these parameters were measured at different depths in the range from 0 m, corre-
sponding to water-surface, to 6 m from sea surface. As summarized in Table 1, the slight
variations in all environmental parameters along these depths led to the evaluation of the
robustness and capability of optimized cylindrical s-MFC to continuously produce electric-
ity during underwater applications. Indeed, several works in the literature have focused
their attention on the microbial fuel cells implemented as new reservoirs for powering
robotic platforms, such as the AUV glider proposed in the present work [55]. A great inter-
est in the provision of energy via microbial fuel cells in the field of marine biomimicking
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robotic research is growing [55]. The bottleneck in this scenario is represented by the lack
of long-lasting energy provision, needed to achieve the conditions for the robots’ operation
autonomy. To the best of our knowledge, this is the first time that a cylindrical sedimentary
MFC was applied in an AUV glider during its operation mode. This latter consideration
implies that the strict correlation between operation modes of the AUV glider and the
s-MFC’s performance has still not been deeply investigated.

Table 1. External parameters measured at different depths in the range from 0 m, corresponding to
water-surface, to 6 m from sea-surface.

Depth [m] Temperature [◦C] Conductivity
[mS/cm) Salinity [ppt] pH Values

0 26.65 ± 0.02 58.98 ± 0.08 38.11 ± 0.02 8.06

1 18.72 ± 0.01 50.09 ± 0.02 37.95 ± 0.01 7.99

3 13.28 ± 0.03 41.46 ± 0.21 35.21 ± 0.22 7.64

6 13.07 ± 0.08 37.74 ± 0.77 31.88 ± 0.76 7.79

With the main purpose of implementing s-MFCs as new reservoirs for powering
robotic platforms, such as AUV gliders, the parameter of recovered energy (Erec) at each
depth was defined [55–57], leading thus to demonstrate the capability of s-MFCs to produce
power output for the whole period and in different environmental conditions.

All the obtained results allowed analysis of how environmental parameters can affect
the behavior of cylindrical s-MFCs integrated in the MFC-payload.

Concerning the environmental conditions, many works in the literature explain how
the pressure, temperature and oxygen content can be affected by the biofilm formation,
the microbial activity, and consequently affect MFCs’ performance [40]. Nevertheless,
how the factors affect microbial community assembly and their effects on the performance
of bio-electrochemical systems are poorly understood [58–60]. Heidrich et al. demon-
strated how the temperature affects overall performance less, especially when complex
wastewater was used [58]. On the contrary, substrate presents the most significant effect
on both reactor performance and diversity. Other important environmental parameters
that affect s-MFCs’ performance are conductivity and the pH value of the solution. The
conductivity of the solution and the rate of ion transfer are strictly correlated, leading
thus to demonstrate how a higher conductivity improves the ionic conductivity, reducing
thus the Ohmic losses into the devices and consequently enhancing the overall perfor-
mance [60]. Concerning pH values, however, is the high adaptability of anodic marine
consortia even in extreme conditions of pH [61]. In the present work, all obtained results
demonstrate the ability of these devices to continuously produce electricity during different
AUV operation modes (i.e., depth and speed) and in changing environmental conditions
(i.e., temperature, salinity of solution, conductivity of solution and pH values), leading thus
to demonstrate that cylindrical s-MFC devices are robust systems that can be successfully
used in underwater applications.

2. Materials and Methods

The aim of this work is the design of a novel MFC-payload. The FOLAGA AUV-glider
system (by GraalTech srl, Genoa, Italy) was selected as reference for the design. All the tests
described in this work using the novel MFC-payload were performed with the selected
FOLAGA AUV-glider.

2.1. Structure of the Work/Laboratory Experiments

As reported in Scheme 1, the workflow was characterized by two principal parts: part
1 the laboratory optimization of cylindrical sedimentary Microbial Fuel Cells (s-MFCs)
and part 2 the integration and testing of the optimized cylindrical s-MFCs as the novel
MFC-payload of the selected AUV. In particular, the second part of the experiments was
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performed in situ, in La Spezia Bay (Ligurian Sea) during two different campaigns. In the
present work, the s-MFC is characterized by a cylinder made of high-density polypropylene
(HDPP); the inner volume was used as the inner anodic chamber of the cell, while the
cathode was placed on the outer shell. The HDPP wall of the cylinder ensured the electrical
insulation between anode and cathode electrodes, as sketched in Scheme 1, while the
hydraulic connection between the chambers was possible by making holes through the
same wall. The final system is membrane-less. In this configuration, anode electrodes
were made of commercial carbon felt with a nominal geometric area of 5.76 cm2 (Soft felt
SIGRATHERM GFA5, SGL Carbon). Total anodic surface area equals 18 cm2. They were
completely buried in sediment, allowing thus to preserve the anoxic conditions suitable
for bacteria proliferation. In particular, as described in our previous work [40], all anodes
were previously colonized by an in-situ pre-colonization enrichment approach based on
leaving the electrodes buried in seawater sediment at 3 m underwater for 1 month. This
process induced the spontaneous formation of a biofilm based on microorganisms typical
of a marine environment. [40] Total internal volume of s-MFC is 1 L. Moreover, half of the
total volume was directly occupied by seawater sediment, while the remaining volume
was filled by seawater with different dissolved compounds, such as 2.5 g L−1 of sodium
acetate used as carbon energy source and 0.75 g L−1 of ammonium chloride, provided as
nitrogen source and able to sustain the metabolic activity of bacteria. During the whole
experimental period in the laboratory, when the voltage drops were registered, the seawater
was exchanged with new water without adding any artificial nutrient, allowing the MFCs
to use only natural nutrients available in seawater. Cathode electrodes were also based
on commercial carbon felt (nominal geometric area of 30 cm2) without any catalyst layer,
and the ORR reaction was performed by the aerobic biofilm that spontaneously grew onto
cathode electrodes [51–53]. In this configuration, cathode electrodes were placed on the
outer side of the cylindrical s-MFCs and fixed by tie-wraps to the cylindrical structure and
in contact with seawater, with the main aim of using oxygen dissolved in sea water as
the terminal electron acceptor for a direct oxygen reduction reaction. Anode and cathode
electrodes were connected by an external load, equal to 680 Ω, corresponding to the best
s-MFCs’ performance achieved, as confirmed by our previous work [40]. During laboratory
experiments, the whole devices were immersed into a container filled with seawater,
with the aim of mimicking the marine environment. Titanium wires, threaded along the
electrodes, were used to guarantee a good electrical contact. All laboratory experiments
were conducted in triplicate and overall s-MFC’s performance were evaluated. Both anode
and cathode were connected with a multichannel data acquisition unit (Agilent 34972A).

Polarization curves were obtained through linear sweep voltammetry (LSV, performed
by using a biologic VSP potentiostat) with a rate of 0.1 mV s−1. The whole period of
investigation lasted one month.

2.2. Development of s-MFCs as Payload

Concerning the second part of the work, cylindrical s-MFC can be hosted into the
new designed AUV payload, named the MFC-payload. The payload was conceived with
holes to allow continuous contact with seawater during the operation, as reported in
Figure 1a. The optimized cylindrical s-MFC is depicted in Figure 1b, highlighting the
cathode electrodes distributed along the external side of the cylindric bottle. The whole
AUV system is mounted as reported in Figure 1c where the MFC-payload is highlighted by
the green box.
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A preliminary analysis of the performance of the cylindrical s-MFCs was evaluated
during a measurement campaign carried out in the Mediterranean Sea in a static condition,
i.e., not yet integrated in the AUV. The overall performance of the cylindrical s-MFC
integrated in the MFC-payload was then analyzed during two measurement campaigns:
the first one to test the behavior at a maximum depth of 3 m, and the second one to test
the performance of the new MFC-payload up to 9 m of depth. The results demonstrate
a high stability of the cylindrical s-MFC integrated in the MFC-payload. With the main
purpose of investigating the capability of s-MFCs to continuously produce energy during
different AUV operation modes, overall performance of s-MFCs were monitored during
the whole mission. Moreover, another physical parameter, recovered energy (Erec), was
introduced [50,51]. Erec was defined, integrating the measured power output over batch
treatment time, according to the Equation (1). This is defined when the organic matter
is more complex than that usually involved in these latter electrochemical devices (e.g.,
sodium acetate or glucose).

Erec =

(∫
Pdt
)

V_int (1)

where Erec (J m−3) is recovered energy, V_int (m3) is the internal volume of s-MFCs and∫
Pdt (J) is the integral of generated power over whole time of permanence of AUV in a

certain depth.

3. Results and Discussion

With the main target of analyzing the performance of s-MFCs, working with a biofilm
obtained by marine consortia and using seawater as electrolyte, containing organic mat-
ter useful for metabolic activity of electroactive bacteria, voltage trends were measured.
Moreover, to demonstrate the capability/effectiveness of all these devices to produce
power output, current density trends were thus defined. Figure 2a reports the current
density trends of all tested s-MFCs over time, calculated by normalizing with respect
to the geometric area (18 cm2). It is possible to define a startup phase during which a
substantial increment in energy production is observed for all s-MFCs, which is associated
to maximum current density values close to (294.5 ± 3.6) mA m−2, (233.1 ± 2.1) mA m−2

and (202.6 ± 4.1) mA m−2 for the three cells. It is also interesting to notice how all s-MFCs
reach these quite stable maximum values whenever seawater is changed and the new
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organic matter is provided. Since overall s-MFCs performance is strictly correlated with the
metabolic activity of electroactive bacteria, it was commonly accepted that these current
density trends were considered similar. To evaluate overall performance of s-MFCs more
deeply, a second phase of experimentation was performed. During this experimental phase,
polarization curves obtained for all s-MFCs were directly compared one with the other,
as reported in Figure 2b. LSV characterization was performed at the end of the experi-
mental study in the laboratory, leading thus to evaluate and analyze the overall s-MFCs’
performance. Open circuit voltage (OCV) values for all s-MFCs were variable in the range
from 0.3 V to 0.4 V. Moreover, it can be noticed that all s-MFCs reached very similar max-
imum power density values, equal to (12.34 ± 0.14) mW m−2, (10.1 ± 0.2) mW m−2 and
(10.44 ± 0.22) mW m−2 respectively. A similar behavior was observed for the short circuit
current densities (Iscc). LSV measurements allowed estimation of the internal resistance of
all s-MFCs, which is equal to (1.1 ± 0.3) kΩ.
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Figure 2. (a) Current density as a function of time during the laboratory tests for all designed s-MFCs.
The whole period is equal to 1 month; (b) Polarization curves, obtained by linear sweep voltammetry
characterizations, are represented. Red lines and red dots represent I-V curves and power density
trends related to s-MFCs 1; black lines and dots represent I-V curves and power density trends
related to s-MFCs 2; blue lines and blue dots represent I-V curves and power density trends related
to s-MFCs 3.

All obtained results confirm that all s-MFCs proved to be quite stable during tests.
This consideration demonstrates how much some features selected for the design and
development of s-MFCs, such as cylindrical configuration, placement of anode electrodes
totally buried into the sediment and the disposition of cathodes electrodes around the outer
surface of s-MFCs without the catalyst layer, are efficient in obtaining stable and effective
overall device performance. These designed s-MFCs were suitable as MFC-payload and
they were mounted in the MFC-payload for the experiments in seawater. The results of the
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two measurement campaigns are presented in Figure 3. The first set of results, exploring a
maximum depth of 3 m, is shown in Figure 3a, while the second in which 9 m of depth
were reached is reported in Figure 3b.
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Figure 3. Results of the two measurement campaigns: (a) shows results for a maximum depth of 3 m,
(b) reports the behavior of the MFC-payload up to 9 m.

The results demonstrate a high stability of the cylindrical s-MFC integrated in the MFC-
payload. The s-MFCs produce electricity continuously during the AUV-glider operation,
without any break during AUV-glider movement. In particular, it is possible to define a
correlation between the s-MFCs’ output parameters with depth, demonstrating thus how
the depth can affect the overall s-MFCs’ performance. As reported in Figure 3a,b, it is
interesting to notice how the voltage value drops when the depth increases. The reason for
this behavior can be explained considering that changes of depth are actually associated
with variations of environmental parameters, such as pressure and temperature, the latter
being a critical parameter for speeding up or reducing microbial metabolism. Table 2
summarizes the value of voltage, current and power as a function of the analyzed depth.
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Table 2. Measurement campaigns as a function of depth.

Depth [m] Voltage [mV] Current [mA] Power [mW]

0 440 0.647 0.285

1 290 0.426 0.124

3 210 0.309 0.065

4 220 0.324 0.071

6 190 0.279 0.053

9 192 0.282 0.054

All these latter results are successfully confirmed by introducing and providing the
physical parameter of recovered energy Erec defined as a function of depth, as represented
in Figure 4. Since energy recovery is seen as the ratio of the generated integral power and
the internal volume of the device [55,56], it was commonly accepted that its variation can be
affected by the same factors that normally influence the overall MFCs’ performance, such
as temperature, oxygen content in seawater, and substrate used as organic matter. In the
present work, we defined a correlation between the variation of seawater temperature and
energy recovery by using a temperature sensor placed onto an AUV glider. It is possible
to appreciate an important decrease of Erec when the AUV-glider moved from the sea
surface to a depth equal to 1 m, varying from 12.85 J m−3 to 7.85 J m−3, respectively. This
significant change of the Erec can be explained considering that a great temperature variation
is registered by the AUV during the first displacement from sea surface (0 m depth) to a
depth of 1 m, varying from 24.5 ◦C to 18.4 ◦C. The variation of the recovered energy can
therefore be attributed to the influence of the external temperature on bacterial metabolism,
as also confirmed in the literature [55,56]. On the contrary, as the depth increases (from 1 m
to 9 m from the sea surface), a slight drop of Erec is observed, in accordance with the small
temperature variation, leading thus to demonstrate the capability of s-MFCs to produce
continuously energy also when AUV’s parameters and environment conditions change.
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Figure 4. Erec is shown as a function of the depth reached by the AUV during seawater test. The
temperature change with depth is also analyzed, to highlight the dependence of that recovered to the
environmental temperature. The time period is equal for each measure, and is equal to the time of
permanence of AUV at the certain depth.
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It is very important to observe that during all the tests performed in seawater, no
dependence of the output parameters has been observed with navigation conditions. This
is an important finding, since it demonstrates that energy production by s-MFCs integrated
in AUV systems is decoupled by the navigation of the autonomous vehicle itself, showing
the effectiveness of the application of MFC-based technology for advanced systems of
environmental analysis. All these latter results demonstrate and confirm the ability of the
devices to continuously produce electricity during different AUV operation modes (i.e.,
depth and speed) while changing environmental conditions (i.e., pressure, temperature
and oxygen content) demonstrate that cylindrical s-MFC devices are a robust system that
can be successfully used in underwater applications.

4. Conclusions

In this work sedimentary microbial fuel cells (s-MFC) have been analyzed as compact
and cost-effective tools to be integrated as a payload in an Autonomous Underwater Vehicle
(AUV). S-MFCs are indeed able to continuously and autonomously produce renewable and
sustainable energy, being the ideal candidate to design new energy payloads, i.e., MFC-
payloads, to be integrated in AUVs. The results of this work demonstrate that cylindrical
s-MFC using bacteria obtained by in-situ colonization approaches are highly stable, and
once integrated in the MFC-payload they ensure continuous production of electricity during
different AUV navigation modes. Interestingly, changes in depth are directly reflected
in changes of the output parameters, confirming the intrinsic sensitivity of the MFCs to
environmental conditions, temperature first of all. Nevertheless, cylindrical s-MFC devices
behaved as robust systems that can be successfully used in underwater applications.
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