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Sediment microbial fuel cell powering a submersible ultrasonic 
receiver: New approach to remote monitoring
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MFC was deployed in the Palouse River, Pullman, WA.
UR is controlled by the power management system (PMS).
UR is powered continuously.
eveloped system could make SMFCs a more viable renewable power source.
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applications, and solar panels are limited to daytime applications
and require regular maintenance. Sediment microbial fuel cells
(SMFCs) can provide continuous low-level power and do not
requiremaintenance or replacement. It has been shown that SMFCs
can be used as an alternative renewable power source for wireless
sensors [10,11,25,26].

An SMFC consists of two electrodes made of inert conductive
materials such as graphite, stainless steel, and carbon cloth
[5,19,23]. One of the two electrodes is buried under the sediment
and is called the anode. The second electrode is placed in the water
where oxygen is present and is called the cathode (Fig. 1). Elec-
tricity is generated by the oxidation of sediment organics by the
microorganisms naturally present in the sediment. The oxidation of
organic chemicals produces electrons that are captured at the
anode and transferred through the external circuit to the cathode.
Oxygen is typically reduced to form water at the cathode.

The main advantage of using SMFCs is that the power genera-
tion is not limited by the fuel supply because the organic materials
present in the sediment are renewable. Also, the electrodes of
SMFCs are inert materials and, therefore, the duration of power
generation is not limited by the materials of construction. More-
over, SMFCs are suitable for most remote areas, including undersea,
where using and replacing batteries is difficult. SMFCs do have
some limitations, such as nonlinear scaling up [7], low and variable
power generation, and low cell potential [25]. Because of the
nonlinear scaling up of the electrodes, it is costly to design a large-
scale microbial fuel cell for a field application. Therefore, instead of
a large microbial fuel cell, an intermittent energy harvesting
scheme, which allows the production of high power in short bursts,
is preferred. As reported previously [8,9], intermittent energy
harvesting uses the cyclic charging and discharging of a capacitor to
harvest energy. The capacitors are connected to SMFCs to store and
control microbial energy. When the energy stored in the capacitor
reaches a predetermined value, the energy is used to activate the
power management system (PMS) and operate the sensors. The
PMS converts a low potential to a high potential and delivers the
power required by the sensors.

In previous studies, SMFCs were used to operate a low-power
(11-mW) [10] and a high-power (2.5-W) temperature sensor [11].
Both sensors were used to monitor ambient temperature, and the
datawere transmitted wirelessly to a receiver. On the receiving end,
the time of the temperature measurement was recorded. In this
type of system the sensor operation is independent from the PMS.
However, in a SUR, the sensor listens to an ultrasonic signal and
Fig. 1. Schematic diagram of the sediment microbial fuel cell connected to the PMS
and the SUR.
records the time and the signal frequency. For the SUR to record the
time of the sensing, it is necessary to operate a real-time clock (RTC)
continuously. This type of operation needs a different type of PMS,
one that can separately provide uninterrupted power to an RTC. In
this study we 1) developed a PMS that can power an RTC con-
tinuously and power an SUR intermittently to listen to ultrasonic
signals, 2) deployed and evaluated the power generation of an
SMFC in the field, 3) characterized the power efficiency of the PMS,
and 4) tested the capability of the PMS to operate an SUR for remote
monitoring using the SMFC in the field.

2. Materials and methods

2.1. The submersible ultrasonic receiver

The submersible ultrasonic receiver (SUR) is designed to detect
and log the presence and telemetry of ultrasonic signals, which
include animals tagged with ultrasonic transmitters (Sonotronics,
Inc., Tucson, AZ 85713). The SUR has a microprocessor, flash
memory, a real-time clock, a hydrophone, an ultrasonic receiver,
and an RS-232 serial port. The circuitry is mounted inside a poly-
carbonate tube. On one side of the tube, there is a serial port con-
nector and transducer. On the other side, there is an on/off switch
and a mounting eye bolt. In the original design there is space for
two batteries (Lithium Ion, 3.6 V), but for our use, we removed the
batteries and connected the PMS and the SMFC. The SUR scans up to
15 different frequencies using its built in-hydrophone, in the range
of 30e90 kHz, measuring and recording the intervals between
successive pings from individual transmitters. The data collected by
the SUR are retrieved manually using an RS-232 serial port when
needed.

2.2. The sediment microbial fuel cell

2.2.1. Construction and deployment of the sediment microbial fuel
cell

The SMFC was deployed in the Palouse River, Pullman, Wash-
ington. A schematic diagram of the SMFC is shown in Fig. 1. The
anode was made of a graphite plate (GraphiteStore.com). The plate
was 60.96 cm� 30.48 cm� 5.08 cm, and the total projected surface
area was 0.201 m2. For the electrical connection with the graphite
plate, we used insulated copper wire that was glued to the graphite
using conductive epoxy (CW2400, CircuitWorks). To prevent
waterecopper wire/conductive epoxy contact, the graphite plate
and copper wire joints were covered with silicon rubber.

The cathode was made significantly larger than the anode
because previous experience has revealed that the overall power
generation is limited by the cathode reaction. The cathode was
made of 12 graphite plates stacked together. Each plate was
30.48 cm � 30.48 cm � 1.26 cm. The projected surface area of the
cathode was 2.41 m2. The electrical connection with the cathode
wasmade using insulated copperwire. The anodewas buried 10 cm
below the wateresediment interface, and the cathode was placed
15 cm above the wateresediment interface. The cathode was
mounted on a tripod made of wood. The electrical cables from the
anode and cathodewere connected to the PMS and the SUR. For our
experimental purpose, the PMS and SURwere placed by the bank of
the river. In an actual application the PMS would be placed inside
the polycarbonate tube of the SUR and the entire system would be
underwater, as shown in Fig. 1.

2.2.2. Characterization of the sediment microbial fuel cell for
intermittent energy harvesting

The power generation of the SMFC was characterized using the
intermittent energy harvesting method [8]. Intermittent energy
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harvesting uses the cyclic charging and discharging of a capacitor.
Previously, we found that intermittent energy harvesting collects
more energy from an SMFC than continuous energy harvesting
using a constant load [8]. Since we chose to use a 350-F capacitor
for the PMS, we characterized the SMFC for intermittent energy
harvesting using a 350-F capacitor. The capacitor was charged and
discharged cyclically from a discharging potential (Vd) of 0 V to
a charging potential (Vc) of 500 mV for 112 days (From January to
May, 2009). The cyclic charging and discharging was performed
automatically using a microbial fuel cell tester as described in our
previous publication [9].

The energy stored in the capacitor (Wc) when the capacitor was
charged from Vd to Vc was calculated using Equation (1) [25,26].

Wc ¼ 1
2
C
�
V2
c � V2

d

�
(1)

The average power (Pavg) generation in a single charging cycle
was calculated by dividing the total energy stored in the capacitor
by the charging time, as shown in Equation (2). The charging time
(tc � td) was calculated by subtracting the time when the
capacitor was discharged (td) from the timewhen the capacitor was
charged (tc).

Pavg ¼ Wc

ðtc � tdÞ
¼ 1

2

C
�
V2
c � V2

d

�

ðtc�tdÞ
(2)

We used Equation (2) to calculate the power supplied to the
SUR. This takes into account the potential change of the capacitor
and the duration of operation of the SUR. The Vc and Vd values are
the capacitor potentials before and after a cycle of scanning by the
SUR, respectively. The tc and td values are the times before and after
the scanning cycle, respectively.
2.3. The power management system

The PMS consisted of a capacitor (350 F), startup circuitry,
a voltage comparator with an internal voltage reference, two DC/DC
converters, and a state machine. Fig. 2 shows a system overview of
the main components of the PMS and how it was connected to the
SUR and the SMFC. The challenges associated with designing the
PMS were 1) the relatively high potential and power requirements
compared to what the SMFC could produce, 2) powering the
intermittent scanning of the SUR, and 3) powering the RTC con-
tinuously. The potential was boosted using the DC/DC converters.
The power was generated using the intermittent energy harvesting
scheme, which was also controlled by the PMS. During scanning,
SMFC
Startup

Circuitry

Self R

Internal

Voltage

Reference

Capacitor

(350 F)

Fig. 2. System overview showing th
the SUR does a frequency scan using its built-in hydrophone and
then logs the date, time, and frequency of each detection to the
flash memory.

2.3.1. Determining the size of the energy storing capacitor
The size of the capacitor is determined by analyzing the power

requirement of the SUR during scanning and the power require-
ment of the RTC during idle mode. Fig. 3 shows the power flow
diagram during the SUR scanning mode (Fig. 3A) and during the
SUR idle mode (Fig. 3B). The SUR consumes approximately
15.26 mW in 20 � 2 s while scanning. In this mode, the power is
supplied by DC/DC 2 and DC/DC 1 is turned off. The PMS consumes
21.71mW to deliver this power, which is generated from the energy
stored in the capacitor. The RTC is powered in both scanning and
idle modes and requires 1.58mWat all times. During SUR scanning,
power was supplied by DC/DC 2, which is included in the
15.26 mW.While the SUR was in idle mode, power was supplied by
DC/DC 1. In this mode, the PMS consumes 1.94 mW, which is
generated from the stored energy of the capacitor. Energy from the
SMFC is stored in the capacitor, producing between 3 and 10.4 mW
on average.

The capacitor size was determined from the maximum power
requirement during the scanning. Considering the SUR scanning
time, it was calculated that the total energy requirement for each
SUR scan cycle was 0.3052 J. To supply this energy to the SUR, DC/
DC 2 drew 0.4341 J with an efficiency of 70.3%. This energy was
used to calculate the size of the capacitor using Equation (1), with
Vc and Vd at 517 mV and 514 mV, respectively. The value of Vc was
chosen based on the output potential range of the SMFC. The value
of Vd was chosen based on the tested minimum reliable potential at
which DC/DC 2 could begin powering the SUR for scanning without
a voltage breakdown due to the large boost ratio and power
requirement [20]. From these values, we calculated that a 280.7-F
capacitor was needed; since a capacitor of this size was not avail-
able, we selected the next available size, 350 F.

2.3.2. The DC/DC converters
The DC/DC converters are used to convert a low potential to

a higher potential. The boost ratio, the ratio of the input and output
potentials, indicates the magnitude of boosting required. For our
SUR system, the required boost ratio (Vout/Vin) for DC/DC 1 was 5.83
and that required for DC/DC 2 was 6.99, assuming the SMFC po-
tential was steady around 515e517 mV. If SMFCs with lower po-
tentials (<515 mV) are used, the PMS and DC/DC converters can be
modified to handle the lower potentials. DC/DC 1was optimized for
lowcurrent (<1mA), and DC/DC 2was optimized for higher current
(4e10 mA) requirements.
DC/DC #1

DC/DC #2

SUR

State

Machine
Scan

Complete

Enable

estarting

RTC

Power
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e SMFC, the PMS, and the SUR.



The efficiency of the PMS is determined by measuring the power

efficiency of the DC/DC converters, assuming that the power con-

sumption by the other components can be ignored. The bias current

of the comparator and the state machine combined was about

30mA, small enough to ignore for our calculations. The startup
circuitry, including the charge pump, was only operated for a short

time when jump-starting the system was required. The power ef-

ficiency (h) of the DC/DC converter was calculated using the fol-
lowing equation:

h¼
Pout
Pin

100

Poutis the power at the output of the PMS.Pinis the power at the

input of the PMS.

2.3.3. State machine

The state machine ensures that the least amount of energy is

used during each cycle by immediately removing power from the

SUR when the scanning is completed and by using DC/DC 1 and DC/

DC 2 only when they are needed. This makes the SMFC more reli-

able by drawing less power from it. A state diagram of the operation

of the PMS is shown inFig. 4. This state diagram helps illustrate the

function of the energy saving mechanism. During the initial state

(state 1,Fig. 4), the SUR is idle while power is applied to the RTC to

keep accurate time. Once the PMS detects that enough power is

available (state 2) for the SUR to begin scanning, the PMS switches

states and the SUR begins to scan (state 3). During scanning (state

3), the SUR detects ultrasonic frequencies in the range of 30e

90 kHz and writes the detections to nonvolatileflash memory.

After the SURfinishes scanning, a cycle complete signal is sent to

the PMS (state 4) and the SUR is once again in idle mode.

2.3.4. System operation

Before connecting the SUR to the PMS, theflash memory of the

SUR is erased and the RTC is synchronized to the actual time. Then

the PMS and SUR are attached to the SMFC. The state machine re-

ceives power from DC/DC 1 at 3 V and monitors the power available

in the 350-F capacitor using the comparator. The comparator is also

powered by DC/DC 1. The comparator has an internal voltage ref-

erence and a wide potential operating range of 1.8 Ve5 V. The

comparator alerts the state machine when enough power is avail-

able for the SUR to start scanning, which enables DC/DC 2. When

DC/DC 2 is activated, it provides power at 3.6 V to the SUR for

scanning. After the scan is complete, the scan complete line (Fig. 2)

is set by the SUR, which is monitored by the state machine. When

this signal is received, the state machine shuts down DC/DC 2 and

the SUR goes into idle mode. When enough energy is available, the

SUR begins to scan once again. While in idle mode, the RTC requires

around 2.85 V. This potential is supplied by DC/DC 1. A Schottky

diode is required to level shift the 3-V output of the DC/DC 1 to

2.85 V.

A restarting of the system is required in the case of an energy

outage by the SMFC. If the power outage is for more than about 2 h,

the PMS is automatically switched to sleep mode. When power

from the SMFC returns, the PMS is jump-started automatically.

Switching the PMS to sleep mode and restarting are done using

startup circuitry. The startup circuitry consists of a charge pump

and a feedback circuit. If the PMS switches to sleep mode, the times

of the detections after restarting are not recorded because the RTC

has not been continuously powered. However, the SUR can still

scan and log the correct frequency and relative date/time. If the

duration of the SMFC power interruption is determined, the date/

time of the remaining detections can also be approximated. The

startup circuitry includes a charge pump (Seiko Instruments Inc.)

and a feedback circuit. After a restart the PMS operates the same as

before.

2.3.5. Data logging and collection

SURsoft software (Sonotronics, Inc) was used to upload the data

from theflash memory located on the SUR to the computer.

2.4. Powering the submersible ultrasonic receiver using the

sediment microbial fuel cell in thefield

After the SMFC was characterized, the performance of the PMS

was tested by continuously powering the SUR for about six weeks.

Although the SUR is submersible, for experimental purposes we

powered the SUR near the shore. This allowed us to double-check
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RTC powered
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SUR-Scanning
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Fig. 3.Powerflow diagram. A) Powerflow for the SUR in scanning mode. In this mode DC/DC 1 is turned off and DC/DC 2 is active. B) Powerflow for the SUR in idle mode. In this

mode DC/DC 1 is powered on and DC/DC 2 is powered off.
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its operation and monitor the RTC. The anode and the cathode of
the SMFC were connected to the negative and positive terminals of
the 350-F capacitor. The potentials of the SMFC, the capacitor, the
RTC and DC/DC 2 (main power) were monitored using a custom
LabView� software application when needed [9].
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3. Results and discussion

3.1. Characterization of the sediment microbial fuel cell

Fig. 5 shows the anode, cathode, and capacitor potentials of the
SMFC during intermittent energy harvesting. The total energy
stored in the capacitor in each cycle was 43.75 J, and the average
power generation over the period of characterization was
10.4 � 0.3 mW. This was the maximum average power generation
we observed. Because of the variation of environmental conditions,
such as water flow and temperature, the power generation of our
SMFC varied from 3 to 10.4 mW. Fig. 5 also shows that as the
capacitor was charged and discharged the cathode potential varied
from w35 to 325 mV (vs. Ag/AgCl) but the anode potential
remained unchanged. This variation of the cathode potential in-
dicates that the SMFC power generation was controlled by the
performance of the cathode. This shows that to increase power,
improvement of the cathode is required.

The average charging time of the capacitor (tc � td) was
1.2 � 0.2 h. This charging time indicates that after the SUR is con-
nected to this SMFC, it will takew1.2 h to start scanning.We should
note that once the SMFC starts powering the SUR, the time required
for future cycles will not be the same because the potential of the
capacitor was designed to drop only about 3mV during scanning by
the SUR. As can be calculated from the charging curves shown in
Fig. 5, the charging of the last 3 mV takes an average of 2.5 min,
which means that after the first scan the subsequent scans should
take less than 2.5 min if the power generation level remains con-
stant. This time will also depend on the variation of environmental
variables such as river temperature, water flow, and rain.
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3.2. Powering the submersible ultrasonic receiver using the
sediment microbial fuel cell

The performance of the SMFC, the SUR, and the PMS was
monitored by watching the potential and current variation in the
various components. Example data from this operation are
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Fig. 5. The anode, cathode, and capacitor potentials of the SMFC during intermittent
energy harvesting. The charging potential (Vc) was 500 mV, and the discharging po-
tential (Vd) was 0 mV.
presented here to describe the performance of the SMFC, the long-
term performance of the SUR, and the energy efficiency of the PMS.
The output potential of DC/DC 2wasmonitored to observe whether
the SUR was in scan mode or idle mode. Fig. 6A shows the output
potential of DC/DC 2 during the 30-minute window of operation. It
shows that during each scan power was drawn by the SUR at
a potential of 3.6 V. The duration of the SUR scan was w20 � 2 s.
The total energy consumption was 0.309 J, which is slightly higher
than the designed energy consumption (0.3052 J). The output po-
tential of DC/DC 2 was w1 V when the SUR was in idle mode. After
the SUR finished scanning and writing data to the flash memory,
a scan complete signal was detected by the state machine, which
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Fig. 6. Variation of DC/DC 2, RTC, and capacitor potentials during field testing of the
system using the SMFC. A) DC/DC 2 output potential and the input potential of the real-
time clock (RTC). The potential spiked during the scanning. B) Input capacitor potential
profile during scanning and in idle mode. The arrow indicates the time when the SUR
was scanning. C) Enlargement of the input capacitor and DC/DC 2 output potentials
during two scans.
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Fig. 8. Measured efficiency of the DC/DC converters when the input potential for both
was 500 mV. The DC/DC 1 output was 3 V and the DC/DC 2 output was 3.6 V.
put the SUR into idle mode. When the SURwas in idle mode, power
was still supplied to the RTC by DC/DC 1. Fig. 6A also shows the
variation of the RTC input potential. While the SUR was in idle
mode, the RTC potential was 2.85 V; while it was in scan mode, the
bias potential of the RTC increased to 2.95 V.

The potential of the capacitor was the input potential for both
DC/DC 1 and DC/DC 2. Fig. 6B shows the input capacitor potential
for a window of about 30 min. During this time, the potential
changed from w517 to 510 mV. When the SUR was scanning, the
voltage dropped by 7e10 mV. This voltage drop was due to the
sudden power demand on the system. Since the SUR operating
time was 20 � 2 s, the potential drop varied, but the average net
potential drop was 2.5 mV. Once the SUR was in idle mode,
a potential rebound occurred in the capacitor that allowed the
potential to return to its equilibrium level of about 515 mV. The
rebound potential of the capacitor fluctuated within �1 mV
because of power consumption for continuous operation of the
RTC. An enlargement of the two scans (Fig. 6C) shows this fluctu-
ation of the input capacitor potential. We should note that part of
the variation of capacitor potential may come from a fluctuation of
the energy generation by the SMFC. The rebound took w3.5 min,
which means that the frequency of SUR scanning was w3.5 min,
which is higher than the expected value (w3 min). In the charac-
terization of the SMFC, we found that this potential change of the
capacitor would take less than 1 min. The energy accumulation by
the capacitor during the potential rebound was 0.3175 J.

3.3. Long-term operation of the submersible ultrasonic receiver
using the sediment microbial fuel cell

Fig. 7 shows time between the sensor scans during a six-week
period. The maximum and minimum scan times were 7.13 min
and 1 min, respectively. An average scan time of 2.5 min was
observed over the six-week period. The SUR was controlled by
software to look at only two frequencies (71 kHz and 72 kHz) when
scanning. The fluctuation of the time between scans was deter-
mined by the performance of the SMFC. At the end of the six-week
period, the SMFC started to lose some power and the time between
scans increased. Since the power of an SMFC fluctuates over the
course of a year, this change was expected. In our previous study,
which was conducted in the same place, we observed a similar
power fluctuation due to variation of ambient temperature and
changes in water flow caused by rain or snow in the river [10].
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Fig. 7. The time between SUR scans in the long-term field testing.
3.4. Power efficiency of the power management system

Fig. 8 shows the power efficiency of DC/DC 1 and DC/DC 2 when
the input potential was 500 mV for both. The DC/DC 1 output po-
tential was 3 V, while the DC/DC 2 output potential was 3.6 V. To
save energy, DC/DC 1 and DC/DC 2 were never operated at the same
time. The overall system efficiency varied over time because it
depended on the time between scans. Since the PMS only operated
one DC/DC converter at a time and other PMS components had
negligible power consumption, the efficiency of the system was
dominated by the efficiency of whichever DC/DC converter was
operating at any given time. When the scanning was less frequent,
the efficiency was closer to 81.4%, and when the scanning was more
frequent the efficiency decreased to 70.3%. During the six-week
period that the data were collected, the total average power effi-
ciency for the power management system was 75.3%.

4. Application of the developed power management system
to other underwater sensors

The developed SMFCs and PMSs can be used to power other
underwater sensors that have power requirements similar to those
of the SUR. For example, the acoustic [14,22], piezoelectric [21],
thermocouple [11], optical [3], barometric [25], and electro-
chemical [16] sensors that are used for environmental monitoring,
habitat monitoring, seismic monitoring, oceanography, and mili-
tary surveillance all have power requirements that are in the range
from 10 mW to 2.5 W. The main advantage of our PMS is that it can
track the time of monitoring using a RTC.

5. Conclusions

Our study demonstrated that developed SMFC and PMS can
continuously power an underwater hydrophone for long-term
battery-less environmental monitoring. Additionally, the SUR
hardware and firmware modifications allowed it to be optimized
for the PMS, which gave the PMS control of the SUR, saved addi-
tional energy and allowed continuous operation of an RTC. We
concluded the following:

� A sediment microbial fuel cell producing an average of 3e
10.4 mW can power a real-time clock continuously and an



underwater ultrasonic sensor intermittently without the use of
batteries.

� A power management system with two DC/DC converters
supplying power separatelymakes the energy harvesting of the
sediment microbial fuel cell more efficient and reliable.
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Nomenclature

C Capacitance (F)
DC/DC DC to DC converter
DC/DC 1 DC to DC Converter 1
DC/DC 2 DC to DC Converter 2
MFC Microbial fuel cell
PMS Power management system
RTC Real-time clock
SMFC Sediment microbial fuel cell
SUR Submersible ultrasonic receiver
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