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ABSTRACT
This paper explores the power delivery potential of soil-based microbial fuel cells. We build a prototype energy harvesting setup for
a soil microbial fuel cell, measure the amount of power that we can
harvest, and use that energy to drive an e-ink display as a representative example of a periodic energy-intensive load. Microbial fuel
cells are highly sensitive to environmental conditions, especially
soil moisture. In near-optimal, super moist conditions our cell provides approximately 100 µW of power at around 500 mV, which is
ample power over time to power our system several times a day. We
further explore how cell performance diminishes and recovers with
varying moisture levels as well as how cell performance is affected
by the load from the energy harvester itself. In sum, we find that the
confluence of ever lower-power electronics and new understanding
of microbial fuel cell design means that “soil-powered sensors” are
now feasible. There remains, however, significant future work to
make these systems reliable and maximally performant.
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INTRODUCTION

Power is a perennial challenge for real-world sensor deployments.
To support scale, devices need to last long periods of time with little
to no supporting infrastructure or maintenance. Existing wide-area
sensing systems rely on batteries or harvest the required energy,
most often from solar or wind sources. One problem with solar,
wind, and other common sources of power is that they are not
always available or reliable. This has led to growing interest in new,
non-traditional energy scavenging sources.
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The burgeoning set of low-power energy harvesting chips now
available can harvest power from voltage sources as low as 25 mV.1
While most of these energy harvesters target thermoelectric, piezoelectric, RF, and solar energy sources, their ability to extract power
from low-voltage sources facilitates the exploration of novel energy
sources, like tree trunks [6], and the re-visitation of old ideas, such
as microbial fuel cells (MFCs). MFC harvesting has been studied in
wastewater management [1, 11, 24], but there has not been a similar focus for soil MFCs. We re-examine the viability of soil MFCs
to produce sufficient power to be useful for sensor applications.
Specifically, due to the low but relatively constant power available,
we find that soil MFCs may be a good fit for the new “reliable but
intermittent” sensor class [6].
MFCs are made of electrogenic bacteria that release electrons as
they metabolize their food. Normally, these bacteria use metals in
the soil as electron acceptors, but it is possible to get them to grow
on an electrically conductive anode, which allows us to capture
the electrons they expel. As the source of power is the activity of
living organisms, MFC performance can vary drastically based on
local environmental conditions, which we will explore empirically
in Section 5. Towards real-world applications, then, this paper is
just step one. We explore a best-case MFC to see if it is capable of
powering modern sensors. We see a long line of exciting future
work towards the question of what it would take to realize viable
and reliable MFCs everywhere.
Before diving in, we wish to draw distinction between MFCs
as a new energy scavenging opportunity versus MFCs as a new
“renewable” energy source. Logan et al. [14] argue for the standardization of terminology when describing MFCs. Specifically, unless
the medium or nutrients than an MFC uses to generate electricity
are refreshed somehow, the apparatus should be referred to as a
biobattery rather than a fuel cell. In the long term, we are interested in embedding MFCs in environments such as agricultural
beds or wetlands, where extant processes can restore nutrients. The
cell we study in this work, however, is self-contained. Thus, it is a
biobattery, and we will refer to it as such moving forward.

2

BACKGROUND

MFCs have been studied for over a century. In his 1911 work, Potter [19] presents one of the earliest experiments using microbial
activity to generate and measure electric potential. The yeast and
bacteria used for these early experiments were grown in a sterilized,
nutrient-enriched solution placed in a glass container and porous
cylinder connected to platinum electrodes. To understand MFC
operation, we explore major developments in MFC design since
these first experiments.
In 1963, NASA explored the possibility of using human wastewater as a source of power [1]. Early results showed that there was
1 Examples

include the MCRY12-125Q-42DI and related chips from MATRIX.
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some energy available for extraction. The most notable contribution from this work was the advent of incubation, a now-standard
process that establishes bacterial colonies in hyper-favorable conditions before deployment.
In the early 1990s Habermann and Pommer did pioneering work
in long-running MFCs. They demonstrated a system that ran for five
years with no maintenance (beyond feeding). Their design featured
an aqueous MFC configuration that stabilized the pH level, which
enabled long term function so long as the cell continued to receive
external sugar wastewater as fuel [5, 24]. This design showed how
to develop a system capable of processing waste products from
electrogenic bacteria to support longitudinal operation.
Many previous MFC designs incorporated mediators, which are
slightly toxic and expensive artificial compounds that facilitate the
transfer of electrons from bacteria to the anode [20, 27]. Research
in the late 1990s showed that mediators are not required to construct MFCs as some bacteria have natural mechanisms to expel
electrons [9]. Removing mediators simplifies MFC construction and
reduces cost, which makes this approach more common for modern
cells, including ours.
For MFCs without mediators, bacteria from the genus Geobacter
dominate the anode of soil MFCs, and their presence is correlated
with higher power production [21, 28]. One design consequence of
this taxon is that the anode must be in an anaerobic environment,
as Geobacteriaceae are almost completely obligate anaerobes [13].
These bacteria are common in many soils and subsurface environments [15], so much so that no special effort is required to acquire
them for use in soil MFCs. Early work identified that waterlogging
soil works to exclude oxygen from the buried anode [4]. We use this
same waterlogging approach to promote an anaerobic environment
around the anode buried under the soil in our biobattery.
Many materials can be used for the cathode and anode of MFCs.
Examples range from mercury and platinum [4, 19], to graphite
felt [17], to tungsten carbide on reduced graphene oxide nanolayers [18], and many more [24]. When selecting materials, Josephson
highlights that galvanic corrosion can confound electrical measurements [8], as galvanic corrosion is also a potential source of
power [6]. To build a renewable soil MFC (rather than an earth
battery [2]), then, care must be taken to select materials for the
electrodes that are galvanically inert.
Looking forward, one of the biggest open questions we will face
when trying to deploy soil MFC-powered sensors is an absence
of extant, longitudinal studies. There are a few experiments and
deployments that span months to years [5, 25]. However, we are
unable to find any commercial deployments of MFCs as power
source. One hypothesis suggests that inefficiencies introduced by
current MFC construction make their use in industry infeasible [24].
Still, more recent studies describe sensor applications which use
MFCs for power, and demonstrate that it is now possible to architect
low-power sensor nodes powered off solely a biobattery [16, 22].
In this work, we focus on the biobattery and harvesting operation
itself, to understand how we might look to both maximize and
stabilize power for future long-term deployments.
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PROTOTYPE DESIGN

Figure 1 provides an overview of the architecture and realization
of our prototype system. For our biobattery we use a commercial
off-the-shelf Mudwatt that uses galvanically inert carbon felt electrodes [8]. Soil composition is known to have significant affect
on soil MFC performance [3, 26], so we use commercial soil with
known parameters for our cell (Figure 1c for details).
To grow the initial colony, we follow the instructions provided
by the Mudwatt. We place 1 cm of soil in the container and then
install the anode at that level. We then bury the anode below an
additional 5 cm of soil. Finally, we place the cathode on top of the
soil, where it is exposed to the ambient air. The Mudwatt required
approximately three weeks of constant watering to mature and
produce consistent power.
After reaching maturity, with a constant 2.2 kΩ load our Mudwatt produces 100 µW of power in steady-state. The peak opencircuit voltage we observe is around 700 mV. This limits the energy
harvesters we can use. Following the 2021 survey done by Jagtap [6], we choose an ADP5091 development kit to harvest power
from the Mudwatt. We configure the ADP5091 to have its main
boost enabled, the regulated out voltage set to 2.5 V, the LDO mode
enabled, the boost mode on, the regulated output enabled, and the
MPPT sensing function enabled and in the dynamic mode.
We use a 330 mF supercapacitor as our energy store. We choose
a supercapacitor for its nearly unbounded cycle count as well as
being able to tolerate non-constant voltages when charging. We
estimate that this supercapacitor should provide the system with
390 mJ of energy when discharging from 2.6 V to 2.1 V. From the
expected power draw of system components, shown in Table 1,
we estimate a single event will require about 160 mJ, which leaves
ample overhead.
We select the Redboard Artemis for our microcontroller as it
features an Ambiq Apollo3 MCU. In principle, the Apollo3 draws
just 6 µW when in deep sleep. It also integrates an ultra-low-power
RTC, which allows for efficiently scheduling wake-ups far in the
future [7]. To reduce unnecessary power draw, we remove the
indicator LEDs and the UART bridge from the Redboard.
We use an e-ink display screen refresh as a representative example of a periodic high-energy task sensors might undertake.
Examples of other periodic tasks include wireless transmission or
on-device machine learning[12]. E-ink displays draw little to no
power when holding an image, but they consume an appreciable
amount of energy to refresh their display. For instance, our display,
per its datasheet, draws a maximum of 40 mW over four seconds to
refresh its display. As the e-ink display controller is not optimized
for deep sleep performance, we add a power switch to explicitly
disconnect power to the e-ink display when not in use.

4

IMPLEMENTATION

Figure 1b shows our actual prototype. The Mudwatt is connected
to the VIN and ground terminals on the ADP5091 development kit,
and the supercapacitor is connected to the battery terminals of the
harvester. Once the supercapacitor is charged, we manually disconnect the ADP5091 harvester from the supercapacitor and connect
the supercapacitor to the Vcc and ground rails of the breadboard.
This powers the Redboard and the e-ink display. More importantly,
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Biobattery
6 cm soil
Harvester
Supercapacitor
Microcontroller
Power switch
E-ink interface
E-ink display
Precision logger

(a) Prototype block diagram.

(b) Prototype system.

Magical Microbes Mudwatt [17]
Miracle-Gro: Cactus, Palm, & Citrus Potting Mix
0.06% total nitrogen, 0.02% P2 O5 , 0.04% K2 O
ADP5091-1-EVALZ
FMC0H334ZF (330 mF)
SparkFun RedBoard Artemis
TPS22860DBVR
DESPI-C102
GDEW0102I3F, 1.02 inch display
RocketLogger [23]

(c) Components used to build prototype system.

Figure 1: Prototype Overview & Implementation. In (b), from left to right: the Mudwatt, the AD5091 harvester development kit, the
supercapacitor, the e-ink display and power switch, the Redboard Artemis, and the RocketLogger.
this “unloads” the biobattery during operation. As we will see in
Section 5, unloading the cell for windows of time has serious impact on the cell behavior. A future design might include a dedicated
switch to support this behavior, but properly handling cold-start for
such a design is challenging and outside the scope of our prototype
implementation’s capability, hence the manual operation of this
step.
Originally, we did not intend to include a dedicated power switch
to gate power to the e-ink display. However, initial testing showed
that the display was not shutting down as expected, thus necessitating the removal of its power supply externally. We also disable
all of the pins on the Redboard to prevent the e-ink display from
drawing power through the data lines.
We have uploaded the firmware for our prototype to Gitlab.2 The
firmware manages the e-ink display and the power state of the e-ink
and the microcontroller. During a power-on event, the firmware
first performs a full-screen refresh by enabling power to the display,
sending framebuffer data to update the display with the state of the
internal RTC, and finally initiating the actual refresh. The limited
communication interface to the e-ink display requires polling the
busy line to detect when refresh completes. This results in higherthan-anticipated power draw for the MCU during operation. A full
event takes approximately four seconds to complete.
After the screen redraw, we turn power off to the e-ink display
and instruct the Redboard to enter its deep sleep mode. An internal
timer fires 20 seconds later to wake up the Redboard and repeat the
program. The board repeats this operation until the energy reserves
are depleted.
We generally attempt to keep the biobattery in optimal conditions. When not running the experiments testing the impacts of the
Mudwatt drying out, we add water to the Mudwatt on an almost
daily basis to ensure the anode remains in an anaerobic condition.
We also let the Mudwatt rest for an hour every other day to ensure
the biobattery remains in peak operating condition.

5

EARLY-STAGE RESULTS, TRENDS, AND
OBSERVATIONS

Our experiments serve two primary thrusts. First, we characterize
the basic performance of our biobattery. Second, we are interested
to see how energy harvesting impacts the energy recovery potential
2 https://gitlab.com/gemarcano/mudwatt/-/tree/lp-iot

of the system. As a final step, we characterize the energy demand
of our implementation.

5.1

Mudwatt Characterization

To begin, we test the performance of the biobattery with a simple, fixed 2.2 kΩ load. This load selection follows guidance from
impedance sweeps of prior designs [8], plus our own experimentation. In steady-state, a constantly-wet cell produces a little over
100 µW continuously.
Next, in Figure 2a we consider what one might expect to be
‘normal’ environmental conditions for a deployed biobattery. Cells
will dry out over time, but precipitation or irrigation events will
occur reasonably often. This healthy, untaxed cell exhibits both a
logarithmic decay as it dries under load and logarithmic recovery
when water is introduced. Qualitatively, the decay and recovery of
the cell look similar across a modest number of trials, which invites
future work that explores the predictability of energy over time.
One natural next question, what happens if water never comes?
Figure 2b allows a cell to dry completely. Somewhat surprisingly,
in the extreme, the cell actually reverses direction and exhibits
moderate “negative” current flow. While this phenomenon is interesting, it is also three orders of magnitude lower power than our
healthy, fully-functioning biobattery. Future systems may consider
exploiting this for “emergency reserve” power, but it is unlikely to
be sufficient for a primary energy source in the short term.
After an extreme dry-out event, the biobattery takes significantly
longer to recover. As seen in Figure 2c, it takes the cell nearly
four days to fully recover as opposed to roughly five hours in the
modestly-dry case. Notably, this recovery curve is largely linear
rather than logarithmic. Future work is needed to understand the
underlying biology, but, again, qualitative empirical trials find this
behavior to be consistent.

5.2

Curiosities & Observations

When water is added, we see short-term near-instantaneous spikes
in output power in addition to the longitudinal response. We can
see this in Figure 2c, where there are small peaks and drops at the
10, 40, 50, 60, 70, and 90 hours points which correspond to watering
events. This phenomenon, if detectable via microcontroller ADC
monitoring or some other circuitry, might make it possible to detect
when water is added. This could, in turn, be used to predict and
leverage impending periods of higher energy availability. There are
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(a) Steady-state watering. We let an unloaded
(open circuit) Mudwatt dry out over several days.
At time 0, we connect the Mudwatt to a 2.2 kΩ
resistor as a load. At around 14 h, we water the
cell. The cell recovers its power output over the
course of the next five hours. The graph is zoomed
in to show detail; note that the y-axis does not
begin at 0.

(b) Complete dry-out. Time 0 is approximately
one minute after the end of Figure 2a. The load
from Figure 2a remains connected. Power decreases as the cell dried out, reaching 0 µW after
a day. During the final several hours, the cell polarity reverses slightly (reaching around -15 mV
with -7 µA before we add water for (c)).
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(c) Recovery from dry-out. This immediately
follows the dry-out from (b). The 2.2 kΩ load resistor remains connected. At time 0, we water the
cell. The small peaks and valleys in the power
output are due to additional water being added
to ensure the Mudwatt anode remains well submerged.

Figure 2: Power over time and sensitivity to water. With semi-regular watering, (a) shows the regular logarithmic declination and
recovery of cell power during “normal” drying out. (b) and (c) show the behavior when a loaded cell is allowed to dry out completely, and
the corresponding, slower, linear recovery of the cell.

(a) Charging profile from cold-start to steady-state. The Mudwatt is fully watered and rested
before beginning. The Redboard is disconnected. The supercapacitor charges to its target in just over
12.5 hours. At first, charging is quite fast, as there is built-up energy in the rested cell. During initial
charging, the ADP5091 operates in “asynchronous mode,”3 . When the input voltage dips below 80 mV,
the harvester can no longer operate. The harvester restarts once input voltage exceeds the 380 mV
cold-start voltage. This “input-falls-below-operation, bacteria recovers” cycle accounts for the spiky
operation, shown in detail in (b). Once the target charging threshold (2.5 V plus some hysteresis margin)
is reached, the harvester switches to “synchronous mode,”3 . Here, the harvester no longer browns out,
which results in a constant load on the biological cell (which never recovers) and a slow, constant drain
on the storage supercapacitor. Finally, around hour 16, the energy reserve depletes enough that the
harvester returns to “asynchronous mode,” which causes the system as a whole to enter a macro-level
steady state.

(b) Detail view of harvester cycles. At 380 mV,
the cold-boot circuitry of the harvester activates,
and the system begins charging. This energy demand causes the voltage on the biobattery to slowly
fall. Every 16 s, the MPPT algorithm detaches the
harvester for 256 ms to measure the open-circuit
voltage, which accounts for the Mudwatt voltage
spikes during harvesting. When input falls below
80 mV (red line in graph), the harvester shuts off.
With no load, the Mudwatt begins to recover, until
it reaches 380 mV and the cycle restarts. In steady
state, this oscillates with a period of approximately
seven minutes.

Figure 3: Mudwatt energy harvesting behavior over time. (a) shows the Mudwatt voltage as the supercapacitor is charged. (b) shows
a zoomed-in portion of (a), which shows the ADP5091 shutting down and restarting as available power from the biobattery falters and
recovers, along with the voltage of the supercapacitor rising as power is harvested.
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possible confounds, however. Simply bumping the Mudwatt also
causes small perturbations in output, and when the power output
is low enough, so can airflow.
Waste buildup is a possible explanation for sensitivity to motion.
The bacteria in the Mudwatt produce gas as they metabolize. We
have observed that the heavier the load on the Mudwatt, the more
gas bubbles form over time. Shaking or squeezing the container
does result in a small spike in energy production if it violent enough
to release some of the trapped gas, but it is not clear if this is because
of the removal of the gas, because water is now able to enter where
the gas was trapped, because the shaking helps nutrients dissolved
in the water to move around, or for another reason.
In our experimentation, we also noticed that when allowed to
rest (i.e. no load), the Mudwatt is able to increase its voltage above
what it can sustain with an attached load. In practice, this voltage
increase may translate to some additional harvestable power. In
Figure 2a, the Mudwatt had been allowed to rest before the data
collection began. We can see that the initial voltage was higher than
the voltage the Mudwatt settled on after recovery. Furthermore,
it remained at an elevated voltage for almost 10 hours after being
plugged into the 2.2 kΩ load. This suggests that applications with
higher instantaneous power demands may be able to buffer energy
in the cell itself rather than requiring dedicated electronics.

5.3

Harvester ICs, MPPT, and MFCs

Next, we implement and evaluate the full system described previously. We attach an ADP5091 harvester to the cell and observe
the ability to recover energy. As a first-order result, it takes the
harvester just over 12.5 hours to charge the supercapacitor energy
store to its target voltage of 2.6 V.
Figure 3 looks at charging performance in detail. The initial
logarithmic charging burst in the first half hour stems from the
Mudwatt being in a rested and “overcharged” state. In steady-state,
charging is largely linear. The effective empirical charging rate is
approximately 80 mJ/h or 20 µW. Of note, this is less than the 100 µW
steady-state power draw achieved by the simple 2.2 kΩ load.
Figure 3b is a close-up of the behavior of the ADP5091. The
harvester runs a maximum power point tracking (MPPT) algorithm
which targets 80% of open-circuit voltage. For reference, in Figure 2a,
the initial open-circuit voltage was 570 mV while the steady-stage
voltage with the load is 465 mV ( 465
570 ≈ 82%). In practice, however,
this set point is too aggressive, and the cell repeatedly drains to the
point of harvester failure.
To try to ameliorate the strain on the biobattery, we increase the
MPPT set point. At a MPPT target of 90%, the cell takes longer to
discharge below the 80 mV threshold, but it still consistently drains
to the point of failure. At 95%, most of the asynchronous phase3
of the harvester operates well. The harvester draws an average of
60 µW off the biobattery. However, as the harvester approaches the
threshold to switch to its synchronous mode3 , it begins to draw
significantly more power off of the cell, which again drains to the
3 The

ADP5091 asynchronous and synchronous modes relate to how the harvester is
powering its boost converter. In asynchronous mode, the battery is disconnected from
the boost converter, which allows the battery to charge without the draw of powering
the boost converter. In synchronous mode, the harvester connects the battery to the
boost converter, which allows the converter to draw power from the battery to sustain
its operation. See the ADP5091 datasheet for more information.
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Figure 4: Supercapacitor voltage and system power draw during a screen refresh event.
Table 1: Expected and actual power draw. Not all components
are active all of the time. We are not able to measure the actual
power draw of the ADP5091 development kit, as it is difficult to
separate the power draw due to charging the supercapacitor and
the energy usage of the harvester itself.
Component
Artemis (active)
Artemis (sleep)
ADP
E-ink (update)

Expected (mW)

Actual (mW)

1.5
0.004
0.0018
40

10
7
4

80 mV failure point. We are unable to find any MPPT threshold that
enables continuous operation of the harvester, despite the cell’s
ability to support a static 2.2 kΩ load at over 100 µW.

5.4

Energy Consumption

Once the supercapacitor charges to around 2.6 V, we switch the supercapacitor from charging to providing power to the e-ink display
and the MCU circuit. Figure 4 shows the overall system power, and
Table 1 breaks down the measured power draw of the components.
We find several non-trivial differences between datasheet values
and empirical power use. We expected significantly lower power
draw from the microcontroller and more power draw from the
e-ink display. We suspect that we did not successfully power down
all of the auxiliary/peripheral components for the Artemis. While
realizing optimal low-power states is known to be challenging [10],
it is still disappointing to see how far off the largely out-of-box
experience is for a development board of the current state-of-the-art
lowest-power MCU.
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The e-ink display demand draw consists mostly of many small
spikes in power draw, which average to a lower power utilization
than expected. Nonetheless, the overall energy use is still appreciable and requires continuous operation for approximately five
seconds. Integrating power draw measurements, the energy consumption for a refresh of the e-ink display is 24 mJ, and the energy
usage of the microcontroller for the same time period is 31 mJ.
Combined, both the e-ink display and the microcontroller consume
55 mJ per e-ink display refresh.

6

FUTURE WORK

We keep our biobattery saturated with water, which yields consistent power output. Maintaining soil at saturation is unrealistic for
many real-world settings, from potted plants to agricultural fields.
We intend to explore MFCs with exposure to less moisture and plan
to compensate for the expected decrease in power by connecting
multiple MFCs in series and/or parallel. For more immediate deployment, we also hope to consider applications in wetlands, which
are already near-optimal for MFC performance.
There is significant opportunity in harvester design. To start, we
need to develop designs that better approximate the simple static
load, which outperforms today’s MPPT algorithms. In the future, it
may be possible to further exploit the non-linear growth and decay
of MFC power output to extract even more energy.
We know there are a myriad of environmental variables that
impact the energy production of soil based MFCs, but we do not
know their respective magnitudes. We plan to collect data on soil
humidity, temperature, and exposure to light, to begin to identify
their impact on the power output of our Mudwatt.
In this work, we study a biobattery. In contrast to MFCs, biobatteries have no way to replenish nutrients. As such, eventually the
bacterial colony around the anode will deplete its nutrient supply
and die out. Characterizing how long biobatteries can last can help
enable plans for real-world deployment and long term use. It also
helps identify what might be done to increase their longevity and
could be a key step towards perpetual, renewable cells.
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