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Project abstract: Going low power and having a low or neutral impact on the environment is 
nowadays a key feature for embedded systems, as electronics is pervasive not only in industry but 
even in almost everything close to everyday life. In this project, we present a self-sustaining, ultra-
low power smart device, powered by Plant Microbial Fuel Cell (PMFC) and capable of sensing light, 
temperature and humidity and sending it via long-range radio transmission to the end user. The 
choice of a PMFC as an energy harvester leads to a portable and green solution, with no 
greenhouse gases and requiring the user just the effort of watering a plant. Furthermore, the system 
exploits aggressive power management thanks to FRAM technology used to save microcontroller 
status and to shutdown electronics without losing context information. Our prototype paves the way 
to energy neutral sensors powered by biosystems available almost anywhere on earth. After a short 
introduction, we motivate the project and present a theoretical background. Then, implementation 
description and experimental results demonstrate our proposal. Lastly, the summary and future plans 
conclude the document. 

http://www.ti.com/tool/msp-exp430fr5969
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Introduction 

Energy harvesting is a process by which energy is derived from external power 
sources, often exploited to have an increased autonomy of nowadays devices. 
However, the design of near-energy neutral embedded systems is very challenging 
due to the low amount of generated power and difficulties in managing sporadic and 
burst spikes of power consumption. Moreover, harvesters usually provide 
unregulated and unpredictable energy throughout the day: e.g. a solar cell is more 
efficient during day than night, and a thermoelectric harvester strongly depends on 
external temperature and heat. In this project, we propose the use of Plant 
Microbial Fuel Cells. This bio-electrochemical system is used as a green and 
renewable power source, which can become a valid and sustainable alternative to 
both conventional energy harvesters and batteries. To rely almost entirely on energy 
harvesting, an ultra-low power microcontroller with FRAM technology is used to 
"hibernate" temporary the register file and switch the MCU off when zero energy 
consumption is required. Special effort was given to the choice of energy efficient 
external components, such as low power sensors and the radio module. Moreover, 
as the fuel cell provides an unregulated power supply, an ultra-efficient boost 
converter stabilizes the output voltage at 3.3V and accumulates extra energy into a 
low-leakage super capacitor. 
 

Motivation for the project 

The choice of a Plant Microbial Fuel Cell as power source for our project comes from 
the fact that, despite being a fascinating field of study for scientists, small size 
PMFCs are still not employed in everyday applications and we strongly believe that, 
in a near future, they could become a solid alternative to other renewable energies. 
PMFCs can provide enough power for electronic devices, only with a careful 
electronic design, because the power produced by a small MFC is usually in the sub-
milliwatt range. PMFCs do not produce additional greenhouse gases or waste of any 
kind, can be used in a wide range of environmental conditions and can be used to 
build a self-sustaining system. Together with other emerging powerful technologies 
such as ferroelectric RAM (or FRAM), a new generation of low-cost energy-neutral 
smart electronics can be defined. FRAM allows embedding a non-volatile random-
access memory in an electronic system, providing larger speed with respect to any 
other flash memory, together with lower power consumption and longer lifetime. In 
this project, we exploit this technology in conjunction with the Hibernus library [1][2] 
to get a snapshot of registers content whenever the system approaches a critical 
situation that could cause an immediate shutdown. Such conditions may result from 
an excessive energy requirement; therefore, there is the need to suspend any 
power-consuming operations and to continue when enough energy is available. In 
this case, the system keeps memory of the previous context, such as the not yet 
transmitted measured data and information about the health of the “green battery”. 
Hence, we decided to create a self-sustaining and green out-of-the-box product 
capable of sensing environmental conditions such as temperature, humidity and light 
intensity and periodically sending them through a radio transmission to the main 
node. The solution we created can be part of a smart building as a green client node 
able to independently perform environmental measurements and communicate 
wirelessly to the server; however, it can be also embedded in a bigger green city 
area, e.g. parks. 
 



Theoretical Background 

 

Plant Microbial Fuel Cells 

Microbial Fuel Cells (MFCs) are bio-electrochemical systems that produce current by 
exploiting the capability of particular species of microorganisms, such as Shewanella 
and Geobacter, to produce electrons as a result of cellular respiration processes. In 
general, MFCs consist of two electrodes (an anode and a cathode) and an 
electrolyte that allows the flow of charges from the lower potential electrode to the 
higher one. Typically, oxidation happens on the anode, where electrons are 
produced from Hydrogen and H+ cations are released. Electrons then move from the 
anode to the cathode through a wire to power the load, while cations are free to 
move directly to the cathode thanks to a Proton Exchange Membrane (PEM), a 
special medium that facilitates this operation but avoids electrons from passing 
through it, forcing them to flow through the electronic circuit. At the cathode, protons, 

electrons and usually oxygen are combined to 
form the waste product, in this case water. As 
long as fuel (typically hydrogen) is supplied to the 
system, the reaction keeps going on and 
electrical energy is produced. In this kind of fuel 
cells, soil is used both as a proton exchange 
membrane and as source of organic matter. 
Moreover, bacteria fulfil the role of catalyst as a 
biofilm that donates electrons to the anode and 
chemical reactions involve simple sugars to 
produce carbon dioxide, electrons and protons, 
the latter two combining at the cathode with 
oxygen to obtain water. In general, the system 

operates with satisfactory results in mild conditions (between 20 and 40 °C, at pH 7), 
and can reach a higher efficiency than the one of a standard internal combustion 
engine (40-60% against 30%). The presence of electrogenic bacteria in nearly every 
kind of soil is a further advantage of this technology.   
Plant-Microbial Fuel Cells (P-MFC) can be seen as an evolution of soil-based MFCs 
and make use of naturally occurring processes around the roots of plants to provide 
additional nutrients to the bacteria. Thanks to photosynthesis, the plant produces 
both carbon dioxide and organic matter and up to 70% of this matter ends up in the 
soil as dead root material, which can be oxidized by bacteria living at and around the 
roots, releasing CO2, protons and electrons. Since the metabolic process of the 
bacteria only implies the use of waste material, plants considerably increase the 
energy production of the fuel cell without any negative consequence on their own 
health. Moreover, as the plant constantly provides nutrients, further enriching the soil, 
PMFCs are systems that potentially can be used unlimitedly in time.  
 

FRAM and HIBERNUS 

Ferroelectric random-access memory, or FRAM, is an upcoming new technology for 
Non-Volatile Memory (NVM) based on the physical property of specific type of 
materials (the so called "ferroelectric materials") to store a charge when an electric 

Figure 1 - scheme of a MFC 



field is applied and keep it even when the field is no more present. In particular: 
when an electric field is applied to the dielectric, its dipoles orientate along the 
direction of the field, keeping its orientation even when no field is then applied; they 
work similarly to ferromagnetic materials, presenting a hysteresis loop that is the key 
feature to their non-volatility. As a main advantage over conventional ferromagnetic-
based storage unit, however, FRAM can go as low as 150 ns for a write operation, 
still slower than (but comparable to) DRAM, but way faster than a flash memory that 
has an average period in the order of a millisecond. Secondly, they require smaller 
voltages w.r.t. flash and EEPROM memory (1.5 V against 10-14 V), leading to a 
greatly reduced power consumption; finally FRAM does not require a refresh 
operation as in DRAM, resulting in hundreds of trillion read/write cycles of lifetime. 
Taking into consideration all the previously discussed advantages, FRAM technology 
can definitely be a strong and solid alternative to regular non-volatile memories, 
outperforming them in nearly every aspect. 

In this project, thanks to the adoption of both FRAM technology and the Hibernus 

library, we developed a low power and user-friendly methodology to take a 

“snapshot” of the application state including external peripherals and pending tasks. 

This allows us to save registers content in the NVM when approaching a critical 

power situation and “restoring” the application state without reboot initialization when 

the normal supply voltage is reestablished.  

 

Implementation 

Based on the aforementioned low-power features, we designed the system whose 
block diagram is shown in Figure 2. 
 

 

Figure 2 - Block diagram of the device 



 
We have partitioned three subsystems: inputs, outputs and power management. The 
first subsystem includes all devices that interface with real world and interact with 
physical quantities. It is called "Inputs" because we focused on sensing the 
surrounding environment (e.g. humidity, temperature and light sensor), without 
actuators. Low-power and low-cost features have driven the selection among 
possible components, because the final application has no real-time constraints or 
strict requirements on precision or latency. After these considerations, digital and 
low-power sensors have been selected.  
The second subsystem, i.e. the “outputs”, includes the necessary interface to share 
and transmit data to the user: a radio-on-chip. 
Eventually, a power management subsystem has been designed to fully and 
optimally exploit the Plant Microbial Fuel Cell. The raw output voltage generated by a 
single PMFC (as in our case) is not sufficient to supply common electronics; 
therefore, a high efficiency buck/boost converter is needed to increment the 
operating voltage. Moreover, we added a supercapacitor to cope with sporadic or 
periodic power consumption spikes. Note that green arrows in the above diagram 
indicate power management signals, useful to perform power gating on power 
intensive modules such as radio or the EPD (which is marked as a future upgrade). 
Below, more information is given for each device used in this project: 
 
Microcontroller 
 
The keyword of our entire system is “Energy Saving”, hence the main core of the 
system is based on the Launchpad MSP430 equipped with the FR5969 chip, one of 
the lowest power microcontroller available on the market nowadays, capable of less 
than 360nA current consumption when in ultra-low Power Mode 3.5 with RTC 
enabled. This board has 64kB of FRAM and an internal comparator, which we used 
to detect low-voltage conditions and therefore to trigger the Hibernus algorithm. 
The entire system cannot be connected directly to the MFC in combination with the 
booster, because the radio transmission requires a burst of energy. These can be 
compensated by using a super capacitor as an energy-buffer storage unit. The 
supercapacitor mounted on the MSP430 is too big to be charged directly by the mud 
battery. Tests show how the energy required is an order of magnitude less than the 
one provided by this Cap and the PMFC is not able to charge it without 
compromising the internal efficiency. 
Therefore, a properly dimensioned 22mF super-cap is attached to the output storage 
of the BQ25505 board and data are transmitted only if there is enough energy stored 
in, checked through the VBAT_OK pin. 
 

 

Figure 3 – MSP Booster pack showing connection to and from the Microcontroller 

 

 



Radio 
 
As our purpose was to embed a high efficient device as transmission module, we 
include in our system a CC1310 sub 1 GHz antenna, thus allowing for an extremely 
low energy consumption even thanks to the presence of a configurable low power 
mode when the device is not transmitting. We used a transmission frequency of 868 
MHz with a 0-dBm power and a baud rate of 625 bps. Considering the need of 
collecting and sending three measurements for each one of three sensors (light 
intensity, humidity and temperature), we went for a 20-byte payload (two additional 
byte required for additional payload information), thus allowing 2-byte measurements.  
 
PMFC 
 
We used a simple and easily replicable design: a cylindrical vessel (easily fitting in a 
regular potted plant) enclosing the cathode at the top, exposed to air, and an anode 
at the bottom, deep in soil. We assembled our configuration as a high-surface-area 
graphite fiber felt electrodes PMFC dimensioned as follows:  

 Thickness: 0.5 cm for anode and 1 cm for cathode; 

 Diameter: 8 cm for anode and 8.5 cm for cathode; 

 Connection: titanium wire for both electrodes; 

 Electrodes are placed at 6 cm from each other; 

 Plant used: Mentha. 
 
Step-up circuitry 
 
The PMFC can provide a floating output that depends on the absorbed current and 
the equivalent resistance of the overall circuit; anyway, it floats between 0.3V and 1V 
while the operating voltage of the Launchpad is 3.3V, so we chose the 
BQ25505EVM, a high-efficiency DC-DC back-boost converter board.  
The 25505 chip can manage ultra-low power consumptions (from microwatt to 
milliwatt) and embeds a programmable maximum power point tracking (MPPT) 
network. This allows to constantly extract the maximum available power from our 
harvester by periodically checking for the OC voltage and consequently regulating 
the input voltage for the converter. For our application, we set the MPP as 80% of 
the OC voltage. 
 
Sensors 
 
We chose three kind of sensor: light, temperature and humidity. For the first, we use 
a VEML7700 and for the other two we use a HDC1080 and both have a remarkable 
low power consumption. Each sensor is connected to the MSP430 through I2C port, 
having for both SDA and SCL connection a 4.7 kΩ pull-up resistor. 
 
Software 
 
After having completed the project design from a hardware perspective, we focused 
on a more code-oriented analysis. We developed a flow chart diagram (see next 
page) to detect clearly the states used by our system during its operation. Normally, 
when powered on, the system periodically takes joint measurements of light, 
humidity and temperature using the energy from the PMFC. If the collected energy in 



the capacitor is enough for the 
"radio" task, the application wakes 
the radio module up from the 
shutdown status and transmits at 
868-MHz frequency the collected 
data. The system alternates these 
active stages with LPM3.5, which 
is the lowest power-consuming 
LPM that still permits to 
determining the application timing. 
Since no real-time constraint is 
present, such timing is not static, 
but depends on the “health state” 
of the PMFC via a warning level: 

 It is increased each time 
the voltage drops down a 
minimum threshold (Vcc<VMIN) or 
the energy stored in the capacitor 
is not enough for a transmission 
(Vcc<VBAT_OK). 

 It is decreased right after a 
radio transmission, down to a 
minimum value, corresponding to 
the ideal application timing.  
When the voltage supply takes 
intermediate values (between VMIN 

and VBAT_OK), the system performs 
a measurement and if enough 
energy is available, transmits 
immediately the data, otherwise it 
stores them in a buffer. When 
maximum size of such buffer is 
reached, data sampling is 
suspended and the system is set 
to wait state (LPM3.5), allowing 
the recharge of the capacitor. As 
soon as energy collected reaches 
an admissible value, the whole 
buffer is transmitted and the 
regular routine is restored. With 
this management, if the system is 
capable of performing a radio 

transmission after every measurement, it will also send   partially empty packets, 
corresponding to a non-full buffer. One could argue that this is not an efficient low-
power policy, but the advantage of this approach is to provide implicitly the end user 
with additional information about the “health state” of the plant, by only considering 
the time interval between received packets.  
To better manage power consumption, the entire system is handled with interrupts, 
avoiding expensive polling approaches; these interrupts are generated by different 
sources and can produce different effects: 

Figure 4 - Flow chart of the code 



 Regular interrupt from the RTC – main timing of the application. It is disabled 
only when data sampling is suspended to allow the recharge of the 
supercapacitor in intermediate voltage conditions. A wake-up from LPM3.5 
automatically re-enables it;  

 Low voltage supply interrupts – it is always enabled during the execution of 
the main application and allows to sense critical voltage supply conditions and 
to trigger the routine of the Hibernus library which saves a snapshot of the 
status of the application into the NVM and sets the system to LPM3.5; 

 VBAT_OK interrupt – enabled only when data sampling is suspended, it allows to 
wake up the microcontroller when the voltage level reaches the optimal value. 

In addition to this, whenever the system wakes up from a LPM3.5 (which causes a 
BOR), if a snapshot is present in the NVM, the previous state is restored and the 
application completes the execution of pending tasks.  
 

Experimental results 

Since a proper power management was one of our main goals, after having 
designed and built up our system, we characterized both the energy provided by the 
fuel cell and the power consumption of the RF module. 
 

Fuel cell characterization 

 
Our main energy source is an upcoming new and green technology not yet 
completely characterized, thus we focused our tests mainly on this particular unit. 
First we investigated MFC efficiency as a function of different soil moistures, 
therefore we built four different simple models of fuel cell and monitored them by 
collecting voltage and current measurements in open circuit. Cell 1 and 2 were filled 
with regular soil and water, the former was sealed while in the latter external air was 
left free to flow onto the cathode. Cell 3 was a copy of cell 1 but both cell 2 and cell 3 
were “fed” every 4 days with a mixture of water and sugar as nutrient (1 g of sugar 
every 1 l of water). Cell 4 was made of regular soil and the same mixture of water 
and sugar used to feed the others, but an amateur latex PEM was inserted between 
cathode and anode; this model was sealed and never fed. Over a period of 6 days of 
observation, the best results were obtained by model 3. Models not fed (1 and 4) 
saw their power output decreasing until death of bacteria colonies; moreover, the 
amateur PEM did not have a relevant impact on the system. Finally, sealed models 
behaved better than unsealed ones, as the uncontrolled airflow tends to dry 
excessively the environment, greatly limiting the charges motion through the cathode 
and increasing the proliferation of bacteria on the cathode (which decreases the 
potential of the fuel cell). As a result of these tests, a periodical supply of nutrients is 
required for good health of bacteria and a wet moisture of regular soil proved as both 
sufficiently good PEM and source of bacteria colonies. Next, we carried out a so 
called "sweep test": with different resistance values as loads, we performed voltage 
measurement and computed the associated power to detect the load value for which 
the maximum power is achieved, i.e. the resistance that matches the internal one. 
Results showed that the maximum power achieved is approximately 300µW with 
corresponding internal resistance ranging between 200 ÷ 1000Ω. Results are shown 
in Figure 5. To conclude, the contribution of the plant is remarkable, highlighting an 
increase in the generated power (roughly 2x) thanks to organic nutrients provided. 



Radio power consumption 

 
Since the majority of our power consumption derives from the transmission stage, 
we proceeded with an analysis of our radio usage. To achieve this, we used the 
SmartRF06 Evaluation Board together with SmartRF Studio software and measured 
power consumption associated with receiving a string of data from UART, performing 
a transmission and setting the shutdown mode. Packet dimension was detected as 
26 bytes: 5 bytes of preamble, 1 control byte and a 20-byte payload (including three 
6-byte measurements and two additional payload information byte). Furthermore, we 
found out the involved energy by considering the time needed to transmit a packet. 
Then, we dimensioned the super capacitor considering all the above extracted 
information. 

Overall results 

 

Figure 5 – PMFC characterization: sweep test 

Figure 6 – Simulation results 

 TX profile (detail) 



Figure 6 shows the results of a single application run. In particular, monitored data 
include µC current consumption, super capacitor voltage, PMFC voltage and a detail 
of the current consumption profile during the transmission stage is also provided. 
The total acquisition time is 3h20m. For the sake of graph readability, the 
fundamental application timing has been reduced from 15 minutes to 1 minute. It 
should be noticed that this aggressive timing strongly affects the performance of the 
system, so better results are expected with the standard temporization. In the first 
part of the test, with PMFC voltage above 300mV, the radio module performs regular 
transmissions with the imposed timing (1 minute). Under this voltage value, the fuel 
cell is no more able to recover all the required energy and transmissions occur less 
frequently. Results prove that our software operates as expected, dynamically 
adapting the application timing both to the available energy and to the PMFC health. 

Conclusions 

The system meets widely our initial expectations thanks to the combined use of 
FRAM technology and Hibernus library, fulfilling our goal of an ultra-low power 
system. Using a PMFC as our power supply, we obtained a green and self-
sustaining system that clearly shows how Microbial Fuel Cells (and in particular 
Plant-MFC) can become an effective and valuable energy harvester to nowadays 
embedded electronics. 

Summary 

In this project, an ultra-low power, self-sustaining device was built, capable of both 
smart power management and energy-efficient long-range radio transmission of 
collected environmental data. The system is powered with a Plant Microbial Fuel Cell, 
an eco-friendly energy harvester that combines the versatility of soil-based fuel cell 
with the sustainability of plant processes, allowing for a positive environmental 
impact. Moreover, by using as a core microcontroller the MSP430 with the new 
FRAM technology, we were able to fully take advantage of power produced by our 
harvester, focusing it wherever we needed to. Lastly, using Code Composer Studio 
and starting from its useful hints of code examples, we developed our application 
using the Hibernus library to furtherly optimize available power, and thanks to 
SmartRF Studio we got all we needed to configure our long-range radio transmission.  

Future works 

Future steps will be to optimize the power management and to provide HMI for user 
interface. An EPD display (embedding an extension board such as the TIDM-LPBP-
EPAPER from Texas Instruments) will be added to the device to turn it more user 
friendly. Moreover, a detailed characterization of the PMFC allows to evaluate the 
output power for a long-term behaviour. In fact, the cell could be used not only as a 
green battery, but also as a biosensor for estimating the status of the plant. Further 
improvements may include more eco-friendly package materials, resulting in a 
product with an all-around positive environmental impact.    
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