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Abstract: The simplest DC/DC converter for supplying an Internet-of-Things device is definitely a
switched-capacitor converter. The voltage from a mere 1.2 V battery may be stepped up to 2 V. A quite
large operating frequency is required in order to reach the smallest possible output impedance value
of the DC/DC converter. The overall efficiency is then limited even more so if the power area density
of the system should be large. The article details how a microbial fuel cell may substitute one capacitor
in the switched-capacitor converter, achieving a better efficiency at a much lower operating frequency.
In that perspective, the microbial fuel cell acts as a kind of battery range extender. Some limitations
exist that are discussed. A simple converter is experimentally evaluated to support the discussion.
Substituting a microbial fuel cell inside a 100 µW switched-capacitor converter compensates for losses
in the order of 5% of efficiency. Moreover, the microbial fuel cell extends the lifespan of the battery, as
1.6 V output voltage is still possible when the battery voltage drops to 0.8 V. More than 94% efficiency
is measured for a range of output power between 100 µW and 1 mW, which is sufficient to address a
lot of frugal IoT applications.

Keywords: DC/DC boost converter; switched-capacitor converter; microbial fuel cell; range extender

1. Introduction

Supplying an Internet-of-Things (IoT) device has become an important issue for the
sake of eliminating batteries. In extension, a dichotomy has appeared in the community
between battery-powered and battery-less IoT.

The power supply of an IoT device is challenging for many reasons related to tech-
nology, physical deployment, constraints of environment, constraints of operation, etc.
A strong research field is related to the challenge of autonomous IoT systems. In that
perspective, energy harvesting is the primary solution, exploiting light, wind, vibration
or temperature [1]. Looking closely at the IoT system, it is possible to select the electronic
architecture and the operation mode so as to align the power consumption with the power
and energy delivered by the energy-harvesting system [2]. The electronic part of the IoT
system benefits from low-power integrated circuits whose consumption is ever reduced
but at some point requires a certain energy and power budget [3]. The reliability of the
system operation is at stake as well as the volume and weight of the solution. The literature
lists numerous examples where the capabilities of the energy-harvesting approach and
conversion schemes are analyzed and compared [4].

In a more radical approach of autonomy, battery-less IoT systems can be considered. In
such configurations, operation is possibly intermittent, and the operation duty cycle is the
factor that characterizes how unbalanced the load power consumption from the available
power and energy delivered by the harvesting function may be. Intermittency is taken
into account for optimizing electronic circuits or communication strategies [5] and benefits
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to the rate of operation. Namely, the energy-harvesting function has to pump electrical
energy into a capacitor until a sufficient level is reached that enables the operation of the IoT
system for a certain amount of time. This depends on the context and the nature of ambient
energy that is selected to supply the IoT device. Energy-harvesting systems based on solar
light [6,7] and mechanical vibrations [4] deliver more power than ambient radiofrequency
energy-harvesting solutions [8] or microbial fuel cells [9]. The thermoelectric approach [10]
offers an intermediate level.

Delivering energy to a capacitive buffer prior to supplying the IoT device is the
simplest way to disconnect the peak power need from the average energy budget required
by a typical operation cycle of the device. The voltage across the capacitive buffer decreases
during the IoT device operation until a low threshold limit is reached that stops the IoT
device operation. It is difficult in that context to ensure the IoT device may operate at a
specific time or during a specific amount of time unless increasing the complexity, size and
weight of the harvesting function [2]. The capacitor value can be increased to alleviate such
bottlenecks, but this impacts the volume and weight of the device. When the IoT device
operation is mandatory at a specific time, the reliability dictates to adopt a more powerful
source of income energy or to rely on a battery, rechargeable or not.

The specific power and energy densities of a battery are different if it is a rechargeable
device. This is a reason why the so-called non-rechargeable coin battery is still popular
in low-power IoT devices, although rechargeable coin battery is expending its usage [11].
As an example, the battery VARTA 344-SR42SW features 1.55 V open-circuit voltage. The
internal impedance varies between 5 Ω and 100 Ω depending on the output peak current.
The initial capacity is 100 mAh, and a zero state-of-charge corresponds to a residual open-
circuit voltage of 0.8 V. The initial capacity is unfortunately not entirely consumed by the IoT
device to supply. A DC/DC converter is necessary in between, and the converter efficiency
is impacting at the first order. The battery itself is affected by internal Joule losses and by a
small but measurable leakage current. In the example case (SR42SW), this is characterized
by a nearly 200 nA leakage current. There is interest in introducing a secondary source of
energy as a companion to the primary battery. To the best of the authors’ knowledge, the
combination of a primary (coin) battery and an energy-harvesting function has not been
extensively reported. The intricate combination of an ambient energy-harvesting system
with a storage element is seldom discussed as well [12], not like the association or addition
of functions [13,14].

The integrated companion energy-harvesting function should act as a kind of range
extender if the battery is not rechargeable. The term range extender exists for electrical
vehicles [15] in which it refers to the increase of range (and then autonomy) of the vehicle
(in terms of battery capacity) from an electrical point of view [16]. In an electric vehicle, the
photovoltaic assistance is studied [17] as well as the hydrogen fuel cell [18]. The hydrogen
fuel cell offers the advantage of smooth operation until the hydrogen tank is empty and a
refill is necessary. There is no intermittency of the energy source. In the domain of wireless
systems and a Wireless System Network (WSN), the term range extender is used to define
the increase in the distance range of the communication, such as the LoRa solutions for
example [1,19] or RFID-based solutions [16].

The paper discusses the transfer of the notion of a range extender, the prolongation
of energy supply as evaluated in the electrical vehicles domain, to the domain of smart
communicating systems such as IoT nodes, through the usage of microbial fuel cells (MFCs).
The paper’s objective is to present experimental observations of two kinds. The experiment
is not about an electrical interface for scavenging energy directly from an MFC. It is not
about a particular MCF technology, either. One aspect is that it is possible to substitute a
capacitor in a switched-capacitor converter with an MFC. A second aspect is that the MFC
delivers energy to the system, although the device operates in a non-standard condition
from an electrical point of view.

As the MFC considered here acts as a reservoir of energy, Section 2 discusses the
challenges of using the MFC as a primary source of electricity. Section 3 introduces a
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specific DC/DC converter derived from the switched-capacitor DC/DC converter to use
the MFC as a range extender. Section 4 details experimental measurements and discusses
the limitations of the converter scheme.

2. MFC as Autonomous Solution to Supply IoT

The microbial fuel cell is a bio-electro-chemical system that hides a large variety of
types [20] depending on the technology and the main substrate in which microorganisms
(living species) take their nutrition, i.e., catalyze oxidation/reduction reactions through
donor/accept electrons from an electrode. Namely, bacteria are used in many types of
MFC technologies with liquid or solid (earth) substrate, or whatever material is suitable
for bacteria development [21]. The paper considers here the case of batch-mode MFC as
opposed to in-flow MFC. The MFC is then a sealed reactor where nutrients have been
incorporated along with waste material or purposely with ad hoc chemical compounds.

Regarding the power supply of sensors, numerous contexts are considered with dedi-
cated MFCs [22]. Benthic or sediment MFCs [9,23], plant MFCs [24] or waste-water-based
MFCs [25] lead to different designs and consequently to specific electrical performances.
In [26], the authors demonstrate a fully integrated solution based on a body-wearable
bio-galvanic fuel cell. In each context, many studies report improvement of the power
density of MFC reactors [27]. Using the cathode effective area as a reference metric, the
power density varies roughly between 50 and 2000 mW/m2. The open-circuit voltage
ranges is well under the Volta potential (∼1.2 V), and it is typically between 0.4 and 0.8 V.
When delivering an output current, the output voltage drops due to internal mechanisms.
The reactor may be qualified by an effective internal impedance from several 10 s of Ohm to
several 100 s of Ohm. It is possible to assemble MFCs to build a more complex power sys-
tem: hence, association in parallel or a series of elementary MFC reactors permits achieving
better peak voltage or power levels [28].

2.1. I-V Curve and Electrical Performances

Measuring the I-V curve of an MCF is quite a challenge. The potentiostat method
[29] applies a defined resistive load at the MFC output and considers the variation of
output voltage. Automated equipment is used to perform the measurements as detailed
in [30]. The MFC used in the experiment is characterized in Section 3. Figure 1 shows that
microorganisms inside the MFC reactor introduce particular time constants: MFCs generally
do not react quickly enough to a sudden change in electrical conditions. It is possible to
some extent to identify the main time constants using impedance spectroscopy [31].

Figure 1. Electrical behavior of an MFC under sudden changes of the output resistive load. A 3 min
delay is introduced between successive changes (single-chamber, batch-mode MFC of 0.7 dm3 with
wasterwater liquid substrate and nourished with 1 g/L of acetate).

Independently of the MFC technology, the I-V curve evaluation and the electrical
behavior is similar to the one in Figure 2 where an output resistive load is swept and the
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effective MFC output power is evaluated. The output voltage in open circuit conditions
is typically in the range 0.2 to 0.8 V in nominal conditions, and a simple MCF reactor will
exhibit 0.8 V (wastewater, 1 g/dm3 acetate). The internal impedance is in the range 100 Ω
to 1000 Ω (for a classical wastewater, single-chamber batch-mode reactor MFC).

Figure 2. I-V characteristic of a single-chamber, batch-mode MFC of 0.7 dm3 with wasterwater liquid
substrate and nourished with 1.5 g/L of acetate.

The internal impedance seen from the electrical output is a major constraint on the
electrical interface for energy scavenging because of the necessity for an adaptation of
impedance to optimize power transfer from source to load. An MFC presents a low open-
circuit voltage worsened by the fact that the electrical performances are degraded when
the batch-mode MFC weakens.

Over time, microorganisms consume the available nutrients, and the oxidation/reduction
reactions slow down. The consequence is a slower transit flow of ions inside the substrate
and a lower number of donor/accept electrons. This is visible in Figure 3 where nutrients
come from acetate with different density. It is particularly the case for batch-mode reactors,
but the situation may appear in many other types of MFC. Figure 3 shows how the weakness
of a typical MFC affects the electrical performances. Temperature may also affect in a similar
manner the electrical performances. At some point, the open-circuit voltage and/or the
Maximum Power Point (MPP) value are not sufficient to permit a standard electrical
interface to operate. This case of weak MFC is one focus of this paper.

Figure 3. Electrical performances of a batch-mode MCF with various level of acetate density.

2.2. Electrical Interface

As introduced in Section 1, scavenging energy requires installing Maximum Power
Point conditions: the electrical interface connected to the MFC should present an input
impedance of the same value as the MFC effective internal impedance. The literature
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details several topologies of the DC/DC converter dedicated to energy harvesting [32–35].
In [35], the authors demonstrated that a BQ25505 IC associated with the TPS61200 IC
produces an electrical interface with an efficiency of 59.6% but requires an input voltage
larger than 236 mV. The BQ25505 IC from Texas Instruments is an ultra-low-power bat-
tery lifter and charger specialized in medium-impedance low-power sources (maximum
100 Ω). The TPS61200 IC from Texas Instruments is a high-efficiency synchronous DC–DC
boost converter with a configurable output voltage from 1.8 to 5.5 V. Ref. [9] considers
a supercapacitor system to accumulate the energy from a single-chamber MFC in batch
mode. Multiple configurations (single, parallel or series) are evaluated using two classical
power-management solutions (LTC3108 IC and BQ25504 IC). The efficiency spans from 4.56
to 85.45%. The intermittency of the sensor operation in [35] is not discussed as in [9], but
the balance of energy shows that a continuous operation is not possible with the proposed
energy-scavenging scheme.

Other commercially available integrated circuits exist (AEM10941 E-PEAS, NH2D0245
NOWI, CITIUS CHIP) with more or less similar limitations: a significant open-circuit
voltage for start-up and an MPP scheme that is not particularly adapted to the MFC
dynamic behavior. The MPP scheme is periodically activated but with a delay, which is
way too short compared to the MFC time constant (Figure 1).

The serial association of MFCs is meant to increase open-circuit voltage. It has been
covered in the literature, and an active balance scheme is mandatory to tackle the variability
between individual MFCs. These approaches result in establishing a voltage source with a
larger open-circuit voltage but at the penalty of a significant internal impedance.

Furthermore, a lot of effort addresses the miniaturization of the DC/DC converter
either using 3D silicon capacitors in the case of a switched-capacitor voltage converter
or 3D inductance in the case of a magnetic voltage converter. Mimicking a specific input
inductance is the main feature of a Flyback DC/DC converter as shown in Figure 4, prefer-
ably operating in discontinuous conduction mode [26,36]. The Flyback main transistor, M
in Figure 4, requires a nominal gate voltage that one MCF is not able to deliver alone. The
system may not start by itself unless a so-called cold-start function is implemented. The
cold start-up issue of the experimented circuit in Section 3 is out of the scope of this paper.
An oscillator is generally used for that purpose, and a so-called Amstrong configuration is
traditionally used (as shown in Figure 4). Using a bulky coupled-inductor, the magnetic
device (LRp-LRs) enables charging the capacitor Cout to a near sufficient voltage to operate
the transistor M gate in the Flyback. The bias consumption of the transistor M gate con-
troller adds steady-state losses and the minimum cold start-up voltage is reported to be in
the range of 120 to 180 mV in the literature.

Figure 4. Flyback converter in discontinuous-conduction mode assisted by an Amstrong oscillator as
a cold starter.
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The circuit in Figure 4 operates the MPP conditions for optimal energy harvesting
using the fractional open-voltage circuit scheme. It is an open-loop approach that becomes
unsatisfying if the MFC weakens: the MFC open voltage may drop below the minimum
sustaining value to keep the Flyback in operation (90 mV reported in the literature).

As a conclusion, an MFC is able to supply an ultra-low-power IoT system, but con-
tinuous operation may be difficult to secure. A group or plant of MFCs may be sufficient,
but the system becomes bulky. Section 3 introduces a simple DC/DC converter where
one MFC is introduced to compensate for part of the losses of a converter supplied by a
non-rechargeable battery. This is particularly interesting when the primary source is a tiny
battery to extend its lifespan.

3. Switched-Fuel-Cell Converter

The concept of a switched-capacitor converter (SCC) has been extended to batteries [37].
The main interest is that the effective efficiency is enhanced at very low switching frequency.
A tiny charge exchange is operated within the battery. The present study explores the
possibility of substituting the battery by one MFC in the topology in [37].

3.1. Switched-Battery Converter

Supplying an IoT device from a low-voltage input source requires a boost DC/DC
converter. The simple voltage-doubler converter is considered. A supply voltage of 2 V at
least comes in a straightforward manner from a 1.2 V input battery.

The voltage doubler is the standard topology of a switched-capacitor converter [38,39].
The circuit in Figure 5 consists of two capacitors and four switches. The converter operation
is composed of two phases of similar duration and repeated at an operating frequency,
fsw. In a first step, the so-called flying capacitor, CFLYING is connected to the input voltage,
VIN , with switches S1 and S4 (switches S3 and S2) opened. The flying capacitor charges to
VIN . In a second step, the flying capacitor is then connected in series with VIN to boost
the voltage across the capacitor COUT . The output voltage VOUT ideally reaches twice the
input voltage amplitude.

Figure 5. Typical voltage-doubler SC converter.

The flying capacitor may be replaced by a rechargeable battery in a classical 2:1
configuration (Figure 5). The operation is similar to that of the original voltage doubler. The
lab-scale implementation in [38] uses a commercial LM2663 circuit from Texas Instruments.
The results show a superior efficiency of the switched-battery converter (SBC) over the
switched-capacitor converter.

The most interesting results in the switched-battery voltage doubler are the following
ones:

• Cycling a rechargeable battery at 100 Hz does not impact the battery lifespan.
• In steady state, the battery voltage copies the input voltage amplitude, although it is

different from the nominal value.
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• The output voltage ripple remains acceptable even at very low operating frequency
(1 Hz).

One motivation behind the work was to observe if an MFC could also operate in
substitution of the flying capacitor.

3.2. Novel Proposed Voltage-Doubler Topology

The study considers a scenario where one MFC supports a principal source of voltage
(non-rechargeable battery coin). The latter source could be also an MFC, but it is not
evaluated here. The study focuses on the system operation when the flying MFC may
become weak for evaluating if further energy is scavenged from this MFC and up to what
level. The converter schematic is pictured in Figure 6. The topology is called a switched-fuel
cell (SFC).

Figure 6. Switched DC/DC voltage doubler using a flying MFC.

The operation of the proposed SFC is inherited from the previous one (SBC), pictured
in Figure 7, which is detailed here-before:

• During phase ϕ1, the MFC receives a tiny amount of charge, +Qe. Despite the MFC’s
initial open circuit voltage (VOC < 600 mV) being significantly low, the MFC reaches
an operating point where its effective voltage is close to the voltage imposed by the
principal voltage source. An MFC features a capacitive behavior related to its electrical
electrodes.

• During phase ϕ2, the principal voltage source and the MFC deliver in series an amount
of charge to the output capacitor and load. As a steady state is reached, the latter
amount of charge is equal to +Qe. Hence the MFC delivers an amount of charge −Qe
to the circuit. The implemented SFC converts a principal input voltage (Vin) into an
output voltage of nearly twice the amplitude when operating at a switching frequency
of 10 Hz, 100 Hz or 1 kHz.

Figure 7. Operation of the circuit.

4. Experimental Results

With an input voltage, Vin of 1.2 V, the switched-fuel cell voltage doubler produces an
output voltage of 2.4 V. This is not an unexpected result, as there are similarities between
the SFC and the SBC. More interestingly, it is important to verify if the SFC operation is
altered when the input battery coin voltage decreases and in the presence of a weak MFC.
The scenario corresponds to the end of the energy autonomy: the battery state-of-charge is
low and the MFC is becoming weak.

A weak MFC is unsuited for the use as an energy source by itself. Considering
the weak MFC as the unique source to keep supplying a payload does not make sense.
However, the SFC concept enables scavenging more energy from the MCF than any other
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electrical interface mentioned earlier. The reason is the MFC output voltage decreasing
below a threshold value. This limitation is not applicable in the SFC.

Experimentally, the circuit is implemented using the popular circuit driver LM2663
from Texas Instruments as indicated in Figure 8.

Figure 8. LM 2663 circuit system configuration.

The testbench is pictured in Figure 9 where a depleted MFC is implemented (open
voltage below 300 mV). The principal voltage source is a low-impedance power supply
(800 mV, 50 Ω) mimicking a depleted battery coin. The LM2663 driver necessitates a small
capacitor Cosc in Figure 8 to tune the switching frequency between 1 and 10 kHz according
to Table 1.

Figure 9. Testbench with the circuit: a lab-scale, batch mode, one-chamber depleted MFC is imple-
mented.
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Table 1. Cosc capacitor value for operation of LM 2663.

Frequency (Hz) 4.2 10 100 1 k 10 k

Capacitor (nF) 800 405 25.5 3.5 0.4

The LM2663 driver absorbs a bias current depending on the effective output voltage.
The datasheet gives nearly 25 µA at 1.5 V output voltage. If the battery coin would be
implemented inside an SCC voltage doubler, the bias current would have a severe impact
on the efficiency in normal operating conditions (small steady-state output current absorbed
by the IoT device and nearly 100 µA bias current at 2.4 V output voltage).

4.1. Cold Start

The cold-start conditions of the system in Figure 8 are not evaluated. The output
capacitor, Cout, is precharged to 1.6 V prior to any evaluation. The input voltage is fixed to
800 mV to figure out a scenario where the primary battery (coin) becomes depleted. It is a
long-term condition and it is considered that the system remains in operation while the
input voltage decreases.

The IC LM2663 requires a minimum voltage of 1.2 V for a correct start-up. These
conditions are not met here from a strict point of view, and precharging the output capacitor
is a quick manner to overpass the startup issue.

4.2. Operation

For any selected operating frequency, a sufficient time is allowed for the output voltage
to reach a steady-state value. Said otherwise, the depleted MFC enters a transient behavior
until its output voltage settles to 800 mV, which is the voltage imposed by the principal
source. The current Iout in the loadout varies between 30 µA and 1 mA depending on the
experimental conditions. The efficiency is evaluated based on the current delivered by the
principal source thanks to a shunt resistor of 10 Ω (Figure 8).

The MFC absorbs an amount of energy during phase ϕ1 of operation and desorbs
another amount of energy during phase ϕ2. The central question is to evaluate if the
effective action of the MFC is equivalent to that of a passive capacitor or if energy is
scavenged from the MFC during the operation. The answer to the question resumes in
comparing the SFC operation to that of an equivalent SSC. The equivalent capacitance
of the MFC is not easy to determine, as the equivalent SCC should be designed with
such a capacitor value. Successive design iterations are necessary to decide on a suitable
capacitor value.

Figure 10 shows a primary comparison between the SFC with a weak MCF and an
SCC with a capacitor of 110 µF at 4.2 Hz operating frequency. The ratio η = Vout

Vin
gives

the energy efficiency of the SCC but not for the SFC, as the MFC should be accounted
for. For comparison purposes, the metric is used from the point of view of the main coin
battery. The metric reflects the level of losses dissipated in the converter. The metric is
called partial efficiency for the SFC. The large capacitor value seems to corroborate the
capacitive behavior of the MFC from an impedancemetry point of view.

At low frequency, the internal impedance of an SCC is quite high; thus, the efficiency
is expected to decrease with a larger output current amplitude. The SFC does not present a
similar behavior, which proves two issues:

• The MFC does not operate in the circuit as a mere capacitor, similarly to the battery in
the SBC topology.

• The MFC, although weak, is able to provide a certain amount of energy to the converter
as the coin battery has less energy to deliver to the system.
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Figure 10. Comparison between an SFC and an SCC with corresponding conditions and at 4.2 Hz.

4.3. Impact of the Operating Frequency

The SFC with the depleted MFC reaches a maximum output power of 1.4 mW main-
taining a high efficiency (>90%). It also manages to hold a high partial efficiency (>95%)
for an output power range greater than 1.2 mW and reaches a peak partial efficiency of
97.25% at 100 Hz (Figure 11). The output power range with an effective partial efficiency
>94% goes from 0.2 to 1.2 mW. When compared to an SCC under equivalent conditions, the
SFC presents a better operation than the SCC counterpart from the coin battery lifespan
perspective. Whatever the flying capacitor, the obtained SCC efficiency is always lower.
Moreover, a reduced output voltage ripple is observed in the SFC if the operating frequency
is higher than 10 Hz. From these observations, it appears that the MFC does not behave
strictly like a passive capacitor, and some amount of energy is scavenged in the operation
as the partial efficiency is somewhat higher than in an SSC. From that perspective, the MFC
acts more as a range extender of the primary battery than an auxiliary energy source.

The results show that a weak MFC can successfully be used in the SFC, as some
amount of energy is scavenged. The electrical performances of the depleted MFC create a
difficult situation with regard to standard interface circuits devoted to energy harvesting as
mentioned in the introduction, should the MFC be used in a straightforward manner. The
SFC topology helps overcome this limitation.

Figure 11. Partial efficiency of the voltage-doubler SFC against output power at 100 z and 1 kHz.
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There is an impact of the operating frequency on efficiency (Figure 12). Unexpectedly,
a lower frequency has an impact on the LM2663 driver as the static consumption should be
lower. However, the circuit managed higher than 90% partial efficiency at 10 Hz for Pout
from 155 µW up to 814 µW. And for Pout of only 50 µW, there is still a partial efficiency of
over 75% at 10 Hz .

Figure 12. Impact of the operating frequency on partial efficiency.

4.4. Ripple

As expected, the ripple value increases with low frequencies (Figure 13). Larger ripple
values also impact the higher output power for each frequency. At 4.2 Hz, Pout reaches
342 µW, and the ripple represents 7.8% of the output voltage. At 10 Hz, Pout reaches 841 µW,
and the ripple represents nearly 10% of the output voltage. At higher operating frequency,
the ripple drops below 0.6%, which is a satisfying value. Unfortunately, the output power
culminates at 1.4 mW at 100 Hz and 1 kHz, respectively. So, there is a “kind of” optimal
operating frequency with respect to the maximal output power (for which unfortunately the
ripple is maximal as well). At higher operating frequency, the ripple is at a minimum, but
the output power is limited. The primary input source delivers most of the output power
independently of the operating frequency: the MFC behavior is then to be incriminated. At
high operating frequency, the MFC behavior perturbed though 10 Hz is still high compared
to the time constant of the MFC. That phenomenon needs to be better investigated.

Figure 13. Impact of the operating frequency on ripple versus Pout.

The MFC capacitive behavior has to be investigated. A comparison is performed
between an SFC and an SCC with a capacitor value of 110 µF, which is close to the MFC
effective capacitance. At 10 Hz, the output voltage ripple of the SFC is lower than that of
the SCC counterpart (Figure 14). The first observation is that the MFC does not behave
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like a regular capacitor, even at 10 Hz, which is a frequency that is quite high compared
to the MFC natural time-constant. If the output voltage ripple value is mandatory in the
application, the SFC enables a higher output power that the SCC counterpart.

Figure 14. Output voltage ripple value versus Pout for equivalent SFC and SCC at 10 Hz.

5. Discussion

In [23], the authors introduced a configuration similar to the one presented here. The
efficiency is 85.46% maximum, and the minimal primary voltage is 1.6 V. Figure 12 shows
that a partial efficiency of more than 97% may be obtained. Moreover, the result is observed
in worst-case conditions, i.e., with a low state-of-charge primary battery and an already
weak MFC. The worst-case conditions may be unsuitable for the topology presented in [23].

The ratio η = Vout
Vin

is not sufficient to characterize an SFC. The charge exchange between
the MCF and the converter should be experimentally evaluated to verify that a balance is
obtained over a cycle and quantify the level of energy delivered by the MCF to the circuit
for compensating losses as mentioned earlier.

The MFC presents a behavior that goes behind its capacitive aspect. It is quite fortunate
that the MFC can handle operation at 10 Hz and above, although its primary time constants
are not in this range of frequency. A legitimate question is whether the operating conditions
are severe or not on the MCF internal phenomena. Are the operating conditions able to
degrade the MFC, perturbating the bacteria film? Authors have led observations over
+10 days, which may not be a sufficient time horizon to let degradation unfold. A dedicated
reliability analysis is required. The MFC gives electrical energy to the system, which
explains the gain in partial efficiency. The MFC alone would not be able to supply any
electrical interface to produce a similar output voltage amplitude (1.6 V for an MFC of
300 mV open-circuit voltage). From that perspective, the MFC saves some energy from the
primary battery. It is the essence of a range-extender function.

The cold start-up of the SFC converter has not been addressed in the paper. When
using a fresh coin battery, the LM2663 starts without any issue. One area of interest is
evaluating what happens if a fresh MFC is inserted in the circuit. The authors have not
performed this particular test.

Three questions arise: is the benefit valid whatever the MCF topology, what primary
battery lifespan is gained in the process, and how can one quantify the MFC state-of-charge
prior to the end of electrical production? The worst-case condition experimented in Section 3
is sufficiently severe in terms of open-circuit voltage to authorize investigating many MFC
topologies. With a gain in partial efficiency of 5% at least, it is safe to say that 5% of the
primary battery lifespan is saved. Moreover, the SFC scheme enables drawing what remains
of charge from the nearly exhausted primary battery. In a conventional (SCC) converter, the
operation would stop for an input voltage higher than the one experimented here. There
is some more energy scavenged. The state-of-charge does not apply strictly speaking to
an MFC, as it is known for a battery or a hydrogen fuel cell [40,41]. On the one hand, the
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level of available nutrients is not easy to evaluate. To the best of the authors’ knowledge,
no easy and straightforward scheme has been proposed to sense the level or density of
nutrients. On the other hand, the catalytic action of microorganisms implies a varying flow
of electrons, which does not simplify the measurement of the consumption of nutrients.
In other words, the concept of a coulomb meter does not apply. As a consequence, there
are fundamental limitations regarding a warning signal for MCF refilling with nutrients.
However, it is common knowledge that a batch-mode MCF of 1 L may remain active for
several months depending on the output current. Future work concerns the validation of
the concept in the frame of a real, frugal, IoT system.

6. Conclusions

Quite a large number of frugal Internet-of-Thing systems are still designed using a
primary energy source in the form of a non-rechargeable, tiny battery coin. Most of the
systems require a DC/DC converter to adjust the battery voltage to that of the electronic
part. A switched-capacitor converter is a simple, cost-effective topology. Whatever the
considered topology for the capacitors in a voltage doubler, the converter features a max-
imum efficiency figure. The efficiency is varying quite sharply with the output power.
Based on the concept of the switched-battery converter, the paper discusses the concept of
a switched-fuel-cell converter where the fuel cell is a batch-mode microbial fuel cell. The
SFC presents several good metrics, including the capability to operate at low frequency
with a limited output voltage ripple value. As the efficiency is larger than that of an SCC
counterpart, the MFC may be considered as a support to the primary battery, acting as
a range extender. The gain in primary battery lifespan must be investigated within the
context of a practical application.
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