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Microbial fuel cell (MFC) is a promising energy harvester for supplying sensors in seafloors where solar, thermal and vibration sources are inadequate. Extensive efforts focus improvement of MFC biological and electrochemical capabilities while the electrical perspectives are poorly developed in literature. In order to promote MFC as energy scavenger, this paper explains the methods used to electrically characterize the specific MFC for seafloor conditions and the way to model its steady state operation close to the maximum power point. The method is applied to a compost-fed MCF delivering 5.7µW at 0.14V optimal output voltage. This work is the first step to efficiently apprehend the elaboration of an electrical harvesting interface.

INTRODUCTION

In addition to data processing in an eco-friendly way, harvesting energy in the surrounding environment is an advantageous alternative to conventional batteries for powering autonomously remote sensors. Besides solar, thermal gradient and mechanical vibration are widely used as primary energies. Less analyzed in literature, the microbial fuel cell (MFC) studied in this paper is an emerging technology that exploits catalysis properties of bacteria onto a couple of redox reactions, to convert chemical energy from sediment into electrical energy. The field of application is large regarding the wide range of organic substrates that can be used (organic rich sediment, compost, waste water) [START_REF] Venkata Mohan | Microbial fuel cell: Critical factors regulating bio-catalyzed electrochemical process and recent advancements[END_REF]. It is worth noting that they can be deployed in regions where any other energy harvesters would be inappropriate (seafloors, sewage works).

The MFC is a relatively mature concept but the generated power is not directly usable (typically less than 0.6V in open circuit) to power continuously low-power sensor node (around 10µW/cm² of electrode). These main limitations come from the redox potential involved in the MFC process and the slow bacteria activity. So far the related researchers have focused their works on optimizing the MFC electrochemical properties (electrode material and design, bacteria selection) in order to maximize the power density [START_REF] Venkata Mohan | Microbial fuel cell: Critical factors regulating bio-catalyzed electrochemical process and recent advancements[END_REF]. However only few of them study the MFC from an electrical point of view [START_REF] Wang | Practical Energy Harvesting for Microbial Fuel Cells: A Review[END_REF] i.e. how to characterize, model and efficiently extract the available electrical power from the MFC? A presumed reason would be that the field is widely covered by environmental science researchers rather than their counterparts in electrical domain. Yet actively capturing the energy with a power management unit is an essential step and can enhance tremendously the harvested power.

In order to elaborate an efficient harvesting circuit, it is crucial to electrically model the MFC. That is the focus of this paper for MFCs of very low electrical capabilities. Literature covers several characterization methods dedicated to MFC electrochemical properties [START_REF] Logan | Microbial Fuel Cells: Methodology and Technology †[END_REF]. For example Cyclic Voltammetry (CV) is frequently used to study redox reactions and verify the electrodes performances. Concerning electrical characterizations, there are two main methods [START_REF] Logan | Microbial Fuel Cells: Methodology and Technology †[END_REF]: Polarization Curve (PC) which is the most extensively used technique for estimating static electrical performances and Electrochemical Impedance Spectroscopy (EIS) which is used to find the small-signal circuit model in a desired frequency range.

This paper reviews the main static methods, i.e. CV and PC, in order to clarify the application to electrical MFC characterization. Both methods were performed on an in-situ MFC and a Thévenin equivalent model was deduced. A schematic diagram of the lab-scale MFC is shown in Fig. 1. Bacteria catalyze the oxidation of the organic substrate on the Anode A while the oxygen is reduced at the Cathode C, inducing a transfer of electrons from A to C and thus energy generation [START_REF] Venkata Mohan | Microbial fuel cell: Critical factors regulating bio-catalyzed electrochemical process and recent advancements[END_REF]. Compost was chosen as the anaerobic bacterial medium in which 20-cm 2 graphite-based anode is buried. In the future the compost could be replaced by sand. A 3-cm 2 platinum cathode is placed at the boundary surface of water, working with an air bubbling system to favor the oxygen reduction. 20mM of acetate were added in the 500mL waterfilled reactor every 3 days during 40 days to boost the biofilm growth at the anode surface. This setup has been settled according to [START_REF] Erable | Marine floating microbial fuel cell involving aerobic biofilm on stainless steel cathodes[END_REF].

II. METHODS AND MEASUREMENT

A. MFC elaboration

B. CV and PC characterisations Principle

The cyclic voltammetry consists in measuring the potential of each electrode separately using a reference electrode (REF in Fig. 1, KCl-saturated Calomel electrode). To evaluate CV analysis, a potentiostat (Biologic VMP3) has been used. This device includes a controlled current source I CA (Fig. 1) placed between the measuring electrode (called working electrode, WE) and the other electrode (counter electrode, CE). The device aims to measure the generated WE potential (vs REF) of the Cathode (V C ) or Anode (V A ).

The polarization curve results from the measurement of the voltage between the two electrodes U CA =V C -V A when the current flow I CA varies. The PC can be obtained from the two separated cathode and anode CV analyses, or by connecting different resistive output loads between V C and V A . The solid blue curve in Fig. 3 shows the MFC voltage U CA . The open-circuit voltage, U OC , is 0.5V, confirming the need of a harvesting interface to ultimately power sensors. This value could be extracted from Fig. 2 by subtracting the open-circuit potential of the two electrodes, V A,OC and V C,OC . In shortcircuit conditions, the MFC delivers 97µA as shown in Fig. 3. This point is also correlated by the CV analysis when the polarizations of the two electrodes are equal (I A =-I C at 0.7V in Fig. 2)

C. In-situ MFC measurements

The green curve in Fig. 3 shows the calculated power U CA *I CA versus I CA . The Maximum Power Point MPP is achieved at U CA,Opt =0.14V. At this point, the harvested energy is 5.7µW corresponding to a power density of 2.9mW/m 2 .

III. MFC ELECTRICAL MODEL

The solar, thermal or bio fuel-cell harvester is often modeled by a Thévenin equivalent circuit when operating close to MPP (Fig. 4) [START_REF] Bandyopadhyay | Platform Architecture for Solar, Thermal, and Vibration Energy Combining With MPPT and Single Inductor[END_REF]. The polarization curve around MPP shown in Fig. 3 can be roughly estimated by a straight line (dashed line in Fig. 4) defined by U m =0.31 V and R m =4 kΩ. Identifying these two parameters is a crucial step to determine the value of R h and maximize the power extraction from the MFC. In fact the power received by a harvester interface is expressed as:

𝑃 ℎ = 𝑈 ℎ 𝐼 ℎ = 𝑅 ℎ (𝑅 ℎ + 𝑅 𝑚 ) 2 𝑈 𝑚 2 = 𝑘𝑈 𝑚 2
where k is the coupling coefficient between the harvester and harvesting interface.

The harvested power is optimized when k is maximized, i.e. R h is equal to R m . Then, the electrical interface (e.g. boost converter) has to present an input impedance equal to the MFC output impedance R m .

However the proposed model does not take into account the fluctuations due to environmental variations (temperature, substrate concentration, pH). Capacitive effects on the log term could also be hidden in the characterization process. The benefit of the intermittent harvesting studied in previous research is also not described here [START_REF] Dewan | Intermittent energy harvesting improves the performance of microbial fuel cells[END_REF]. Further analysis will be done to propose a flexible and large signal model to overcome these limitations.
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 1 Fig. 1. Schematic diagram of the in-situ microbial fuel cell.

Fig. 2

 2 shows the cyclic voltammetry obtained on the labscale MFC reactor in Fig. 1 between open circuit (I CA =0) and short circuit (I CA_max ) conditions. Data are obtained using a speed rate of 2mV/s and an initial open circuit measurement during 4 minutes. The open-circuit potential of the anode, V A,OC and cathode, V C,OC are equal to -0.73V and -0.23V respectively, corresponding to the electrochemical activity. The positive current into the anode is due to the oxidation reaction, i.e. electron donor. Here the low slope of the cathode curve limits the current I CA (i.e. electron transfer) thus the electrical energy harvesting.
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 2 Fig. 2. Cyclic voltammetry operated on the anode (green curve). Cyclic votametry performed on the cathode (blue curve).
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 3 Fig. 3. Polarization curve of the MFC measured by varying progressively the MFC output voltage by 2mV/s (solid blue curve). Polarization curve modelled by a Thevenin-equivalent electrical model (dashed blue curve). Output power (green curve).
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 4 Fig. 4. Thévenin electrical circuit equivalent to the MFC close to MPP.