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The performance of a microbial electrolysis cell (MEC) supplied with domestic wastewater (dWW) is essentially limited by the kinetics of the anodic bioelectrochemical reactions and the low ionic conductivity of the electrolyte. A strategy to boost-up the anodic bioelectrochemical kinetics is to use three-dimensional (3D) microbial anodes that offer a high total anodic surface area and volume density of electroactive biofilm. In this work, a 3D multiphysics model was designed to simulate the current generation and resulting hydrogen production in double and triple-compartment MECs fed continuously with dWW. Simulations indicated that optimised 3D microbial anode geometries could simultaneously increase current and chemical oxygen demand (COD) removal by 86% compared to a 2D planar graphite electrode. At a constant CEM voltage, the current produced increased with the thickness of the 3D microbial anode up to a limiting thickness of 20 mm. Beyond this value, the current was stagnant due to the predominant ohmic drop. Current generation and COD removal could be further increased by designing 3D anode geometrical arrangements that force the dWWs to flow through the porosity of the 3D microbial anode. A gain of 20% was calculated by substituting a monolithic 3D graphite anode with a 3D anode of the same thickness (20 mm) but constructed of plates stacked on top of each other and spaced 2.5 mm apart. Finally, hydrogen production performance was additionally optimised by a further + 20% by switching from a two-compartment MEC design (anode-cathode) to a three-compartment MEC design (cathode-anodecathode).

Introduction

Biological, chemical, and physical phenomena occurring in a microbial electrolysis cell (MEC) are complex: growth and development of microbial biofilms, abiotic and biotic reactions mass transfer, rheology (fluid flow), heat transfer as well as other multiphasic phenomena such as gas bubbling, biofouling or precipitation. Performance of MECs can be limited by one or several of these mentioned factors but, in a majority of cases, the oxidation kinetic of electroactive biofilm is slow and strongly limits the current in the cell and thus the hydrogen production rate at the cathode [START_REF] Lim | Bioanode as a limiting factor to biocathode performance in microbial electrolysis cells[END_REF]. Several strategies can be applied to overcome these limitations, i.e. to significantly increase the oxidation current delivered by electroactive (EA) biofilms. One way consists in increasing the contact area between anodic material and the liquid phase. Several materials and geometries are used as bioanodes such as plates [START_REF] Zhao | The effect of anode potential on current production from complex substrates in bioelectrochemical systems: a case study with glucose[END_REF], rods [START_REF] Zeppilli | Bioelectrochemical vs hydrogenophilic approach for CO 2 reduction into methane and acetate[END_REF], brush [START_REF] Logan | Graphite fiber brush anodes for increased power production in air-cathode microbial fuel cells[END_REF], felt [START_REF] Rousseau | Microbial bioanodes with high salinity tolerance for microbial fuel cells and microbial electrolysis cells[END_REF], granules [START_REF] Zeppilli | Two-side cathode microbial electrolysis cell for nutrients recovery and biogas upgrading[END_REF], 3D printed structures [START_REF] You | Ieropoulos, 3D printed components of microbial fuel cells: towards monolithic microbial fuel cell fabrication using additive layer manufacturing[END_REF] electrodes manufactured by selective laser melting [START_REF] Calignano | Additive manufacturing of a microbial fuel cell-a detailed study[END_REF], cloth [START_REF] Ketep | Stainless steel foam increases the current produced by microbial bioanodes in bioelectrochemical systems[END_REF], foam [START_REF] Chen | Reticulated carbon foam derived from a sponge-like natural product as a high-performance anode in microbial fuel cells[END_REF] or composite electrodes [START_REF] Lai | Improve 3D electrode materials performance on electricity generation from livestock wastewater in microbial fuel cell[END_REF]. Several review articles compare performances obtained in bioelectrochemical systems with these electrodes [START_REF] Chong | Effect of pore size on the current produced by 3dimensional porous microbial anodes: a critical review[END_REF].

Modelling of MECs can be a powerful tool to design a priori (i) the configuration of reactor and compartment sizes, (ii) electrode size, geometry, porosity and electrical conductivity, (iii) the suitability and position of ionic membranes or gas separators, (iv) as well as the impact of experimental conditions like electrolyte conductivity, flow rate, parallel vs series configurations, etc. The main advantage of theoretical modelling to address the topic of 3D electrodes is to allow comparison of a very wide range of electrode designs. The theoretical approach saves time and resources compared to a purely experimental approach.

The modelling approach can indeed establish relationship between the geometry of the reactor, its performance and values of operating input variables [START_REF] Jadhav | Modeling and optimization strategies towards performance enhancement of microbial fuel cells[END_REF]. Gadkari et al. [START_REF] Gadkari | Two-dimensional mathematical model of an aircathode microbial fuel cell with graphite fiber brush anode[END_REF] have shown for example

Materials and methods

Software

Modelling is performed with the COMSOL Multiphysics® v5.4 software. Three different modules are used: the laminar flow module, the secondary potential and current distribution module and the diluted concentration module. This software is widely adopted to model electrochemical systems at macroscopic scale such as polymer electrolyte membrane electrolyser [START_REF] Tugirumubano | Numerical simulation of the polymer electrolyte membrane electrolyzer[END_REF][START_REF] Kaya | Numerical investigation of PEM water electrolysis performance for different oxygen evolution electrocatalysts[END_REF], solid oxide fuel cells [START_REF] Jin | Computational fluid dynamics analysis of solid oxide electrolysis cells with delaminations[END_REF][START_REF] Jin | Mathematical modelling analysis of regenerative solid oxide fuel cells in switching mode conditions[END_REF] or batteries [START_REF] Cai | Mathematical modelling of a lithium ion battery with thermal effects in COMSOL Inc. Multiphysics (MP) software[END_REF][START_REF] V. Ramadesigan | Modelling and simulation of lithium-ion batteries from a systems engineering perspective[END_REF][START_REF] Lacroix | Modelling the rheology and electrochemical performance of Li4Ti5O12 and LiNi 1/ 3 Co 1/3 Mn 1/3 O 2 based suspensions for semi-solid flow batteries[END_REF]. The approach considered in the present study has already been implemented for modelling MEC [START_REF] Lacroix | Modelling potential/current distribution in microbial electrochemical systems shows how the optimal bioanode architecture depends on electrolyte conductivity[END_REF][START_REF] Carmona-Martínez | On the actual anode area that contributes to the current density produced by electroactive biofilms[END_REF][START_REF] Hernández-García | Modelling 3D current and potential distribution in a microbial electrolysis cell with augmented anode surface and non-ideal flow pattern[END_REF][START_REF] Hernández-García | Theoretical and experimental evaluation of the potential-current distribution and the recirculation flow rate effect in the performance of a porous electrode microbial electrolysis cell[END_REF]. Triangular meshes are chosen for all geometries considered here. The geometry of all the MEC components (anodic compartment, membrane, cathodic compartment and electrodes) are defined in three dimensions.

Rheology modelling

The Reynolds number is calculated in the anodic compartment in order to select appropriate rheological equations. Equivalent diameter is used for the rectangular section [START_REF] Sahar | Effect of hydraulic diameter and aspect ratio on single phase flow and heat transfer in a rectangular microchannel[END_REF] in the anodic compartment as well as in the dWW inlet and outlet tubes. A Reynolds numbers of 0.35 and 2.2 are respectively calculated in the rectangular section and in the dWW inlet/outlet tubes. The laminar flow module for a Newtonian Fluid is therefore used (Re " 2000), which solves Eqs. ( 1) and (2):

ρ ( ∂u ∂t + u.∇u ) = -∇p + ∇. ( μ(∇u + (∇u) T ) - 2 3 μ(∇.u)I) + F (1) 
and

ρ∇.(u) = 0 (2) 
with ρ: fluid density (kg m -3 ), u: fluid velocity (m s -1 ), p: pressure (Pa) and μ: fluid viscosity (Pa.s). Values of water density (1 000 kg m -3 ) and viscosity (10 -3 Pa s) at room temperature are used for dWW.

Current and potential distribution modelling

The secondary current distribution module is used in this study as already detailed in literature [START_REF] Lacroix | Modelling potential/current distribution in microbial electrochemical systems shows how the optimal bioanode architecture depends on electrolyte conductivity[END_REF]. The distribution of the electrostatic potential was obtained by solving the Laplace equation (Eq. ( 3)):

ΔΦ = 0 (3) 
Then, the local current values are extracted from the map of the electrostatic potentials by using the Ohm's law in the electrode domains (bioanode and cathode, Eq. ( 4)):

i s = -σ s ∇φ s (4)
with σ S : solid phase conductivity (S m -1 ), φ s : electrostatic electrode potential (V) and i S : electrode current density (A m -2 ). The Ohm's law is also applied to electrolytes in the anolyte and catholyte compartments (Eq. ( 5)):

i L = -σ L ∇φ L (5)
with σ L : liquid phase conductivity (S m -1 ), φ L : electrostatic electrolyte potential (V) and i L : electrolyte current density (A m -2 ).

The membrane separating the two compartments was considered as a liquid phase with a conductivity depending on the liquid phase volume fraction in this domain (Eqs. ( 6) and ( 7)).

i M = -σ membrane ∇φ M (6) σ membrane = ( ε L,m ) 1.5 σ L ( 7 
)
With i M : current density through the membrane (A m -2 ), σ membrane : membrane conductivity (S m -1 ), φ M : membrane liquid phase potential (V) σ L : electrolyte conductivity (S m -1 ) and ε L,m : liquid volume fraction in the membrane (dimensionless).

Values for electrical conductivities and membrane porosity chosen as through a modelling approach that the performance of a microbial fuel cell (with a graphite fiber brush anode and an air cathode) was not affected significantly when 60% of the brush is removed, as reaction rate on anode area far from the cathode is much lower than reaction rate in anode area near the cathode. Similar calculations have been performed, validated with experimental data, which provided better understanding regarding the influence of temperature (20-40 • C) on the performance of microbial fuel cell [START_REF] Gadkari | Influence of temperature and other system parameters on microbial fuel cell performance: numerical and experimental investigation[END_REF]. Hernández-García et al. [START_REF] Hernández-García | Modeling 3D current and potential distribution in a microbial electrolysis cell with augmented anode surface and non-ideal flow pattern[END_REF], modelling a reactor with a cylindrical cathode around a packed bed of 95 carbon felt blocks, have demonstrated that anodic reaction rate is higher in the outer edges of the carbon bed compared to the center, and that "dead zones" are present in the reactor (low flow velocity) due to the dimensions and positioning of the inlet and outlet. Reyes-Vidal et al. [START_REF] Reyes-Vidal | Evaluation of inlet design and flow rate effect on current density distribution in a microbial electrolysis cell using computational simulation techniques, coupling hydrodynamics and bioanode kinetics[END_REF] have studied numerically the impact of the implementation of fluid distributors at the inlet and outlet on the performance of a bioelectrochemical reactor applied for wastewater treatment. Finally, Oliot et al. [START_REF] Oliot | Microbial fuel cells connected in series in a common electrolyte underperform: understanding why and in what context such a set-up can be applied[END_REF] have also used a modelling approach to compare the performance of various bioelectrochemical systems.

In this work, a 3D multiphysics model was designed to simulate the current generation and resulting hydrogen production in double and triple-compartment MECs fed continuously with dWW. This model demonstrated the improvement obtained by replacing a 2D plate graphite electrode with a 3D geometry of graphite electrode, both in terms of COD removal in the dWW (anode compartment) and hydrogen production (cathode compartment). The optimal pore size of the 3D electrode geometry was considered to be several millimetres, to allow high microbial colonisation while avoiding obstruction and transport limitations in the pores [START_REF] Chong | Effect of pore size on the current produced by 3dimensional porous microbial anodes: a critical review[END_REF]. The increase of hydrogen production by the installation of a second cathodic compartment is also established. The performance of the MEC have been calculated with a constant cell voltage of 1.0 V, as this value allows hydrogen production at a much lower cost than conventional water electrolysis [START_REF] Roubaud | Catalysis of the hydrogen evolution reaction by hydrogen carbonate to decrease the voltage of microbial electrolysis cell fed with domestic wastewater[END_REF]. This cell voltage value has already been widely used on many studies on MEC reactors [START_REF] Rousseau | Microbial electrolysis cell (MEC): strengths, weaknesses and research needs from electrochemical engineering standpoint[END_REF][START_REF] Baeza | Bioelectrochemical hydrogen production from urban wastewater on a pilot scale[END_REF][START_REF] Gil-Carrera | Reduced energy consumption during low strength domestic wastewater treatment in a semi-pilot tubular microbial electrolysis cell[END_REF][START_REF] Gil-Carrera | Performance of a semi-pilot tubular microbial electrolysis cell (MEC) under several hydraulic retention times and applied voltages[END_REF][START_REF] San-Martín | Assessing anodic microbial populations and membrane ageing in a pilot microbial electrolysis cell[END_REF].

Multiphysics modelling coupling rheological, mass transfer and electrochemical phenomena is performed considering a continuously flow of dWW in the anodic compartment, with an ion exchange membrane separating the anodic and cathodic compartments. The continuous process is chosen as it is what is implemented in dWW treatment plants. For the cathode compartment, we consider a batch mode operation of the catholyte. The catholyte is an aqueous solution of 200 mmol L -1 of KHCO 3 already known to catalyse the H 2 evolution reaction at pH close to neutrality and on stainless steel electrodes [START_REF] Roubaud | Catalysis of the hydrogen evolution reaction by hydrogen carbonate to decrease the voltage of microbial electrolysis cell fed with domestic wastewater[END_REF][START_REF] Silva | Electrochemical deprotonation of phosphate on stainless steel[END_REF][START_REF] Silva Muñoz | Hydrogen production by electrolysis of a phosphate solution on a stainless steel cathode[END_REF][START_REF] Silva Muñoz | Role of the reversible electrochemical deprotonation of phosphate species in anaerobic biocorrosion of steels[END_REF]. As anolyte and catholyte have a different composition, the use of a membrane is required in order to minimize catalytic HCO 3 -ions transfer from the cathodic to the anodic compartment. A cation exchange membrane is considered in this study. Chemical Oxygen Demand (COD, mg L -1 ) is usually used to describe the organic pollutant load in wastewater. We consider a COD value of 500 mg L -1 in the dWW flow at the inlet of the reactor, which is representative of dWW [START_REF] Baeza | Bioelectrochemical hydrogen production from urban wastewater on a pilot scale[END_REF].

∇.( -

D i ∇c i ) + u.∇c i = Ri (8)
and

N i = -D i ∇c i + uc i (9)
with D i : diffusion coefficient for the organic matter (1.09 10 -9 m 2 s -1 [START_REF] Clusser | Diffusion Mass Transfer in Fluid Systems[END_REF]), c i : organic matter model molecule concentration (mol m -3 ), R i : organic matter consumption/production in the bulk (mol m -3 s -1 ), u: fluid velocity (m s -1 ) and Ni: organic matter flow (mol m -2 s -1 ). At the interface between the bioanode and the anolyte, the local organic matter degradation rate is directly related to the current density (A m -2 ), as expressed in Eq. ( 10):

Q OM = J Bioanode nF ( 10 
)
With: J Bioanode : bioanodic current density (A m -2 ), n: number of electrons involved in the organic matter oxidation reaction (8 moles of electron per mole of acetate), F: Faraday constant (96,485 C mol -1 ) and Q OM : organic matter model molecule consumption rate by the electroactive biofilm (mol m -2 s -1 ).

Acetate was chosen as a model organic molecule as it is frequently used as model substrate to feed MFC and MEC [START_REF] Pant | A review of the substrates used in microbial fuel cells (MFCs) for sustainable energy production[END_REF] [START_REF] Hills | Diffusion coefficients in ethanol and in water at 298 K: linear free energy relationships[END_REF]. Regarding organic matter consumption by the anodic reaction, no detailed analysis of dWW composition and which organic molecules are consumed by the electroactive biofilm has been performed, due to complexity of the task and the required procedures and analytical equipment. However, the data used as input in the modelling (consumption of organic matter by the electroactive biofilm and impact on the COD in the liquid phase) are based on experimental results.

Calculation of COD removal and hydrogen production rates

COD in the anolyte (used to describe the organic pollutant load in dWW) is calculated by COMSOL Multiphysics®. COD is proportional to the model molecule concentration, with 64 g of COD being the equivalent of 1 mol of acetate. COD removal yield performed by the MEC is calculated using Eq. ( 11):

COD Removal Yield = 1 - F COD(outlet) F COD(inlet) ( 11 
)
With F COD(outlet) : organic matter (COD) flow at the reactor outlet (mg s -1 ) and F COD(inlet) : organic matter flow (COD) at the reactor inlet (mg s -1 ).

The hydrogen production rate is calculated with Eqs. ( 16) and [START_REF] Reyes-Vidal | Evaluation of inlet design and flow rate effect on current density distribution in a microbial electrolysis cell using computational simulation techniques, coupling hydrodynamics and bioanode kinetics[END_REF]:

Qmol(H 2 ) = i nF (12) PQvol(H 2 ) = Qmol(H 2 )RT (13) 
With Qmol(H 2 ): Standard molar hydrogen production rate (mol s -1 ), i: current (A), n: number of electrons involved in the hydrogen evolution reaction (2, unitless) and F: Faraday constant (96,485 C mol -1 ), P: standard pressure (10 5 Pa), R: perfect gas constant (8.314 J mol -1 K -1 ) and T: standard temperature (273.15 K).

Definition of the geometry of the system

A first modelling study is performed to evaluate the benefit provided by 3 geometries of 3D macroporous bioanodes compared to 2D graphite plate bioanode in a parallelepiped dual chamber MEC reactor. The anodic compartment dimensions are 60 mm × 110 mm x 110 mm. The cathodic compartment dimensions are 20 mm × 110 mm x 110 mm. A membrane with dimensions 110 mm × 110 mm separates anodic and cathodic compartments. The distance between the bioanode and the membrane is 5 mm, the distance between the membrane and the cathode is 10 mm. The overall current is calculated for the four bioanode geometries precisely described as: input values (Eqs. ( 4)-( 7)) are summarized in Table 1.

On the cell wall, the boundary condition expresses that no electrochemical reaction occurs. On the electrode surfaces, the boundary conditions are given by electrochemical kinetics. Cathode and bioanode kinetics are determined experimentally using a 3-electrode set-up, with minimal distance between the working and the reference electrodes in order to avoid inaccuracies caused by the ohmic drop in the liquid phase [START_REF] Rimboud | Electroanalysis of microbial anodes for bioelectrochemical systems: basics, progress and perspectives[END_REF][START_REF] Oliot | Influence of the electrode size on microbial anode performance[END_REF]. For this reason, experimental kinetics are thoroughly determined with working electrodes of small surface area, about 2-3 cm 2 , in non-limited conditions.

Kinetic of the cathodic reaction

The cathodic reaction is the hydrogen evolution on 316 L stainless steel plain electrode catalysed by KHCO 3 in solution [START_REF] Roubaud | Catalysis of the hydrogen evolution reaction by hydrogen carbonate to decrease the voltage of microbial electrolysis cell fed with domestic wastewater[END_REF]. The kinetic for this reaction is measured in a three-electrode electrochemical cell (150 mL), with a 316 L stainless steel plate (15 mm × 20 mm x 2 mm) as working electrode, a DSA as counter electrode (15 mm × 20 mm x 2 mm) and a saturated calomel reference electrode (SCE). The SCE potential is 0.24 V shifted from SHE. The electrolyte is a 200 mmol L -1 KHCO 3 aqueous solution (pH of 8.3) prepared by dissolving lab-grade potassium bicarbonate in deionized water. Before the experiment, the stainless steel electrode was grounded with abrasive discs (P800, P1200, P2400; Presi). No chemical treatment was applied to the electrodes. The current collectors for both working and counter electrodes were threaded titanium rods insulated along their length with heat shrinkable tube. Experiments were performed at room temperature.

Kinetic of the anodic reaction

The anodic reaction is the electrochemical oxidation of the organic matter from dWW catalysed by the electroactive biofilm. The kinetic of the anodic bioelectrochemical reaction is measured in a three-electrode electrochemical cell, with a graphite plate as working electrode, a 316 L stainless steel grid as counter electrode (15 cm × 3 cm arranged in a circular shape) and a SCE reference electrode. The anode was prepared by coating 20 mm × 20 mm × 5 mm graphite plates with insulating varnish and drilling a hole of 1 cm diameter in the center of the electrode. The active area (covered by an electroactive biofilm) is 1.57 cm 2 . The electrolyte is dWW circulating in the loop that includes the threeelectrode electrochemical cell (600 mL) and a dWW storage tank (2 L) [START_REF] Roubaud | Benchmarking of Industrial synthetic graphite grades, carbon felt, and carbon cloth as cost-efficient bioanode materials for domestic wastewater fed microbial electrolysis cells[END_REF]. The dWW used for those measurements was taken from the aeration tank of the Castanet-Tolosan (France) sewage treatment plant. The conductivity for this source is typically 0.1 S.m -1 , with a pH value of 7.2 ± 0.8. Linear sweep voltammetry measurement is performed at room temperature in the electrode potential range from -0.5 to + 0.2 V vs SCE with a scan rate of 1 mV.s -1 when a steady state current had been observed after 24 days of working electrode polarization at -0.1 V vs SCE. Chemical Oxygen Demand (COD) was measured using the Hach Lange LCK 514 microkits for a concentration ranging from 100 to 2000 mg of O 2 . L -1 and LCK 314 for concentrations ranging from 15 to 150 mg of O 2 . L -1 . Membrane filtration (0.2 µm, Minisart R PES, Sartorius) was performed before measurement.

Organic matter transport

Acetate is used as model molecule representative of organic matter in dWW. The transport of organic matter to the bioanode/anolyte interface is considered by taking into account convection and diffusion in stationary mode (Eqs. ( 8) and ( 9)):

○ 9 square holes of 30 mm × 30 mm leading to a total anodic developed surface area of 630 cm 2 for an electrode thickness of 40 mm (Fig. 1B);

○ 16 square holes of 20 mm × 20 mm leading to a total anodic developed surface area of 744 cm 2 for an electrode thickness of 40 mm (Fig. 1C);

○ 64 square holes of 10 mm × 10 mm leading to a total anodic developed surface area of 1 256 cm 2 for an electrode thickness of 40 mm (Fig. 1D).

Note here that the real projected surface area is always 100 cm 2 for all the electrodes.

The geometry of the 3D bioanode is then modified in order to generate a convective transport of the organic matter in the porous structure of the electrode, thus increasing the overall bioanode current (Fig. 2E). The geometry of the 20 mm thick monolithic (single piece) 3D bioanode is replaced by a geometry of three stacked electrodes of 5 mm thickness each. The improvement of the convective organic matter transport is primarily based on a more homogeneous penetration and distribution of the hydrodynamic flow in the porosity of the 3D electrode. Equal spacing is set between the reactor wall and the bioanode external surface, between the three bioanode part and between the third bioanode part and the membrane. The implementation of a second cathodic compartment is also studied to decrease the distance between the 1st part of the bioanode and the nearest cathode (Fig. 2F).

List of parameters and performance evaluation

Table 2 summarizes and details the values of parameters used in this modelling study for "standard conditions" as well as in others conditions. Various configuration performances are evaluated by considering three results: the COD removal yield between the inlet and outlet, the current and the corresponding hydrogen evolution rate.

-a 2D bioanode made with a solid graphite plate of 100 mm length, 100 mm width and 2 mm th ickness (Fig. 1A) leading to a total developed surface area of 208 cm 2 . -and th ree 3D graph ite bioanodes with th e same projected surface area (length of 100 mm and a width of 100 mm) and variable thicknesses ranging from 2 to 40 mm, in which have been machined:

J cath = J 0 ( exp ( α a Fη RT ) -exp ( α c Fη RT ) ) (14) 
With

η = E -E ocp (15) 
Comparison of Butler-Volmer theoretical curve and experimental data is provided in Appendix A. Good agreement is obtained between the theoretical and experimental curves.

Kinetic of the bioanodic reaction

Experimental protocol for the measurement of the bioanodic reaction kinetic is detailed in Section 2.5. The experimental kinetics is fitted by Michaelis-Menten law (Eq. ( 16)) which links the dependence of the kinetics on the COD. This equation (Eq. ( 16)) is coupled with a Nernst-Michaelis-Menten law (Eq. ( 17)), also improperly named Nernst-Monod, which expresses the dependence of the kinetics with respect to the electrode potential.

J MM = J max xc K m + c ( 16 
)
And

J bioanode = J MM 1 + e -F(Ean -E 1/2 ) RT ( 17 
)
The optimal parameters resulting from numerical fitting of Eqs. ( 16) and ( 17) are listed in Table 4. This combined equation is used as boundary condition at the bioanode surface.

A good agreement between theoretical and experimental curve is obtained for both COD value (Appendix B). The plateau observed for bioanode potential above -0.25 V vs SCE are caused by limitations related to the metabolism of the electroactive biofilm and are consistent with literature measurements [START_REF] Zhu | Microbial community composition is unaffected by anode potential[END_REF][START_REF] Cercado | Garden compost inoculum leads to microbial bioanodes with potentialindependent characteristics[END_REF].

Influence of the bioanode thickness on the current

The theoretical current produced for a cell voltage of 1.0 V is plotted in Fig. 3. for 2D electrode (configuration A) and 3D electrodes (configurations B, C and D).

Results of electrolyte potential calculations for configurations A to D (with electrode thickness of 40 mm for configurations B, C and D) are provided in Appendix C. Fig. 3 shows that performances are better with 3D bioanodes compared to 2D bioanode only for electrode thickness above 10 mm. For a thickness value of 5 mm, the current is higher for the 2D electrode (configuration A, 26.9 mA) compared to 3D electrodes (configuration B, C and D, currents of 11.4, 17.8 and 22.1 mA respectively). For a thickness of 20 mm, the current is 80% higher for configuration D compared to configuration A. The size of the machined squares also has an impact on the current. For an bioanode thickness of 20 mm, current is higher for configuration D (52.7 mA, size of the squares holes: 10 mm) compared to configuration C (41.9 mA, size of squares holes: 20 mm) and configuration B (39.8 mA, size of square holes: 30 mm). Fig. 3. shows clearly current produced by a 3D electrode is not proportional to area of contact between the electrode and electrolyte. This is caused by the fact that model takes into account not only the bioanode area but also the field line penetration inside the bioanode pores. Bioanode areas far from the cathode or masked are less active than areas near the cathode due to the low ionic conductivity of dWW (0.1 S m -1 ). This phenomenon caused by low anolyte ionic conductivity is not observed in MEC using highly saline anolyte [START_REF] Chen | Reticulated carbon foam derived from a sponge-like natural product as a high-performance anode in microbial fuel cells[END_REF][START_REF] Carmona-Martínez | On the actual anode area that contributes to the current density produced by electroactive biofilms[END_REF][START_REF] Rousseau | Electrochemical characterization of microbial bioanodes formed on a collector/electrode system in a highly saline electrolyte[END_REF]. This phenomenon is also generally negligible in bioelectrochemical systems for ionic conductivity above 0.2 S m -1 for low current densities (< 0.1 A m -2 ) [START_REF] Gadkari | Influence of temperature and other system parameters on microbial fuel cell performance: Numerical and experimental investigation[END_REF]. Bioanode potential (vs SCE) for which the current density equals 50% of the maximum current density.

-0.33 V

J Anode

Bioanodic current density Calculated by the software (A m -2 ) Fig. 3. Influence of the bioanode thickness for configurations A, B, C and D on the current for a cell voltage of 1 V and COD of 500 mg L -1 in the anolyte.

Results and discussion

Kinetic of the cathodic reaction

Experimental protocol for the measurement of the cathodic reaction kinetic is detailed in Section 2.4 of this report. A Butler-Volmer equation (Eqs. ( 14) and ( 15)) is used to fit experimental data with the parameters listed in Table 3. electrodes (Fig. 5).

The maximum local current density on the bioanode (1.59 A m -2 ) is located in the surface exposed to the cathode and close to the inlet for the continuous flow of dWW, where the organic matter concentration is the highest. In contrast, lowest values of current density are on the furthest anodic face in relation to the cathode position and within COD depleted zones in the bioanode pores. The total current generated by the bioanode is 28.0 mA corresponding to an average anodic current density of 0.42 A m -2 for the actual total surface electrode area (664 cm 2 ) or 2.80 A m -2 considering the projected surface area (100 cm 2 ).

3.6. Results obtained when using a three parts bioanode Fig. 6. gives the COD profile for configuration E in the bioanode compartment with standard values for the residence time, COD in the reactor inlet and cell voltage (Table 2).

The use of three separate parts of stacked 3D bioanodes instead of a single monolithic 3D electrode resulted in a major change of organic matter concentration profile in the liquid phase. The electrical current generated by the three-part bioanode is also greatly improved (33.5 mA or 3.35 A m -2 considering projected surface). This current value is 20% higher than the current initially calculated using the monolithic bioanode (28.0 mA). The overall COD removal increases proportionally and reaches a 61% of removal yield while it is only about 49% when the dWW treatment is carried out by the monolithic bioanode. Fig. 7 describes the COD profiles for configuration E, along the hydrodynamic route of dWW from the bottom to the top (Y-axis) of the MEC anodic chamber, for four distinctive series of points (X-axis) as indicated precisely on the Fig:

-Series of points number 1 between the reactor wall and the 1st part of the bioanode -Series of points number 2 between the1st and 2nd parts of the bioanode -Series of points number 3 between the 2nd and 3rd bioanode part -Series of points number 4 between the 3rd bioanode part and the membrane 

Hydrodynamic behaviour

The dWW velocity profile in the bioanode compartment (configuration D) for a hydraulic residence time of 8 h is provided in Appendix D. A residence time of 8 h is characteristic of processes in the domestic wastewater treatment industry. The pressure drop between the anodic compartment inlet and outlet is barely negligible (< 1 Pa), due to low anolyte velocity (high residence time), low reactor height (11 cm) and low dWW viscosity (10 -3 Pa.s). Results of the hydrodynamic flow simulation showed clearly the main pathway for the anolyte flow occurs in the areas between the reactor wall and the electrode, and not within the 3D electrode structure. Calculations with residence time values of 1 h and 24 h showed similar results in terms of major pathways for the fluid flow and low pressure drop values between the inlet and outlet. In all cases, the flow occurs around the electrodes rather than within the pores and pressure drop values are 5.4 10 -3 Pa (τ = 24 h), 1.6 10 -2 Pa (τ = 8 h) and 1.3 10 -1 Pa (τ = 1 h).

Results obtained in standard conditions

COD profile in the anodic compartment is calculated (Fig. 4) for configuration D with the standard conditions defined in Table 2 in steady state.

The steady state is theoretically obtained for an infinite time after reactor start-up and biofilm stabilization. In practice this corresponds to results obtained after 3-10 times the residence time value (thereafter 24-80 h) of reactor operation with a stable biofilm. The calculated current is 28.1 mA corresponding to a H 2 production rate of 286 standard mL per day.

COD is strongly impacted by the proximity of the bioanode as it is consumed locally by the electroactive biofilm. The blueish colours (COD) are mostly found in the porosity of the bioanode. Within these pores COD is low because the transfer of organic matter (mostly by diffusion) is insufficient to compensate organic matter consumption by the EA biofilm (diffusional limitations regime). These diffusion limitations coupled with the ohmic drop in the liquid phase are responsible for strong heterogeneities of the anodic current density values on the When the MEC operates in steady state i.e. produces a constant current COD is higher for series of points 1 and 3 compared to series 2 and 4. Most of COD removal occurs in the areas nearby the membrane and therefore closest to the cathode. This result is consistent with the calculation of current produced by each 3 parts of the electrode with values of 7.7 mA for part 1 (far from the cathode), 8.7 mA for part 2 (in the middle position) and 17.1 mA for part 3 (nearby the membrane). Differences are caused by a combination of two factors. Firstly, part 1 and part 2 of the bioanode (near the wall and in the middle) are less accessible for the electrical field lines compared to the third bioanode part. Secondly, significant ohmic drop occurs in the liquid phase due to the low dWW ionic conductivity (0.1 S m -1 ). It is therefore normal that bioanode areas far from the cathode are less active than areas near the cathode.

Results after implementation of an additional cathodic compartment

The use of a three-compartments reactor (configuration F) with two cathode compartments arranged on both sides of the bioanode compartment leads to a significant increase of the overall steady state current, which reached 39.5 mA for a three-chamber MEC design compared to the 33.5 mA expected from the dual-chamber MEC reactor design. The COD removal is also significantly increased accordingly with a 72% removal yield (configuration F) (Fig. 8) compared to 61% (configuration E).

Values of local COD are plotted for four distinct series of points (configuration F) in Fig. 9. COD are identical for series of points 1 and 4 as well as for series of points 2 and 3 for symmetry reasons.

The implementation of a second cathode compartment has a major impact on the concentration profile in the anolyte (Fig. 9). Higher COD removal is obtained with the implementation of an additional cathodic compartment, which means lower organic matter concentration in the four zones near the reactor outlet. COD removal is therefore much higher for the series of points 1 and 2 for configuration F compared to configuration E.

Finally, calculations are performed with configuration F considering three values (1 h, 8 h and 24 h) of residence time τ (Fig. 10).

Fig. 10 demonstrates that different strategies can be applied to operate the MEC technology depending on the pursued purpose. On one hand, the increase of the τ in the anodic compartment can drastically improve the COD oxidation rate by the anodic biofilm, with COD removal yield of 25% for a τ of one hour, 78% for eight hours and 98% for twenty-four hours. On the other hand, the τ increase can decrease the overall current generation and therefore hydrogen production rate e.g. 756 standard mL per day (τ = 1 h, i = 74.5 mA), 402 standard mL per day (τ = 8 h, i = 39.5 mA) and 169 standard mL per day (τ = 24 h, i = 16.6 mA). Results regarding the influence of residence time on COD removal and current are consistent with literature data. Actually Guo et al. [START_REF] Guo | Stacked multi-electrode design of microbial electrolysis cells for rapid and low-sludge treatment of municipal wastewater[END_REF] measured performance obtained in 10 cells of a bioelectrochemical stack and current values obtained for dWW treatment are (on average) equals to 0.09 mA for a residence time of 6.3 h compared to 0.49 mA for a residence time of 0.63 h. Similar results are also obtained in Microbial Fuel Cells. Moon et al. [START_REF] Moon | Residence time distribution in microbial fuel cell and its influence on COD removal with electricity generation[END_REF] also measured significant current increase with decreasing hydraulic residence time for various organic matter concentrations in the reactor inlet.

Conclusion

A 3D multiphysics model is built to evaluate and quantify the interest of different 3D electrode designs compared to conventional 2D plane electrodes. The performance increase caused by the change of the electrode geometry depends on the shape of the 3D structure as well as operating conditions. Current can be increased by over 83% with the proper geometry. The use of 3D bioanodes thicker than 20 mm is not interesting due to performance stagnation above this value. Moreover, the bioanode geometry shall be carefully designed in order to avoid limitations caused by organic matter or ions mass transport within the 3D bioanode structure. The use of stacked 3D anodic plates rather that a thick 3D electrode makes easier the transport of organic matter from the liquid phase to the bioanode surface (current increase by 20%). Finally, the implementation of an additional cathodic compartment is an efficient strategy to increase performance further (current increases by an additional 20%).

It should be noticed that the model considers a biofilm with a uniform electrochemical kinetics on the whole bioanode surface area. Actually, the local potential may affect the biofilm development and its electrocatalytic characteristics. It can be a cause of deviation between theoretical and experimental results particularly in electrolytes with low ionic conductivity [START_REF] Oliot | Influence of the electrode size on microbial anode performance[END_REF]. The state of the art does not provide yet a simple relationship between the catalytic properties of the biofilm and the potential of the electrode on which it is formed. This would be a major avenue for progress to be considered for future research particularly 
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 1 Fig. 1. Definition of the geometry of the system for configurations A, B, C and D.
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 2 Fig. 2. Replacement of a monolithic bioanode by a three parts electrode (configuration E) and implementation of a second cathodic compartment (configuration F).
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 4 Fig. 4. Theoretical COD in the volume of the anodic compartment (configuration D) for a residence time of 8 h, cell voltage of 1.0 V, COD of 500 mg L -1 in the reactor inlet and bioanode thickness of 20 mm.
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 5 Fig. 5. Theoretical anodic current density (Configuration D) for a residence time of 8 h, cell voltage of 1.0 V, COD of 500 mg L -1 in the reactor inlet and an bioanode thickness of 20 mm. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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 6 Fig. 6. Theoretical COD (configuration E) for a residence time of 8 h, cell voltage of 1.0 V, COD of 500 mg L -1 in the reactor inlet and bioanode thickness of 3 × 5 mm.
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 7 Fig. 7. Theoretical COD values for 4 series of points (configuration E) for a residence time of 8 h, cell voltage of 1.0 V, COD of 500 mg L -1 in the reactor inlet and bioanode thickness of 3 × 5 mm.
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 8 Fig. 8. Theoretical COD values for configuration F for a residence time of 8 h, cell voltage of 1.0 V, COD of 500 mg L -1 in the reactor inlet and bioanode thickness of 3 × 5 mm.
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 9 Fig. 9. Theoretical COD values for 4 series of points (Configuration F) for residence time of 8 h, cell voltage of 1.0 V, COD of 500 mg L -1 in the reactor inlet and bioanode thickness of 3 × 5 mm.
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 10 Fig. 10. Theoretical COD values for configuration F for a cell voltage of 1 V, COD value of 500 mg.L -1 in the reactor inlet, bioanode thickness of 3 × 5 mm and residence time values of 1 h, 8 h and 24 h.

Table 1

 1 List of values for electrode, electrolyte and membrane conductivities and membrane porosity.

	Parameter	Domain	Value	Reference
	σ s σ s	Cathode (stainless steel) Bioanode (graphite)	1.35 10 6 S m -1 8.3 10 4 S m -1	[40] Value provided by the
	σ L σ L	Catholyte Anolyte	2.0 S m -1 0.1 S m -1	supplier Measured Measured
	ε L,m	Membrane	0.5	Membrane technical
				datasheet

  . The choice of another model molecules such as arabitol (C 5 H 12 O 5 ), ethanol (C 2 H 6 O), glucose (C 6 H 12 O 6 ), sucrose (C 12 H 22 O 11 ) or tert-Butanol (C 4 H 10 O) would have led to almost identical results as these molecules have similar diffusion coefficients (0.49-1.23 10 -9 m 2 s -1 )

Table 2

 2 Values of cell voltage, residence time, organic matter concentration (COD), bioanode thickness and number of cathodic compartments considered in this study.

	Parameter	Symbol	Value in standard	Range conditions for
			conditions	parametric study
	Cell voltage	U	1 V	1 V
	Residence time COD in the reactor	τ COD	8 h 500 mg.L -1	1 h, 8 h, 24 h 500 mg L -1
	inlet Bioanode projected	NA	100 cm 2	100 cm 2
	surface			
	Bioanode thickness	NA	20 mm (one part	2, 5, 10, 20, 30 and
			bioanode)	40 mm (one part
				bioanode)
				5 mm× 3 (three parts
				bioanode)
	Number of cathodic	NA	1	1 and 2
	compartments			

Table 3

 3 List of parameters introduced in the software for the kinetic of the cathodic reaction.

	Parameter	Description	Value
	J 0	Exchange current density	0.14 A m -2
	α a	Anodic charge transfer	0.50 (unitless)
		coefficient	
	α c	Cathodic charge transfer	0.20 (unitless)
	F R	coefficient Faraday constant Ideal gas constant	96,485 C mol -1 8.314 J mol -1 K -1
	T	Temperature	293 K
	Е ocp	Open circuit potential (vs SCE)	-0.5 V
	Е	Electrode potential	Calculated by the software (V)
	η	Overpotential	Calculated by the software (V)
	J cath	Cathodic current density	Calculated by the software (A m -2 )

Table 4

 4 List of parameters for the kinetic of the anodic reaction.

	Parameter	Description	Value
	Jmax Km c F R	Maximum current density Michaelis constant Organic matter model molecule concentration Faraday constant Perfect gas constant	6.0 A m -2 20 mol m -3 3.34 mol m -3 (COD = 214 mg L -1 ) 9.14 mol.m -3 (COD = 586 mg L -1 ) 96,485 C mol -1 8.314 J mol -1 K -1
	Τ	Temperature	298 K
	E an	Bioanode potential vs SCE	Calculated by the software
			(V)
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Acknowledgments

This work was funded by the Agence Nationale de la Recherche (France) within the framework of the WE-MET project (ERANETMED 2015 European call).

when the objective is to use numerical modelling to scale up MEC and other bioelectromicrobial technologies such as MFC to large size systems.

Another limitation of the actual model is that the COD consumed at the electrode-dWW interface only results from the oxidation of the soluble molecules of organic matter consumed by the electroactive biofilm. The experimental data used as input to the software are indeed voltammetry measurements and soluble COD determinations (filtered liquid samples). The reality is that a certain fraction of the organic matter in the dWW is either particulate and/or complex, i.e. less biodegradable. There is therefore a risk of overestimating the removal of COD with our modelling approach. In future research and model development, one of the points to improve the accuracy the model will be to take into account the complexity of the composition of organic matter in dWW.

Experimental results that will be obtained in a lab-scale multi compartment pilot with 3D anodes (superimposed plates) will be compared with modelling results from this manuscript in Part II: Experimental results. 
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