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Figure 1 Representation of the reactor design: a) reactor 

flowchart and the selected planes for results plotting (x1, x2 and 

x3), b) different electrode materials used: graphite rod (Case 1), 

granular graphite (case 2), stainless steel (case 3) and graphite 

plate (case 4). Rin and Rout represented inlet and outlet 

recirculation’s streams, respectively. 
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Anode hydrodynamics in Bioelectrochemical Systems 

Albert Vilà-Rovira
a
, Sebastià Puig

a
*, M. Dolors Balaguer

a
, Jesús Colprim

a
 

This study assesses the hydrodynamics in the anode compartment of a bioelectrochemical system (BES) when using 

different electrode materials (graphite rod, granular graphite, stainless steel mesh or graphite plate). For this purpose, 

computational fluid dynamics (CFDs) modelling was used. Granular graphite or stainless steel mesh allowed a better water 

flow distribution through the system favouring biomass attachment and consequently, removal efficiency and electricity 

production. This study provides the necessary mechanistic understanding on how these materials affect the hydrodynamic 

and its substrate distribution behaviour within the bioanodes and its electricity production. 

1. Introduction 

Bioelectrochemical systems (BES) is a sustainable technology used 

in groundwater 
1
 and wastewater 

2
 treatments. A wide range of 

products, such as methane
3
, acetate 

4
, butyrate 

5
, and hydrogen

6
 

can also be produced from contaminated water or polluted gaseous 

streams using BES.  The performance of BES is influenced by many 

factors such as: substrate characteristics and availability
7
, microbial 

community
8
, electrode characteristics

9
 and reactor design

10
, among 

others. Some of these key factors are directly linked to the 

hydrodynamics inside the BES. 

Computational Fluid Dynamics (CFD) modelling uses numerical 

methods and algorithms to analyse fluid flows. CFD is a powerful 

tool for investigating fluid flow by computer software and it 

complements the limitations of field and laboratory experiments 

with minimal cost. CFD are widely used to optimise processes and 

equipment’s design in wastewater treatment plants
11

 such as: 

aeration systems operation
12

, membrane reactor designs
13

, 

anaerobic digesters performance
14

, mass transfer in airlift reactors 
15

 or reaction parameters in packed bed reactors 
16

. The use of CFD 

could be also a powerful tool in BES to optimise scaling-up BES 

design or select the suitable electrode material, among others. 

Unfortunately, CFDs have been hardly applied to BES. Recently, Kim 

et al.,
17

 investigated for the first time the fluid flow and estimated 

the electricity generation in the anodes of 12 different BES 

configurations with different internal structures (shape -triangular 

and rectangular type-, number, length, and angle)
17

.  Michie et al.,
18

 

(2014) applied CFD modelling within three novel helical geometries 

anodes within an anodic BES chamber
19

. They linked COD (Chemical 

Oxygen Demand) removal and power production to the fluid flow 

distribution.  
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Table 1 Comparison of the ratio between electrode surface and liquid volume, void fraction, hydraulic retention time, power generation, 

columbic efficiency, and methane production for each case studied 

Case Electrode Material Characteristic size Distribution 

1 
graphite rod 

(control) 

 = 10 mm 

Height = 17,5 cm 
Centre 

2 
graphite rod plus granular 

graphite 
granule particle= 9 mm  

Two layers of spheres separated 3 mm each other 

Separation between spheres 11 mm (centre to centre) 

3 
graphite rod plus stainless 

steel mesh 
mesh=1 mm 

Three layers of mesh, separated 4 mm each other 

Mesh light path: 5 mm x 5 mm 

4 graphite plate 180 x 180 x 10 mm  

 

One of the key parameters in designing BES is the identification of 

suitable conductive materials to ensure proper electron transfer 

distribution and an appropriate surface for biofilm attachment
20

. In 

the current state of the art, anode configurations are mainly 

composed of graphite-based electrode collectors and additional 

conductive material which favours biomass attachment
20

. Since a 

plethora of conductive materials have been reported in literature 

(graphite rod, granular graphite, carbon felt, among others)
21,22

, it is 

necessary to gain a mechanistic insight on how these materials 

affects the hydrodynamic behaviour, and consequently the 

substrate distribution, within the bioanodes. Up to date, further 

research on fluid distribution and hydrodynamics within the anode 

compartment in common anode electrodes is still missing. This 

study determines the fluid flow and substrate distributions in the 

anode compartments of different conductive materials (graphite 

rod, granular graphite, stainless steel mesh and graphite plate) 

commonly used in the literature.  

2. Materials and methods 

2.1. Bioelectrochemical system 

The BES considered for the modelling was a rectangular 

methacrylate reactor 
23

, with a squared internal chamber of 200 

mm x 200 mm x 10 mm (Figure 1). It consisted of an anode and a 

cathode chambers separated by a cation exchange membrane 

(CEM, Nafion 117, DuPont, USA). Both anode and cathode 

chambers contained a graphite rod as collector electrodes (107 × 6 

mm [anode] and 130 × 6 mm [cathode], Sofacel, Spain). The 

cathode chamber was filled with granular graphite (model 00514, 

EnViro-cell, Germany). This design was successfully applied for 

treating contaminated groundwater
24

. 

Figure 1 shows a scheme of each anode compartment configuration 

(Figure 1A) and the different additional conductive material 

assessed (Figure 1B). Four different anode electrodes were 

considered for evaluating the anode hydrodynamics, as they have 

been widely reported in the literature. Table 1 presents the main 

characteristics of the materials assessed, which were:  

- Case 1: Graphite rod (as the control and the collector 

electrode). 

- Case 2: Graphite rod (collector electrode) plus granular 

graphite particles filling the total anode chamber domain. 

- Case 3: Graphite rod plus stainless steel meshes (three 

different meshes separated by 4 mm).  

- Case 4: Graphite plate.  

The anode compartment was fed with 1.5 L·day
-1 

of an enriched 

acetate medium (containing 500 mg·L
-1

 of acetate). A recirculation 

loop ratio of 1:100 was applied to homogenise the anode 

compartment. The operating temperature and pressure were kept 

at 293.15 K and 101325 Pa, respectively.  

2.2. Computational fluid dynamics modelling 

The fluid hydrodynamics were modelled using Ansys Fluent 

platform (ANSYS® Academic Research, Release 12.1). The 

momentum, continuity and energy equations were resolved for 

each case (section S1; eq. S1-S4). The low velocities streams of 

made feasible to work in a laminar state. Proprieties values of 

aqueous solution were considered at  298.15 K and 101325 Pa. 

Gravity forces were also accounted within the simulations. To solve 

the hydrodynamic equations, velocity inlet boundary conditions 

were set for the inlet and outlet streams and recirculation loop 

streams (inlet and outlet), adapting in each case the velocities 

magnitudes and directions. All of them were fixed as a constant 

flux: the recirculation streams were fixed at 80 m·h
-1

 (150 L·day
-1

) 

and the inlet/outlet streams at 0.80 m·h
-1

 (1.5 L·day
-1

). Wall 

boundary conditions were set for the collector graphite rod 

electrode and the anode walls, as well for the rest of the electrode 

materials (granular graphite, stainless steel and graphite plate). All 

these wall boundary conditions were defined as non-slip. The low 

water permeability through biofilm made the water velocity 

negligible
25

. The planes were defined as a middle section of anode 

chamber (Figure 1A - x1), the section between those two planes 

(Figure 1A - x2) and near the anode wall (membrane) (Figure 1A - 

x3). The experimental low Reynolds number (Figure S1) resulted in a 
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Figure 2 Velocity contours and vectors at three different planes 

(x1, x2, x3) from the centre to the anode wall, for each simulated 

case (inlet/outlet flow: 1.5 L·day
-1

, recirculation flow: 150 L·day
-1

) 

: a) graphite rod (14.76 m
2
/m

3
 NAC, HRT 12 hours), b) graphite 

rod + granular graphite (225.44 m
2
/m

3
 NAC, HRT 9.55 hours) , c) 

graphite rod + stainless steel meshes (213.81 m
2
/m

3
 NAC, HRT 

12.08 hours), d) graphite plate (208.7 m
2
/m

3
 NAC, HRT 6.41 

hours).. 

0 1 2 3 4 5 6 7 8 9 10 20 150

m·h-1

30 40 50

x1 x2 x3

A

B

C

D

laminar flow, which is characterised by smooth and constant fluid 

motion. 

2.3. Biological model 

A simplification of the biological model proposed by Pinto et al.,
26

 

was considered for acetate oxidation in the anode compartment. 

The biological model proposed two main microbial populations 

(anodophilic and methanogenic) competing for a common 

substrate (acetate). The kinetic equations are presented within the 

Supplementary Information (Section S2). The concentrations of 

these microorganisms within the anode compartment were 

considered to be constant at steady state run, and homogeneous 

through overall anode domain; and fixed at 500 mg CODx·L
-1

 and 

250 mg CODx·L
-1

, respectively, as assumed by Pinto et al.,
26

. Acetate 

concentration was introduced as solubilised specie within aqueous 

solution. The acetate biological consumption was introduced as 

source term in the mass conservation equation (Eq S1, Sm term), by 

means of user defined functions. The anode was fed with an 

influent acetate concentration of 500 mg·L
-1

. Void fraction 

calculated as NAC / TAN (Net Anode volume Compartment / Total 

Anode volume Compartment). Current generation and methane 

production rates were calculated according to eq. S9 and S10. 

Power generation was calculated using eq. 1
20

: 

   
            

    
                                                                               (eq.1) 

Where maximum specific growth rate (max) was fixed at 8.3 day
-1

, 

cell yield (YX/C) of 4.1·10
3
 cells / mol-Ac,  bes of 8 mol e

-
 / mol-Ac, 

being F the Faraday’s constant (C·mol
-1

), CE the coulombic efficiency 

(-) and E the redox potential (V), and X is the fraction of anode 

surface occupied by the cell biofilm. CE (eq. 2) was calculated as  
20

:  

   
  

       
                                                                                      (eq. 2) 

From which q is the inlet flow (L·s
-1

) and COD is the total substrate 

removal (mg COD·L
-1

).  

Shear rate (   , eq. 3) was analyzed within the different 

configurations to determine if the hydrodynamics conditions 

reinforced biomass attachment. Pahm et al.,
27

 stated a value of 120 

s
-1

 as optimal value during the enrichment period to obtain high BES 

performance:  

     

 
                                                                                           (eq.3) 

The shear rate is defined as the second order deformation tensor, 

where D (eq. 4) represents the rate of deformation tensor, defined 

as:  

   
   

   
 

   

   
                                                                                   (eq.4) 

u represents the velocity vector, and x the distance or position 

vector, with i and j representing each of its components. 

 

3. Results and discussions 

3.1. Anodic fluid dynamics 

Anodic fluid flow was analysed for different selected electrode 

materials. Figure 2 presents the fluid velocities contours and vectors 

profiles for each anode compartment configuration (A: graphite 

rod, B: granular graphite, C: stainless steel mesh and D: graphite 

plate). Graphite rod was considered as the control configuration 

and the collector electrode (Figure 2A). The low surface availability 

(14.76 m
2
/m

3
 NAC– Table 2) conducted to a clear preferential way 

caused by the recycling flow. The fastest velocity, ranging from 10-

50 m·h
-1

, was reached in the preferable way from inlet to outlet 

recirculation (Figure 2A). In contrast, the slowest velocities (0-1 m·h
-

1
) were found at the opposite sides corresponding to both inlet and 

outlet streams. Velocity ranges between 0 – 10 m·h
-1

 represented 

78 %, 83 % and 92 % of all the flow distributions for the x1, x2, x3 
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Figure 3. Relatives areas as a function of velocity ranges for the different longitudinal planes of the anode chamber (x1, x2 and x3). 

Operational conditions: inlet/outlet velocities: 0.80 m·h
-1

, recirculation velocities: 80 m·h
-1

. Parameters: a) graphite rod: 14.76 m
2
/m

3
 NAC, 

HRT 12 hours, b graphite rod + granular graphite (225.44 m
2
/m

3
 NAC, HRT 9.55 hours) , c) graphite rod + stainless steel meshes (213.81 

m
2
/m

3
 NAC, HRT 12.08 hours), d) graphite plate (208.7 m

2
/m

3
 NAC, HRT 6.41 hours). 
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planes, respectively (Figure 3). The highest velocities range (10-20 

m·h
-1

) represented only 10 % of the total area (averaged from the 

three different planes). The wide range of velocities indicated a 

poor flux distribution influenced by the electrode used, the 

chamber architecture (square design) and the recirculation flow 

(100 times higher than the influent flow). 

When granular graphite was introduced in the anode compartment 

(Figure 2B), the available electrode surface considerably increased 

225.44 m
2
/m

3 
NAC decreasing the void fraction to 0.75 (Table 2). 

Granular graphite favoured the flow dispersion in the inlet zones 

with a better velocity distribution within the domain. Velocity 

ranges were between 2 and 5 m·h
-1

. The lowest velocities zones 

were found closer to the both inlet and outlet streams (0-1 m·h
-1

) 

influenced by the anode architecture. When moving towards the 

anode chamber wall (x2, x3), the maximum velocities at the 

recirculation streams were reduced. The range of velocities was 

more homogeneous. Velocities between 0 and 10 m·h
-1

 occupied an 

average area of 96 % (93%, 98% and 98 % to x1, x2 and x3 

respectively).  

The third electrode assessed was stainless steel mesh (Figure 2C). 

Three meshes were introduced inside the compartment (Figure 1). 

This resulted in an available surface of 213.18 m
2
/m

3
 NAC and a 

void fraction of 0.94. The flow inside the chamber was regularly 

distributed by the presence of stainless steel meshes. An average of 

95 % of the total liquid relative area relied on velocities range 

between 0-5 m·h
-1

.
 
Only a predominant flux between inlet and 

outlet recirculation streams was observed in x3 (Figure 2C, Figure 3) 

because of the no presence of electrode material near to the 

membrane wall. The average percentage of the total area at 

velocity range 0-5 m·h
-1

 was 96 %, with the smallest value close to 

the membrane wall (x3 – 93 %). 

The fourth case of study used a 10 mm thickness graphite plate 

(Figure 2D). The plate covered the majority of the anode chamber 

domain (a surface area of 208.7 m
2
/m

3
 NAC and a void fraction of 

0.50). The inlet recirculation was configured with the fluid stream 

flowing through the space between the anode chamber wall and 

graphite plate surface. The friction of the water in contact with the 

plate caused a drop of the velocity to 0-1 m·h
-1

 close to the graphite 

plate wall (x2). The fastest velocities were found near the 

membrane wall in plane x3 in the zone connecting both 

recirculation streams (ranging from 5 to 30 m·h
-1

). 

 

3.2.  Dynamics of substrate within the anode compartment 

The different hydrodynamics may influence the substrate 

distribution within the anode compartment. In order to assess 

hydrodynamics effects to on substrate distribution, the two cases 

with a better flow distribution were considered (Cases B and C). The 

biological model considered the acetate oxidation and its 

competition between anodophilic and methanogenium bacteria. 

Figure 4 depicts the simulated acetate concentration profiles at 

steady state conditions for Cases 2 and 3. The anodes were fed with 

an acetate enriched solution of 500 mg·L
-1

. The low daily flow (1.5 

L·day
-1

) favoured the fast consumption of substrate at the inlet 

zone. In both cases, the anode initially worked as a plug flow system 

with circular development, since the concentration gradients 

occurred in the direction of the influent flow. When the inlet flow 

reached the recirculation stream, substrate was completely 

homogenized.  

The main differences in both concentration profiles were found due 

to the different void fractions which influenced the HRT value 

(Table 2). The lower HRT (9.55 hours) of the granular graphite 

anode (Case B, Figure 4A) involved lower substrate removal 

efficiency, causing higher substrate gradient within the anode 

compartment. The higher HRT (12.08 hours) of the stainless steel 
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Figure 5.A Computational Residence Time Distribution using 

two different electrode materials: rod graphite + granular 

graphite (225.44 m
2
/m

3
 NAC, HRT 9.55 hours) and rod graphite 

+ stainless steel meshes (13.81 m
2
/m

3
 NAC, HRT 12.08 hours) 

as electrode materials. Value  means Hydraulyc Residence 

Time. 
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Figure 4. Acetate concentration profiles using a) rod graphite + 

granular graphite (225.44 m
2
/m

3
 NAC, HRT 9.55 hours) and rod 

graphite + stainless steel meshes b) (13.81 m
2
/m

3
 NAC, HRT 12.08 

hours) as electrode materials. 

as electrode materials. Value  means Hydraulyc Residence 

Time. 

meshes anode (Case 4, Figure 4B) maximized substrate removal 

efficiency. The substrate was mainly removed in one quarter of the 

anode and no acetate was recirculated. This result suggested that 

an increment of the daily flow was hydrodynamically feasible. 

This computational fluid dynamics study demonstrated that spatial 

heterogeneity existed.  This result was validated by Pous et al.,
24

 

who took inoculums from three different sampling ports of the 

cathode volume of an identical BES with granular graphite as the 

electrode. The highest nitrate removal and current production were 

observed close to the feed stream, where according to Fig 4A more 

substrate was available.  

 

3.3. Selection of the electrode material 

The selection of the electrode material affects the hydrodynamic 

behaviour within the chamber, influencing the substrate 

distribution and biomass attachment. The use of CFD enables the 

selection of the proper conductive material shape in terms of 

regular flow distribution within the anode compartment minimising 

preferential flow ways. The choice of the optimal configuration 

should be done based on three parameters: available surface, shear 

rate and power performance.  

At larger conductive surface areas, more biomass can be attached 

and consequently, power production can be reinforced. Both 

granular graphite and stainless steel anodic materials ensure these 

conditions. Stainless steel had slightly higher surface (0.16 m
2
 of 

electrode) and a void fraction (0.94) than granular graphite (0.13 m
2
 

and 0.75, respectively). 

Moreover, both stainless steel and granular graphite had better 

flow homogenization within the system. To assess the homogeneity 

of the systems, residence time distribution curves by CFD were 

determined. A constant concentration of a tracer at the inlet stream 

was applied, measuring the response at the outflow stream. To 

simulate the recirculation stream, and especial user defined 

function was developed to adapt the tracer concentration at the 

outflow recirculation stream to the concentration at the influent 

recirculation. The essay was done for the two more representative 

electrode materials (granular graphite and stainless steel mesh). 

The average time for each distribution was calculated, for a step 

input as:  

   
 

    
    
    

 
                                                                         (eq 6) 

Figure 5 presents the residence time distribution curves. The 

average times of each distribution were 14.5 and 11.6 days for 

granular and stainless steel, respectively. These values compared to 

the HRT values confirmed the heterogeneity of the anode flow 

(dead zones, preferential flows). This reinforces the information 

given by the velocity contours from Figure 1.  

The larger void fraction and larger HRT favoured the better 

homogenization within the configuration using stainless steel mesh. 

Additionally better substrate distribution was achieved when using 

both materials (Figure 4), and the higher HRT favoured better 

acetate removal when using rod graphite plus stainless steel mesh.  

Shear rate represents the velocity gradient produced by the 

movement between a fluid in movement and other in stationary 

movement or a wall influencing biomass attachment. Figure S2 

presents the shear rate across the anodic chamber using both 

materials. The maximum shear reached was 20 s
-1

, far below the 

120 s
-1

 suggested by Pahm et al., 
27

. At such low values, the biomass 

got attached. Moreover, despite the model presented in this study 

was not developed a multiphase model, dimensionless values were 
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Table 2 Comparison of the ratio between electrode surface and liquid volume, void fraction, hydraulic retention time, power generation, 
columbic efficiency, and methane production for each case studied. 

Case 
Electrode 

Material 
m

2
/m

3 
NAC 

Void 
fraction 

 

HRT 
(hours) 

Power 
(W·m

-2
) 

 
I 

(A/m
2
) 

 
C.E 
(%) 

CH4 prod. 
(mL·day

-1
) 

1 Graphite rod 14.76 0.98 12 - - - - 

2 
Graphite rod plus 

granular graphite 
225.44 0.75 9.55 0.02 0.40 52 26.9 

3 

Graphite rod plus 

stainless steel 

mesh 

213.81 0.94 12.08 0.14 0.36 58 28.6 

4 Graphite plate 208.7 0.50 6.41 - - - - 

 

useful to balance the substrate convection and mass transfer 

through the biofilm. To determine the mass transference from the 

liquid to the solid surface the Peclet number at each computational 

cell was determined. Peclet number (Pe) is a balance ratio between 

the advection processes over the diffusion processes (eq 7).  The Pe 

profiles (Figure S3) obtained showed that mass transfer was 

achieved by dispersion or diffusion, rather than convection.  

   
  

 
                                                                                                 (eq.7) 

From which L is the characteristic length, u the fluid velocity and D 

the mass diffusivity.  

Moreover, the biomass attached on the electrodes could be either 

exoelectrogenic bacteria or methanogenic archaea. The highest 

power production was obtained using stainless steel material (0.14 

W·m
-2

, Table 2) instead of granular graphite (0.02 W·m
-2

). The 

coulombic efficiency was slightly higher for stainless steel mesh and 

less methane was produced.   

The choice of the anode material is crucial for every bio-anode 

microbial fuel cell (MFC) setup. Several types of catalysts, such as 

platinum, manganese oxides, and iron complexes have been 

investigated as catalysts to enhance electricity production 

(decrease the overpotential) in MFCs. Unfortunately, these catalysts 

are often expensive, unsustainable or time-consuming in 

preparation, might be subject to poisoning or secondary pollution, 

and difficult biofilm formation on the surface of the electrode. 

Carbon materials with various structures, shapes and properties are 

widely used as electrodes for MES applications due to their high 

conductivity, good chemical stability and relatively low cost but 

constrained by low current density mainly resulting from the low 

rate of extracellular electron transfer between bacteria and 

electrode
28

. Granular graphite is one of the most used carbon based 

electrode. It is advised to do chemical cleanings to remove possible 

metal and biomass contamination which could inhibit electrogenic 

population
29

. The negatives impacts of using granular graphite 

particles is related to the biofilm builds up through the granular 

graphite particles, blocking the fluid flow path, and producing 

clogging, which would affect directly the electrogenic microbial 

activity
30,31

. 

Biofilms on electrode surfaces play a key role in current generation 

or transformation in BES. By modifying the electrode properties the 

electronic conductivity, electron transfer and biofilm adhesion can 

be enhanced. The surface properties, which include the chemistry 

and charges present at the electrode surface, have been found to 

affect bacterial adhesion, biofilm formation and electron transfer 

significantly
28

. When having biofilms, the material composition 

should only be accounted if it is influencing rheological surfaces 

properties of the material. The rheological and physical properties 

of surface materials should be taken in account in the art of 

numerical methods. The definition of the material properties (i.e. 

surface rugosity) had a particular interest when modelling turbulent 

flow motions. Computational fluid dynamics is able to model 

systems including specific wall properties (even reacting, moving or 

heating walls). However, a logical equilibrium by proper modelling 

results and computational effort should be taking into account. In 

this study, the material composition was not selected as a key 

parameter since the operational conditions made the flow to be in 

a laminar flow (Figure S1), and the motivation of this work is to test 

specific operational conditions with different anode materials.  

Considering all these parameters and flow distribution, the stainless 

steel anodic material was selected as the best configuration. These 

results are in agreement with Pocaznoi et al.,
32

 who proposed 

stainless steel as an alternative material for BES electrodes, due to 

lower costs and higher electronic conductivity and higher current 

densities (up to 35 A m
-2

, while graphite did not exceed 11 A m
-2

). 

This was the first demonstration that stainless steel offers a very 

promising ability to form microbial anodes. Recently, Ledezma et 

al.,
33

proposed oxidised stainless steel  as a very effective electrode 

material  besides its high risk of corrosion and the low material 

porosity. 

Conclusions 
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Inside knowledge about the behaviour of bioanodes was 
obtained by combining flow hydrodynamics and biological 
process modelling. This computational fluid dynamics study 
demonstrated that spatial heterogeneity existed.  Some 
configurations (graphite rod or plate) favour the occurrence of 
preferential flow ways which decreases the anode 
performance. The use of granular graphite or stainless steel 
meshes as anode material ensures a better flow distribution 
within the anode chamber and offers high surface available for 
biomass attachment and consequently, higher treatment 
capacity and electricity production. 
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