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Abstract. Microbial fuel cells (MFCs) exploit the metabolic activity of electroactive microorganisms for
oxidation of organic compounds and extracellular electron transfer to an external electrode. the technology is
associate with very slowreaction rates, resulting in low current densities. Anodes with high specific surface
should be used to increase the overall electricity generation. Carbon-based 3D materials, with high surface
per unit of volume, are largely used anode materials in MFCs, although may show significant lack in
efficiency due to mass transfer limitations, concentration gradients, velocity distribution and resistivity of the
material. Consequently, the concomitant effect of several parameters should be assessed and quantified to
design highly performing MFCs implementing 3D anode materials. In this work, miniature MFCs with 3D
anodes are mathematically modelled to quantify the effect of operative parameters on performance. The model
combines equations of charge conservation, mass transport phenomena, hydrodynamics, and kinetics of the
involved processes under transient conditions, and provides 3D profiles with time of velocity, biofilm
thickness, substrate concentration, current density and potential. The solution predicts a laminar flow, as it
was expected with the low flow rates used. The concentration profiles show the consumption of substrate in
the anode, with low values of local concentrations depending on organic load in the feed stream. The model
also provides a versatile tool to optimise the operative conditions of the system, managing the flow
arrangements to maximise either substrate removal or electricity generation.

1 Introduction Successful examples of up-scaling from the laboratory to
pilot or demonstrator scale are, however, still scarce, [7].
Several biological, operational and design parameters
may affect cell performance, and the literature often
reports contrasting results on their effects [8]. An example
is the contact time between substrate and microorganism,
which is one of the most critical factors for power
] : LA | production and chemical oxygen demand (COD) removal
chamber, microbial communities in planktonic state or in wastewaters [9,10]. Contrasting results are reported in
within a biofilm that develops onto the electrode surface, literature on the influence of the hydraulic retention time
oxidize an organic substrate with th.e result to generate (HRT) on cell performance. Ye et al. [9] found that
electrons, protons, and other metabolites as end-products. increasing the HRT determines an improvement of the
The electrons collected by th.e aqode. are transferred to the power output, Costa Santos et al. [10] found an optimum
cathode throughout the electric circuit, to power a load [2]. HRT for effective COD removal, as higher HRT results in
On the other side, the protons move to the cathode passing an insufficient organic load limiting bacteria activity and

through the membrane or by simple diffusion throughout growth, shorter times do not allow bacteria to efficiently
the electrolyte solution to be reduced by the electrons, thus degrade organic nutrients.

closing the circuit. . . . . Conversely, Akman et al. [11] found that decreasing
Any substrate containing organic matter, including the HRT from 1.5 to 1 d determines an improvement of the
municipal or industrial and residual from food industry, power density from 818 mW m™ to 909 mW m™. Recently
can be used as fuel in MFCs [3]. . Chen et al. [12] reported an optimal HRT equal to 72 h for
Typically, MFC systems generate power at milliwatt voltage outputs when the HRT was raised from 24 to 120

level [4]. One of the largest prototypes reported, with h, while the longer HRTs produced the higher COD
capacity of 255 dm™ [5], produced only 78 mW m?. [6]. removal.

An MFCs is a fuel cell where the anode reactions are
catalysed by exoelectrogenic microorganisms [1]. The
typical MFC setup comprises an anode and a cathode
electrode, immerged in an electrolyte and physically
separated by an ion exchange membrane, . In the anodic
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Mathematical modelling offers a valid tool to identify
and quantify the concomitant effect of the most influent
operational and geometrical parameters in MFC
technology and guide on its effective scale-up [13-16].

In this context, our work aims to provide a 3D
mathematical model of a continuous flow air-cathode
MFC. The model combines equations of charge
conservation together with mass transport phenomena,
hydrodynamics and kinetics of the involved processes,
such as biofilm formation, bioelectrochemical and
electrochemical reactions, under transient conditions. The
effect of residence time and inlet substrate concentration is
simulated with different anodic cell geometries to evaluate
their influence on performances.

2 Mathematical model

Figure 1 show the inner part of the three in-flow MFCs
simulated in this study, which corresponds to the domains
of integration of the model: the inlet and outlet channels,
the anodic compartment, and the membrane/cathode
assembly.
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Fig. 1. Geometries of cells used in the model

Three different anode sizes are considered with
dimensions of 0.5 cm x 0.5 cm x 3 ecm (MFCs), 0.5 cm x
0.5cmx 5 cm (MFCy), and 0.5 cmx 1 cm x 5 cm (MFCy).
The domains corresponding to the electrodes and
membrane are modelled as a porous matrix, the anodic
channels are modelled as a continuous medium in liquid
phase.

The model numerically describes the phenomena
occurring as MFCs operate, according to the following
assumptions.

A single carbon source was considered, and it was
modelled as equivalent acetate.

Biofilm nucleation

The anolyte containing planktonic microorganisms Ms
and the substrate, enters the inlet channel then flows
throughout the porous anode where microorganisms bump
into and adhere to the carbon surface or leaves the cell by
the exit channel. Once attached onto the carbon surface,
adherent microorganisms Ma start duplicating until the
bare surface is covered, and then grow layer by layer until
a stable biofilm thickness is reached [17]. The model only
considers adherent microorganisms as electroactive [18].

Changes in pH in the anolyte are considered as
negligible.

Planktonic microorganisms adhere to the anode
developing the growth nuclei of the biofilm (adherent
microorganisms). The reaction rate of biofilm generation
11 (mol m3 s7!) has been described using a Nernst-Monod
kinetics [19]:

Cpc- Cu F -1
=k s [1 + (_— )] 1
L1 1 Cac + Kys oy + Koty exp RTUAN €y}

Where: Cac and Cys (mol m®) are the acetate and
planktonic microorganisms concentration; k; (mol m= s-!)
is the kinetic constant; Kss and Ksms (mol m~) are the half
saturation constants and mna, (V) is the anodic
overpotential.

Growth of biofilm

The reaction rate of biofilm (M) production r; (mol m"
3 s71) has been described by a Nernst-Monod kinetics,
which relates the rate of substrate depletion with its
concentration and the electrical potential in biofilms [19]:

CAc_ CMA
CAC’ + KS,A CMA + KS,MA

r =k, [1 + exp (_%UAN>]_1 )

Where: k> (mol m™ s7!) is the kinetic constant; K s and
Kims Kss and Kgms (mol m™) are the half saturation
constants.

It is assumed that the growth of biofilm onto the porous
anode does not affect its porosity. In MFC models,
constant values of porosity are commonly used either for
carbon felt electrodes [20] or for different anodes
configurations as carbon brushes [21] and graphite felt
[22] to reduce the model intricacy [23].

Detachment of biofilm

The reaction rate of detachment r; (mol m s™') has
been described by a pseudo-first order law depending on
the amount of biofilm produced:

rs=kaCua (3)

Cathode

Electrons are transferred to the cathode through the
conductive biofilm and the external circuit. Protons H*
cross the membrane to reach the cathode surface where
oxygen is reduced. Butler-Volmer law has been used to
describe the cathodic reaction
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Flow

Incompressible Navier-Stokes model was used to
obtain velocity profiles.

Mass, charge, and momentum conservation equations
together with relevant initial and boundary conditions are
summarised below. Symbols are summarised in Table 1.

Momentum Transport
1| ou, 1 _o. 1
g—j[p5+s—jp (u-V)u] =V [ pI+£jy(Vu+
(Vu)T)] —% u “4)

channels — g=1

pV) =0; j= {anode - & =&y
U= =0
u=-uy,n Inlet

[-pI + u(Vu+ (Vu)")In = —p,n Outlet

Mass Balances

&2t + V- (-DI/VC) +u-VC; = Ry (5)
i=Ac™,Mg,H*
channels - ¢ =1
j=4anode — €& = gyy
cathode - & = gcur,u =0
Cilt=o =0

— 0
Cilinlet channel — Ci Inlet channel

-n-(DIve) =0

¥, Outlet channel

Mass Balance of biofilm
acy,

N 3 T R . anodes CMA|t=0 =0 (6)

e £j
o}/ =D, @)
T = sj'1/3 (®)

Reaction Rates
RAC_,Anode = —V4gc~ (T'1 + 7’2) ©)
Rys,anode = —T1 (10)
Ryganode =T + 12— 13 (11)
RH+,Anode = VH+(r1 +73) (12)
RH+,Cathode = _IC% (13)

Currents

F

Icar = Fy+ F acar exp (_0-5 EnCAT) (14)
Fy+ =Dy+VCy+ (15)
Ipy = 13 ZanF (16)
Nan = Van — Edy (17)
Near = Vear — Edar (18)

Electric potential

anode = f = Iy

V-(=0;W;)=f; j={P.EEM.-> f =0 (19)

cathode = f = I¢car
W,y =0
t=0

V=0 Ground — Anode interface

Table 1. List of symbols

Symbol | Description Units
a; Electrode specific area m~!
C; Concentration of i-th species mol m™3
D; Free diffusivity of i-th species m2s1
eff Effective diffusivity of i-th 2 1
D% . . . mes
2 species in the j-th porous medium
E} Electrode standard potential 14
fi Current source at j-th domain Am™3
If Electric current at the electrode Am™3
ky Specific rate (bacteria adhesion) molm3 st
k, Specific rgte (substrate mol m=3 s—1
consumption)
kq Inactivation constant for biofilm d-?!
K Half-saturation constant mol m=3
54 (substrate consumption)
K Half-saturation constant (biofilm mol m=3
s:Ma growth)
K Half-saturation constant (bacteria mol m=3
s:Ms adhesion)
R;; Reaction term molm=3s~1
Ui Fluid velocity ms™!
V; Electric potential of j domain |4
2 Electrons generated from ]
AN substrate degradation
Greek letters
& Porosity of the electrode -
n;j Electrode over-potential vV
Ve Stoichiometric coefficient of i
Ac substrate degradation
- Stoichiometric coefficient for H*
H generation
oj Conductivity of j" domain Sm™1
T Tortuosity of the porous electrode -
p Fluid density 1000 kg m™3
U Fluid viscosity 1Pas
Subscripts
Ac™ Substrate (acetate)
H* Protons
Mg Suspended microorganisms
M, Adherent microorganisms
i Species (Ac™, H*, Mg, M)
j Domains (Anode, Catode/PEM,

Channels)
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The model was implemented and solved under
transient conditions with the COMSOL Multiphysics©
software.

3 Model simulations and discussion

The model developed was used to predict the space time
distribution of the main variable in the MFCs. In particular,
simulations were carried out at different inlet flow rates
and substrate concentrations to obtain space profiles of the
relevant variables. Values from previous works were used
for the model parameters and the process conditions; the
whole set of values can be found in references 17 and 18

Figure 2 shows the 3D velocity streamlines calculated
with the model for the three cell geometries. The model
predicts that low velocities are reached, and a laminar flow
regime is developed without dead zones or preferential
flow paths.

OUTLET

Fluid velocity
[ms?]

Fig. 2. Velocity streamlines for the three cells geometries a)
MFCs, b) MFCyy, and ¢) MFCL at Q = 0.1 cm® min™.

The influence of inlet concentration on substrate
degradation and average current density in the three MFCs
MFCs, MFCy, and MFCy. was calculated with the model:
an example of results obtained with a flow rate of 0.1 cm?
min™! is shown in Figure 3.

The model predicts that an increase of substrate
availability determines an increase of current density
production and a faster degradation of substrate. MFCsg
shows the highest values of current density, due to the
lower local removal with high organic load available for
microbial activity, as it was also experimentally observed
in a previous work [18].

Figure 4 shows the influence of the flow rate on current
density and substrate degradation in the three cells at
steady state conditions under the flow rates 0.01 and 0.5
cm® min'.
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Fig. 3. Substrate concentration and current density calculated
with the model for the three MFCs at 0.1 mL min-1 with C% =
mol m~ mM (A) and C% =30 mol m~ (B)

The model predicts an increase of current density with
the flow rate due to an increase in mass transfer rate that,
under the assumption of the model, leads to a higher
availability of substrate for the anodic biofilm [17].

Moreover, a different distribution of the substrate is
predicted, with low conversion at high flow rates, where
higher local concentration of substrate lead to higher
currents [11,17].
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Fig. 4. 3D steady state distributions of substrate

concentration and current density at two flow rates: Q = 0.01 mL

min”! (A) and Q = 0.5 mL min’' (B).

When higher flow rates are used, there is a
predominance of convective flow over diffusive flow,
protons flux through the cathode is lower at higher flow
rates. Conversely, the size of the anodic chamber has the
opposite effect on the protons flux: at constant flow rate,
the greater is the cell, the higher is the protons flux through
the cathode. The protons discharge caused by the
convective flux is mitigated by the increase in length and
section of the cell.

Conclusions

Based on the preliminary results, the mathematical
model in 3D implemented and solved of this work can be
used to design modular systems, where the simulation of a
single unit could be used to design cells in-parallel, while
simulation and design of cells in-series can be easily
implemented. The model also provides a versatile tool to
optimise the operative conditions of the system, managing
the flow arrangements to maximise either substrate
removal or electricity generation.

The model solutions can be used to design modular
systems: design of a single unit as well as of a system with
MFC:s in parallel can start from the simulation of a single
MFC. The simulation of system with MFCs in-series can
be easily implemented, so making possible the relevant
design.

This work is part of a project that has received funding from the
European Union's Horizon 2020 research and innovation
programme under grant agreement No 826312.
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