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Abstract: In this work, a mathematical description of a Microbial Electrolysis Cell (MEC) is proposed,
taking into account the global mass balances of the different species in the system and considering
that all the involved microorganisms are attached to the anodic biological film. Three main biological
reactions are introduced, which were obtained from the solution of partial differential equations
describing the spatial distribution of potential and substrate in the biofilm. The simulation of the
model was carried out using numerical methods, and the results are discussed.
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1. Introduction

Bioelectrochemical Systems (BES) technology has been of significant interest recently due
to the advantage of producing energy from renewable organic materials. Mainly, Microbial
Electrochemical Cells (MXC) have gained attention among BES due to its capacity to treat wastewater
and simultaneously recover energy [1,2].

MXC processes take advantage of Anode-Respiring Bacteria (ARB) applied in electrochemical
systems. During the respiration process, an electrical current is produced, and it is used in one way or
another for producing energy depending on the type of MXC system. Two processes among them have
received significant attention from many researchers in the last two decades due to the technological
and economical advantages obtained from electricity generation in the case of Microbial Fuel Cells
(MFC) and hydrogen production in the case of Microbial Electrolysis Cells (MEC). The current produced
in the MFC system is used for the reduction of oxidized compounds (mainly oxygen); in MEC systems,
the current is used to produce hydrogen gas [3,4]. In this sense, the MEC process has been recently
considered as a promising renewable energy alternative to fossil fuels.

An MEC is an electrochemical system that generates hydrogen and removes organic matter
from wastewater with the help of an externally-applied potential and the activity of exoelectrogens
microorganisms. The microorganisms oxidize the organic matter and transfer the electrons outside
their cells as a part of their respiration process. The released electrons go to the anode, where the
applied potential increases their energy level. Simultaneously, protons are released at the anode and
transferred to the cathode through the bulk phase or a membrane (if any). Finally, the electrons carry
out the reduction of protons at the cathode. Due to the activity of microorganisms, in theory, it is
necessary to apply externally only 135 mV to produce the hydrogen, which is considerably lower
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than the 1210 mV thermodynamically required by the classical electrolysis of water [5,6]. Hence,
the advantages of MEC are the lower voltage needed for the H2 generation and the removal of organic
matter from wastewater.

The performance of BES depends on several electrochemical, physical-chemical, and biological
factors. The understanding of the dynamic relations among these is critical to making this technology
more efficient [7–9]. Furthermore, the mathematical description of these relations is fundamental to
the design and optimization of this kind of process [10,11]. Indeed, modeling of MXC processes has
been an active area throughout the last decade. Recently, a broad classification of mathematical models
of BES systems has been reported by Gadkari et al. [12]. Nevertheless, most contributions are mainly
focused on MFC, while modeling research work on MEC systems is still limited [10,12]. In any case,
differential equations are used as the main mathematical tools for describing MXC systems.

Based on a previously-reported MFC model, Pinto et al. [13] described a MEC system through a
set of eight Ordinary Differential Equations (ODE) [14]. The mathematical description includes:
(i) a microbial multi-population dynamic (anodophilic, fermentative, methanogenic acetoclastic,
and methanogenic hydrogenophilic microorganisms); (ii) a simplification of anaerobic degradation
of wastewater based on two single steps (hydrolysis and fermentation); (iii) Bernard’s anaerobic
digestion kinetics [15]; and (iv) hydrogen consumption and production. Afterward, the MEC model
was modified with additional considerations intended for a unified description of both MFC and MEC
systems [16]. In both models, there is not a dynamical description of biofilm.

On the other hand, based on a previously-reported MFC model [17], Alavijeh et al. [18] described
a one-dimensional MEC system through a set of Partial Differential Equations (PDE). The model
considers several variables of liquid bulk and biofilm, such as: (i) a microbial multi-population
dynamic (anodophilic, fermentative, and methanogenic acetoclastic microorganisms); (ii) active and
inactive microorganisms; (iii) spatial one-dimensional description of substrates and local potential in
the biofilm; (iv) a one-dimensional dynamical description of biofilm thickness; (v) global dynamical
description of substrates in the liquid bulk. The model provides a detailed description of the
MEC system. Nevertheless, despite the model being simplified with linear boundary conditions,
the numerical solution involves solving the nonlinear, time-dependent, and coupled system of partial
and ordinary differential equations. Then, the numerical solution requires numerical in-out cycles
among several numerical methods (trust-region-reflective method, Runge–Kutta–Fehlberg method,
and Gear’s method).

After that, Mardanpour and Yaghmaei [19] proposed a dynamic mathematical model to study
microfluidic MEC systems with potential application in biohydrogen production for implantable
medical devices. The mathematical description includes: (i) one microbial population dynamic;
(ii) active and inactive microorganisms; (iii) one-dimensional local electrical potential description.
Despite a detailed description of microbial biomass particles, there is not a differential equation
related to biofilm thickness; instead, an algebraic equation for biofilm thickness is presented.
The model provides an accurate description of the dynamical MEC system; however, it is limited to
microfluidic applications.

Recently, Hussain et al. [20] described the MEC system as a simple MEC Equivalent Electrical
Circuit (EEC) model. Two first order differential equations were proposed to represent the voltage
dynamics of internal capacitors of the EEC. The main advantage of this proposal is the online
procedure for estimating EEC model parameters. Indeed, the approach can be used to achieve
real-time monitoring of the MEC system. Despite variation in chemical oxygen demand concentration
being captured by the proposed monitoring method, non-information of the microorganism and
biofilm dynamics was described.

Mathematical models that take into account biofilm growth dynamics of a mixed microbial
population, without the drawback of high computational resources in the model simulation, should
be advantageous in the MEC system for optimization and control purposes. However, to the best
of our knowledge, a mathematical MEC model based on those ideas has not been reported. In this
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work, we propose a dynamical model for an MEC with an emphasis on biofilm growth dynamics of a
mixed population of microbes and biofilm processes such as the substrate diffusion, the potential loss,
and the detachment of biomass. To avoid high computational resources in the MEC model simulation,
the dynamical behavior of substrate distribution and potential inside the biofilm (PDE) are included in
a set of ODE systems using average reaction rates.

The paper is organized as follows: the general MEC process is described in Section 2. Then,
the proposed dynamical model is shown in Section 3. The implementation via simulation runs of
the model for two study cases, chronoamperometry and voltammetry, is addressed in Section 4.
In Section 5, some potential application and further comments are provided. Finally, some concluding
remarks are presented in Section 6.

2. The Cell

In this work, an MEC system composed of two chambers, the anodic and the cathodic one,
separated by an ionic membrane is considered. Both of them are assumed under anaerobic conditions
to avoid the oxygen being the final electron acceptor.

In the anodic chamber, there is an electrode in which the biomass attaches and creates a microbial
film (named the bioanode). The biofilm takes the nutrients from the bulk phase in the anodic chamber
and produces the electrons that travel externally to the cathode. Bacteria are capable of transferring
electrons outside the cell, either directly or by endogenous mediators (which can also be added),
named exoelectrogens [3]. These latter include a wealth of genera such as Geobacter, Shewanella,
Pseudomonas, and others [21].

The absence of substances that can be final electron acceptors (e.g., sulfates, nitrates, metal cations,
etc.) is assumed. Protons are also bio-products, and they travel to the cathodic chamber through the
membrane, commonly Nafion; a proton exchange membrane [5,21–23].

The produced electrons pass through an external potential, which increases their energy level,
and finally go to the cathode. If they have adequate potential, the protons coming from the solution in
the anodic chamber are reduced, and the molecular hydrogen is produced.

Regarding the produced electrons, there is an open question related to the transference of electrons
from the microbial cell to the anode. Rozendal et al. [22] stated that this is either by direct contact with
an electrode surface or aided by excreted redox mediators. The most recent studies have shown that
the mechanisms for the electron transfer rely on the type of microorganism [24].

3. Dynamical Model

The model was obtained from a time-dependent mass balance of the different species in the biofilm
and the anodic chamber. In the biofilm, a mass balance was also made for the spatial distribution
of substrate and a charge balance for the potential spatial distribution. For the applied potential,
the anode was considered the working electrode.

3.1. The System

Each of the two chambers contained a volume of fluid Va (mL) for the anodic one and Vc (mL)
for the cathodic one, respectively. The anode chamber was fed continuously with a volumetric flow F
(mL d−1). It was considered that the supplied solution was composed of a phosphate buffer (pH = 7.0)
containing oligo-elements [21,22] and acetate as the only carbon source with a concentration Sin (mmol
C2H3O−2 mL−1). The anode had an active area Aa (cm2) where the microorganisms attached and
created a uniform biofilm of thickness L f (cm). The cathodic chamber contained only an abiotic
buffered solution (pH = 7.0).

The electrodes were externally connected by a potentiometer that kept the potential Ea (V) vs. the
reference of the anode constant. It was assumed that the reference electrode and the anode were close
enough that the ohmic losses between them were negligible.
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3.2. Biomass

As the only carbon source was acetate, just two populations were considered in the system:
the methanogenic and the exoelectrogens microorganisms. Both of them competed for the substrate
and space in the biofilm.

Due to the absence of molecular hydrogen in the anodic chamber, the methane was produced by
the acetoclastic process as follows:

CH3COO− + H2O→ HCO−3 + CH4

The exoelectrogens microorganisms carried out the following reaction:

CH3COO− + 4H2O→ 2HCO−3 + 9H+ + 8e−

The microorganisms used part of the produced electrons for self-growth and their own energy
production [25]; this fraction is denoted as fs, and it was assumed that the rest of the fraction,
fexp = 1− fs, was expelled directly to the anode.

It was considered that all the microorganisms were attached to the biofilm and there was no
activity in the liquid phase. The concentration in the biofilm was xa (mg VS cm−2) for the acetoclastic
methanogens and xe (mg VS cm−2) for the exoelectrogens microorganisms, where VS (mg) stands for
the measurement of the biomass as volatile solids.

3.3. Biological Reaction Pathways

The considered biological reactions were acetoclastic methanogenesis (with a reaction rate
ra = µa(S)xa):

S ra−→ k1xa + k2CH4 + k3CO2.

electrogenesis (with a reaction rate re = µe(S, Ea)xe:

S re−→ k4xe + k5e− + k6CO2.

and self-oxidation of biomass through endogenous respiration (with a reaction rate rs−o = rres(Ea)xe:

xe
rs−o−−→ k7e− + k8CO2

where ki (i = 1, 2, ..., 8) are the respective yield coefficients. In the ideal case, when no biomass was
produced and all the substrate was oxidized, their values were obtained from carbon and electron
balances. For details, see Appendix A.

3.4. Microorganisms’ Kinetics

The rate at which methanogenic microorganisms consumed the substrate follows the Haldane
kinetics [15]:

µa(S) = µa,max
S

S + KS,a +
S2

KI

(1)

where µa,max is the maximum specific growth rate without inhibition (mmol S mg VS−1 d−1), KS,a is
the half maximum rate concentration of S without inhibition (mmol S mL−1), and KI is the inhibition
constant associated with S (mmol S mL−1).

The growth of the exoelectrogens microorganisms was affected by the substrate concentration
and the potential of the anode (which can be seen as the electron acceptor). The rate is described by
the multiplicative Nernst–Monod kinetics [17,26]:
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µe(S, Ea) = µe,max
S

S + KS,e

1
1 + exp{− F

RT (Ea − EKA)}
(2)

where: µe,max is the maximum rate of utilization by the exoelectrogens microorganisms (mmol S mg
VS−1 d−1), S is the acetate concentration (mmol S mL−1), KS,e is the half-maximum-rate-concentration
of species S (mmol S mL−1), Ea (V) is the anode potential, and EKA (V) is the potential at which
µe =

1
2 µe,max when S� KS,e. Both potentials are expressed vs. the same reference electrode.

Besides the growth, there is a process by which the microorganisms die or stop working.
This process is the inactivation of active biomass, and it was considered that it followed the next
kinetics [17,27]:

rin = bin(xa + xe) (3)

where rin (mgVS cm−2 d−1) is the inactivation rate, and bin (d−1) is the inactivation constant, and it
is assumed to be equal for both microbial populations. Notice that bin can also be defined as a
function of the medium characteristics (pH, T, the presence of other substances); hence, bin could be a
time-dependent parameter for a batch reactor where the qualities of the medium may change with
time. However, for this work, it is considered constant.

The endogenous respiration is related to the self-oxidation of exoelectrogens microorganisms [17],
and it is described using the Nernst–Monod equation:

rres(Ea) = bres
1

1 + exp{− F
RT (Ea − EKA)}

(4)

where bres (d−1) is the endogenous decay coefficient.

3.5. Biofilm

The biofilm was composed of three different species: the two active microorganisms xa and xe;
and the inert biomass xi (mg VS cm−2). The latter is due to the inactive microorganisms, extracellular
polymeric substances, etc.

The total volume (cm3) of the biofilm was:

Vbio = AaL f

and its mass (mg) was:
mbio = ρxVbio = Aa(xa + xe + xi)

where ρx is the biofilm density (mg VS cm−3); it was assumed to be constant and uniform through
the film.

From the previous expressions, the concentration of each species in the biofilm can be calculated
as follows:

xa = L f ρxφa (5)

xe = L f ρxφe (6)

xi = L f ρx(1− φa − φe) (7)

where φa and φe are the mass fractions of xa and xe, respectively.
It was assumed that there was no spatial variation of biomass along the biofilm. However,

the substrate concentration and the potential can vary inside the film due to the mass and charge
transfers [17]. To find these variations, some balances were made for the acetate and electrons.
It was assumed that all the transfers were unidirectional (axis z) and perpendicular to the anode area.
The anode surface was defined at z = 0, and the interface between the biofilm and the liquid phase
was located at z = L f .
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3.5.1. Substrate Diffusion

As the acetate reacted, a concentration gradient appeared along the biofilm thickness. Departing
from the variation in the substrate concentration (Sbio), the following mass balance can be established:

∂Sbio

∂t
=

∂Jz

∂z
+ ρx[µa(Sbio)φa + µe(Sbio, Ebio

a )φe]

where Jz (mmol S cm−2 d−1) is the substrate flux in the z-direction, i.e.,

Jz = −De
∂Sbio

∂z

with De (cm−2 d−1) the effective diffusion of the substrate in the biofilm. Due to the small thickness
of the film, once the concentration of the substrate in the bulk changed, it was assumed that the
distribution of Sbio inside the biofilm immediately reached its steady state. Then, the previous equation
can be expressed as:

De
∂2Sbio

∂z2 − ρx[µa(Sbio)φa + µe(Sbio, Ebio
a )φe] = 0 (8)

Notice that the functions µa(Sbio) and µe(Sbio, Ebio
a ) are indeed Equations (1) and (2) evaluated on

Sbio(z) and Ebio
a (z).

Due to the absence of substrate diffusion to the electrode, the first boundary condition was:

Jz|z=0 = −De
∂Sbio

∂z

∣∣∣∣∣
z=0

= 0

It was assumed that there were no concentration gradients between the bulk and the biofilm
surface. Then, the second boundary condition was:

Sbio|z=L f = S

where S is the substrate concentration in the bulk of the anodic chamber.

3.5.2. Potential Losses

As the electrons flowed through the biofilm, there was a potential loss. The equation describing
the potential variation Ebio

a through the biofilm is:

∂Ebio
a

∂t
=

∂jz
∂z

+
F

γ

[
k5µe

(
Sbio, Ebio

a

)
+ k7rres

(
Ebio

a

)]
ρxφe

where jz
(
mA cm−2) is the flux of electrons (current density) in the z-direction, i.e.,

jz = −κbio
∂Ebio

a
∂z

Here, it was considered that electrons flowing through the biofilm immediately reached their
steady-state. Then, the equation describing the potential variation through the biofilm is:

κbio
∂2Ebio

a
∂z2 − F

γ

[
k5µe

(
Sbio, Ebio

a

)
+ k7rres

(
Ebio

a

)]
ρxφe = 0 (9)

where F is the Faraday constant (96,487 mC mmol e−1); γ is the conversion time factor (86,400 s d−1);
κbio (mS cm−1 = mA V−1 cm−1) is the biofilm conductivity that can be seen as the sum of the effects
related to the electrons’ transfer mechanisms.
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The boundary conditions related to a fixed potential at the anode were:

Ebio
a |z=0 = Ea

Furthermore, it was assumed that electrons conducted only on the biofilm matrix; then, a second
boundary condition was:

jz|z=L f
= −κbio

∂Ebio
a

∂z

∣∣∣∣∣
z=L f

= 0

Thus, the substrate and the potential distribution along the biofilm, Sbio(z) and Ebio
a (z), were

obtained by solving Equations (8) and (9).

3.5.3. Detachment

It was assumed that the biofilm thickness was finite [13,28]. Then, there was a mechanism by
which biomass was detached from the film and released into the bulk liquid. Thus, it was assumed
that the rate of detachment rdet (mgVS cm−2 d−1) followed a second-order dependence on the biofilm
thickness as follows [29]:

rdet = bdetρxL2
f (10)

where bdet is the detachment constant (cm−1 d−1), which can be dependent on the shear stress.

3.6. Mass Balances

3.6.1. Average Reaction Rates

Due to the mass and charge transfers, the active microorganisms along the biofilm were exposed to
different substrate concentrations and potentials. Therefore, their growth and oxidation rates depended
on the position inside the film. The reaction rates affected by the z-position in the biofilm were:

µa(Sbio(z)), µe(Sbio(z), Ebio
a (z)), rres(Ebio

a (z))

To find the average reaction rates, the previous expressions can be integrated along the biofilm
as follows:

µa(S
bio) =

1
L f

∫ L f

0
µa(Sbio(z))dz (11)

µe(S
bio, Ebio

a ) =
1

L f

∫ L f

0
µe(Sbio(z), Ebio

a (z))dz (12)

rres(Ebio
a ) =

1
L f

∫ L f

0
rres(Ebio

a (z))dz (13)

Notice that it cannot be expected that the average reaction rates are strictly as accurate as the
complete local reaction rate profile; however, the proposed approach intended to capture the entire
dynamic related to the reaction rate profile.

3.6.2. Global Balance of Species in the MEC

The dynamical behavior of the system was obtained from a mass balance of the different species:
(i) substrate; (ii) biofilm; (iii) active acetoclastic biomass; and (iv) active exoelectrogens microorganisms.

The accumulation of the substrate inside the biofilm was neglected due to the small volume of the
biofilm compared to the liquid phase. Then, the mass balance for the substrate can be expressed as:

d
dt
(VaS) = F[Sin − S]− Aa[µa(S

bio)xa + µe(S
bio, Ebio

a )xe]
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A constant volume of the anodic chamber was assumed; then, the previous equation can be
rearranged as:

dS
dt

=
F
Va

[Sin − S]− Aa

Va
[µa(S

bio)L f ρxφa + µe(S
bio, Ebio

a )L f ρxφe] (14)

The mass balance for the biofilm follows as:

d
dt
(ρx AaL f ) = Aa[k1µa(S

bio)xa + k4µe(S
bio, Ebio

a )xe − bdetρxL2
f − rres(Ebio

a )xe]

dL f

dt
= k1µa(S

bio)L f φa + k4µe(S
bio, Ebio

a )L f φe − bdetL2
f − rres(Ebio

a )L f φe (15)

The mass balance for the active acetoclastic biomass can be expressed as:

d
dt
(Aaxa) = Aak1µa(S

bio)xa − Aabinxa − Aardetφa

d
dt
(AaL f ρxφa) = Aak1µa(S

bio)L f ρxφa − AabinL f ρxφa − AabdetρxL2
f φa

d
dt
(L f φa) = k1µa(S

bio)L f φa − binL f φa − bdetL2
f φa

L f
dφa

dt
+ φa

dL f

dt
= k1µa(S

bio)L f φa − binL f φa − bdetL2
f φa

dφa

dt
= k1µa(S

bio)φa − binφa − bdetL f φa −
φa

L f

dL f

dt

From the substitution of Equation (15) in the previous equation, it is possible to obtain:

dφa

dt
= k1µa(S

bio)[φa − φ2
a ]− binφa − k4µe(S

bio, Ebio
a )φeφa + rresφeφa. (16)

The mass balance for the active exoelectrogens microorganisms can be expressed as:

d
dt
(Aaxe) = Aak4µe(S

bio, Ebio
a )xe − Aa[bin + rres(Ebio

a )]xe − Aardetφe

d
dt
(AaL f ρxφe) = Aak4µe(S

bio, Ebio
a )L f ρxφe − Aa[bin + rres(Ebio

a )]L f ρxφe − AabdetρxL2
f φe

d
dt
(L f φe) = k4µe(S

bio, Ebio
a )L f φe − [bin + rres(Ebio

a )]L f φe − bdetL2
f φe

L f
dφe

dt
+ φe

dL f

dt
= k4µe(S

bio, Ebio
a )L f φe − [bin + rres(Ebio

a )]L f φe − bdetL2
f φe

dφe

dt
= k4µe(S

bio, Ebio
a )φe − [bin + rres(Ebio

a )]φe − bdetL f φe −
φe

L f

dL f

dt

From the substitution of Equation (15) in the previous equation, it is possible to obtain:

dφe

dt
= [k4µe(S

bio, Ebio
a )− rres(Ebio

a )][φe − φ2
e ]− binφe − k1µa(S

bio)φaφe (17)

where the states of the MEC model are the substrate concentration in the liquid phase S (g/L);
the thickness of biomass in the film L f (m); and the mass fractions of microorganisms φa and φe.
The average reaction rates were obtained from the Equations (11)–(13). Then, their calculation required
the integration of Equations (8) and (9) for each instant of time. For details about the integration
method to solve this set of ordinary differential equations, see Appendix B.
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3.7. Current

Under the assumption that all the generated electrons go to the anode, the expected current I
(mA) was:

I =
F

γ
Aa[k5µe(S, Ea) + k7rres(Ea)]xe (18)

where k5 and k7 are constants.

3.8. Methane

Due to the low solubility of methane, it was assumed that this species passed directly to the gas
phase of the anodic chamber once it was produced. The methane flow rate qCH4 (mmol CH4 d−1) was:

qCH4 = k2 Aaµa(S)xa (19)

where k2 is a constant.

3.9. Hydrogen

The species of hydrogen considered were the proton H+ and the molecular H2. The protons
were produced in the anodic chamber and traveled through the membrane to the cathode, where they
were reduced:

2H+ + 2e− → H2. (20)

The hydrogen flow rate qH2 (mmolH2 d−1) was:

qH2 = εcat
γkH2

F
I (21)

where εcat (dimensionless) was the overall efficiency of the cathode for the hydrogen production and
kH2 = 0.5 (mmol H2 mEQ−1).

It was assumed that once the molecular hydrogen was produced, it passed immediately to the
gas phase in the cathodic chamber due to its low solubility in water.

4. Simulations

The simulations of the model were carried out in MATLAB (2018a, MathWorks, Natick, MA, USA,
2018). The system presented in the Equations (14)–(17) is considered to have the next form:

Φ̇ = f (Φ, u(t), Π) (22)

where Φ = [S, L f , φa, φe]T is the vector of states; f (Φ, u(t), Π) is the vector field;
u(t) = [F(t), Sin(t), Ea(t)]T is the vector of inputs; and Π is the vector containing all the parameters of
the model (such as those related to the kinetics, the thermodynamical constants, the yield coefficients,
and the physical characteristics of the biofilm).

To integrate the system (22) in a determined time span, it is necessary to define the parameters
of Π and the vector of initial conditions Φ|t=0. The vector of inputs must also be defined, and it can
be a function of time. Two types of simulations were done, chronoamperometry and voltammetry,
as described and discussed in the following subsections.

4.1. Chronoamperometry

In Figures 1–4 are shown the dynamical behavior of the system for 30 days of numerical simulation
in which step change perturbations in Sin and Ea were carried out as shown therein. The parameters
and operating conditions are shown in Tables 1 and 2. The initial operating condition for the simulation
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were: Φ0 = [S, L f , φa, φe]T= [2000 mg L−1, 10 µm, 0.4, 0.3]T . The following are some of the effects that
can be observed in the simulations.

Table 1. Set of nominal parameters.

Symbol Value Unit Reference

k1 0.72 mmol CH4 mmol S−1 [13]
k2 0.602 mmol CO2 mmol S−1 [13]
k3 1.366 mmol CO2 mmol S−1 estimate
k4 13.7 mg VSe mmol S−1 [13]
k5 6.4 mEQ mmol S−1 estimate
k6 1.393 mmol CO2 mmol S−1 estimate
k7 0.177 mEQ mg VS−1

e [17]
k8 0.044 mmol CO2 mg VS−1 estimate

µa,max 0.198 mmol S mg VS−1
a d−1 [15]

KS,a 9.28 × 10−3 mmol S mL−1 [15]
KI 0.256 mmol S mL−1 [15]
µe,max 0.132 mmol S mg VS−1d−1 [15]
KS,e 3 × 10−5 mmol S mL−1 [15]
EKA −0.156 V [17]
bin 0.1 d−1 [17]
bres 0.05 d−1 [17]
bdet 60 cm−1 d−1 assumed
De 0.753 cm−2 d−1 [17]
γ 86,400 s d−1 estimated
kbio 1 × 10−3 mA V−1 cm−1 [17]
εcat 0.9 dimensionless assumed
kH2 0.5 mmol H2 mEQ−1 assumed
fexp 0.8 dimensionless assumed
ρx 1060 mg VS cm−3 [23]

Table 2. Set of additional parameters and operating conditions.

Symbol Value Unit

F 96,487 C mol e−1

R 8.314 atm L mol−1 k−1

P 1 atm
T 303 K

Va 400 ML
F 400 mL d−1

Sin 2000.0 mg L−1

Aa 30.0 cm2

L f 10 µm
pH 7.0 dimensionless

Figure 1a shows the dynamical behavior of the potential inside the biofilm and the potential
applied (z/L f = 0) during the time simulation. The potential drop across the biofilm is significant
because of the low conductivity value, even when the biofilm thickness was small. This drop was
observed when the average potential (Figure 4c) was compared to Ea (z/L f = 0). Figure 1b shows
the dynamical behavior of substrate inside the biofilm during the time simulation. As can be seen,
the concentration profile for each time step was practically the same along the biofilm. The numerical
solution was computed based on the assumption that ∂Sbio/∂t = 0; thus, the distribution of Sbio inside
the biofilm immediately reached its steady-state. Furthermore, a high value of effective diffusion
(based on previously-reported works) of the substrate in the biofilm (De) is proposed. Thus, as a result,
similar values between local substrate concentration and substrate concentration in the bulk phase
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were obtained. Notice that the linear behavior of local potential along the biofilm remained only at the
beginning of numerical simulation (t < 1 d) concerning normalized biofilm thickness.
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Figure 1. Numerical solution for the Microbial Electrolysis Cells (MEC) model during chronoamperometry
operation. (a) Potential distribution in the biofilm and (b) substrate distribution in the biofilm.
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Figure 2. Numerical solution for the MEC model during chronoamperometry operation. Local reaction
rate profile (a) µa(Sbio), (b) µe(Sbio, Ebio

a ) and (c) rres(Ebio
a ).

Figure 2 shows the local reaction rates during the time simulation. The local reaction rate µa(Sbio)

(Figure 2a) behavior during t < 20 d was considered constant. However, for t > 20 d, the µa(Sbio)

decreased exponentially with time. The local substrate concentration Sbio did not vary along the
biofilm (as mentioned before). Thus, as a result, the local reaction rate µa(Sbio) and the average reaction
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rate µa(Sbio) (Figure 3e) had a very similar dynamical behavior during the time simulation. The local
reaction rates µe(Sbio, Ebio

a ) and rres(Ebio
a ) are a function of Ebio

a ; and thus, as a result, these functions
developed also a similar nonlinear dynamical behavior as Ebio

a (Figure 1a). Notice that, the absolute
error between the maximum or minimum local reaction rate and average reaction rate for µe(Sbio, Ebio

a )

was bigger than rres(Ebio). However, the relative error was similar.
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Figure 3. Numerical solution for the MEC model during chronoamperometry operation. (a) Substrate
concentration, (b) mass fractions of microorganisms, (c) biofilm thickness, (d) microorganisms
concentration, and (e) average reaction rates.

Figure 3 shows the average concentration of substrate inside the biofilm and the concentration in
the bulk (z/L f = 1). Notice that both practically overlap. When the substrate concentration at the inlet
of the system was perturbed, (t = 20 d), the exoelectrogens microorganisms activity was not affected,
i.e., the biomass concentration and the produced current remained constant. The primary factor here
is that under these conditions, the multiplicative term of the growth kinetic related to the substrate
was saturated. It can be proven that 95% of this term was reached when the acetate concentration was
19 mg L−1. Therefore, the substrate concentration was not a controlling factor for the exoelectrogens
microorganisms in the case of this study.

In this case, the kinetic growth rate of the exoelectrogen microorganisms was strongly affected
by the potential. It was observed that in every moment, the average potential (Figure 4c) inside the
biofilm was lower than EKA = −156 (mV). Hence, the Nernst–Monod term controlled the growth rate
because this term was far from its saturation. It is important to mention that the effects on the biomass
concentration (Figure 3c,d) and the current (Figure 4a) were evident when the applied potential
changes (Figure 4c). If the potential increased, the exoelectrogens microorganisms transferred the
electrons more easily, and their growth rate increased; thus, the biofilm thickness (Figure 3b) increased.
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The produced electrons, according to the assumptions, came from two different sources,
the metabolized acetate and the self-oxidized biomass, which was too small to be noticed. Moreover,
not all the produced electrons went to the electrode. Indeed, some of them were used for the
microorganisms’ growth and some others went to a different electron acceptor. The quantity Iideal
(Figure 4a) was calculated under the assumption that all the produced electrons went to the electrode.

0 5 10 15 20 25 30

0

10

20

0 5 10 15 20 25 30

0

0.5

1

0 5 10 15 20 25 30

-200

-100

0
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Figure 4. Numerical solution for the MEC model during chronoamperometry operation. (a) Current,
(b) methane production, and (c) potential applied and average potential.

For the simulation, equal mass amounts of both microorganism types were assumed for the
initial conditions. However, their concentration behaviors were completely different: the amount
of exoelectrogens microorganisms increased, and that of the acetoclastic methanogens decreased
(Figure 4d). Under the operational condition for t > 20 d, there was no methanogen microorganism
activity; thus, there was no methane production (Figure 4b). The main cause was the big difference
between k1 and k4, parameters describing how much substrate is transformed into biomass. According
to the assumed values, the exoelectrogens microorganisms produced almost 20 times more biomass
per mole of acetate than the methanogens. It can also be observed that the biofilm thickness reached a
steady-state, and this happened when the rate of detachment was equal to the biomass production.
The inactivation process completely determined the steady-state amount of inert biomass in the biofilm.

4.2. Linear Voltammetry

Linear voltammetry is an electrochemical technique reported in many papers that tries to
identify the behavior of the exoelectrogen microorganisms under the influence of an applied potential.
In Figure 5 is presented a voltammetry simulation for different biofilm thicknesses. The process
consisted of varying the applied potential and keeping the other inputs constant (Tables 1 and 2).
The scan was a rapid potential variation (in this case, 40 min) to assure that other changes in biomass
concentration did not affect the overall behavior significantly during the voltammetry.

The simulated behavior was completely in line with previous experiments [26,30]. It is seen how
the current increased for thicker biofilms (due to the more significant biomass concentration). In this
simulation, the growth kinetics was affected only by the potential because of the term related to the
substrate being saturated.
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Figure 5. Numerical solution for the MEC model during voltammetry operation. Biofilm thickness
effect on current dynamical behavior.

4.3. Additional Numerical Results

In the following, the case where the kinetics was not saturated is considered. It is important to
notice that from a practical point of view, it is convenient to operate in saturation conditions to remove as
much substrate as possible. However, in order to explore this nonsaturated scenario, two variables were
modified. The first key variable was the inlet substrate concentration at the inlet of the system. In this sense,
the inlet substrate concentration was reduced from Sin = 2000 mg L−1 to Sin = 800 mg L−1. The second
modified parameter was the diffusion coefficient from De = 0.753 cm−1 d−1 to De = 0.0753 cm−1 d−1.

Figure 6a shows the dynamical behavior of potential inside the biofilm. Notice that the potential
drop across the biofilm was significant, and notice as well that the average concentration in the
biofilm was smaller than the bulk concentration. Figure 6a shows the dynamical behavior of substrate
concentration inside the biofilm. In this case, the mass diffusion effect was significant at a low inlet
concentration. For t > 15 d, the concentration decreased from the bulk concentration of 200 mg L−1

to zero.
Figure 7 shows the dynamical behavior of the reaction rates inside the biofilm. For t > 10 d, as the

mass diffusion effect was significant, the reactions rates varied significantly. In particular, for t > 10 d
µe (Figure 7b) and rres (Figure 7c), they were near to zero from z/L f = 1 to z/L f = 0.5. Figure 8a,
shows that there was a significant difference between bulk substrate concentration and substrate
average along the biofilm. Under this scenario, the numerical results of biomass fraction, thickness
grown, and biomass concentration (see Figure 8b–d, respectively) were lower than those obtained
using a typical set of parameters obtained from the literature. Such a difference was significant for µ̄a

(see Figure 8e). As a result, the lower current was obtained (see Figure 9a).
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Figure 6. Numerical solution for the MEC model during chronoamperometry operation. (a) Potential
distribution in the biofilm and (b) substrate distribution in the biofilm.



Processes 2019, 7, 183 15 of 20

0
0

0.5

0.05

30

0.1

20

0.15

10 10

0.02

0.04

0.06

0.08

0.1

0.12

0
0.5

0

30

0.05

0.1

20

0.15

10 01

0.02

0.04

0.06

0.08

0.1

0

0

30

0.02

0.04

0.06

20 0.510 10

0.01

0.02

0.03

0.04

a

b

c

Figure 7. Numerical solution for the MEC model during chronoamperometry operation. Local reaction
rate profile (a) µa(Sbio), (b) µe(Sbio, Ebio

a ) and (c) rres(Ebio
a ).
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Figure 9. Numerical solution for the MEC model during chronoamperometry operation. (a) Current,
(b) methane production, and (c) potential applied and average potential.

At a low diffusion coefficient and low substrate concentration at the inlet of the system, the profile
of the substrate along the biofilm (Figure 6b) changed concerning the parameters obtained from the
literature (Figure 1b).

5. Perspectives and Recommendations

MEC process has been proven to be a promising technology with the potential for a plethora of
applications [8,31,32]. Indeed, existing MEC technologies can be further refined, and new applications
can arise [31,33]. For instance, the theoretical framework concerning the proposed biofilm model
may be taken as a basis for other applications like chemicals’ synthesis or treatment of recalcitrant
compounds. However, the scaling up of MEC systems from lab scale to pilot scale and larger scales is
still an open challenge that requires a multidisciplinary approach [32,34]. Improving the modeling and
understanding of MEC systems is crucial to establish an optimal operational condition, i.e., closed loop
operation [32]. The proposed dynamical model constitutes not only a suitable, but also a promising
alternative to the actual necessity of the mathematical description of MEC systems for optimization
and control purposes, in a process alone or a technological building block within the concept of the
environmental biorefinery [35].

6. Conclusions

In this study, a model was proposed and simulated with parameters from the literature. The results
of the simulations were in line with the reported behavior of this system in previous papers.

Some of the most important results that can be drawn from this model and its simulations are:

• The biofilm reached a steady-state thickness [22,27]
• Even when the biofilm thickness was small, the charge transfer through the film played a

significant role because of the potential losses [26,30]
• The response of the system to different perturbations in the applied potential and the inlet

substrate concentration accorded with the experimental data of [36]
• It was observed that the potential loss and the biofilm processes were the controlling factors.
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Abbreviations

The following abbreviations are used in this manuscript:
ARB Anode-Respiring Bacteria
BES Bioelectrochemical Systems
EEC Equivalent Electrical Circuit
MEC Microbial Electrolysis Cell
MXC Microbial Electrochemical Cells
MFC Microbial Fuel Cell
ODE Ordinary Differential Equations
PDE Partial Differential Equations

Appendix A. Parameters

The yield coefficient parameters were [13]: k1 = 0.72 mg VS mmol S−1, k2 = 0.602 mmol CH4

mmol S−1, k4 = 13.7 mg VSe mmol S−1. From a carbon mass balance, the other yield coefficients were
estimated as follows. For the acetoclastic methanogenesis, from each mmol of S (24 mg carbon), there
was the formation of 0.72 mg VSa (whose carbon content was 0.38 mg). It was assumed that the biomass
composition was C5H7O2N and the molecular weight was 113 mg mmol−1 [17]; then, its mass carbon
content was 53% and 0.602 mmol CH4 (whose carbon content was 7.22 mg). Hence, the remaining
carbon was 16.4 mg, which is equivalent to 1.37 mmol CO2. From this, it was obtained that k3 = 1.37
mmol CO2 mmol S−1. The next expression was used to estimate k3 as a function of k1 and k2:

k3 =

(
2 mmol C
mmol S

− k1
mg VSa

mmol S
5 mmol C

113 mg VSa
− k2

mmol C
mmol S

)
mmol CO2

mmol C

k3 = 2− 5
113

k1 − k2 (mmol CO2 mmol S−1).

For the electrogenesis, from each mmol of S, there was the formation of 13.7 mg VSe (whose
carbon content was 7.26 mg), and the rest of the carbon went to the CO2. The remaining carbon was
16.74 mg, which is equivalent to 1.4 mmol CO2, then k6 = 1.4 mmol CO2 mmol S−1. From the 8 mEQ of
each mmol of S, it was assumed that only the fraction fexp was expelled to the electrode [25]. The next
expressions can be used to estimate k5 and k6 as a function of fexp and k4:

k5 = 8 fexp (m EQ mmol S−1)

k6 = 2− 5
113

k4 (mmol CO2 mmol S−1).

For the endogenous respiration, it was assumed that all the carbon of the oxidized biomass went
to the produced CO2. From a carbon mass balance, k8 = 0.044 mmol CO2 mg VS−1 was obtained.
From [17], k7 = 0.177 mEQ mg VS−1

e .

Appendix B. Solution of Equations

The model (22) was integrated with the numerical method ode15s in MATLAB. In every step
of integration, two procedures were developed. First, the numerical values of Sbi and Ebi along the
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biofilm were obtained by the simultaneous integration of differential Equations (8) and (9) for each
instant of time. Then, the variables of Equations (8) and (9) are rewritten as:

y1 = Sbio

y2 =
dSbio

dz
=

dy1

dz
y3 = Ebio

y4 =
dEbio

dz
=

dy3

dz

where the system to be solved is:

dy1

dt
= y2

dy2

dt
=

ρ

De
[µa(y1)φa + µe(y1, y3)φe]

dy3

dt
= y4

dy4

dt
=

F

kbioγ
[k5µe(y1, y3) + k7rres(y3)]ρφe

whose boundary conditions are:
y1(L f ) = S
y2(0) = 0
y3(0) = Ea

y4(L f ) = 0

This system is a boundary value problem; then, the numerical method bvp5c of MATLAB was
used. The second part of the numerical solution is related to the average reaction rates obtained by
numerical integration of Equations (11)–(13).

References

1. Kadier, A.; Simayi, Y.; Sahaid, M.; Abdeshahian, P.; Abdul, A. A review of the substrates used in microbial
electrolysis cells (MECs) for producing sustainable and clean hydrogen gas. Renew. Energy 2014, 71, 466–472.
[CrossRef]

2. He, L.; Dub, P.; Chenb, Y.; Lu, H.; Cheng, X.; Chang, B.; Wang, Z. Advances in microbial fuel cells for
wastewater treatment. Renew. Sustain. Energy Rev. 2017, 71, 388–403. [CrossRef]

3. Logan, B.E. Microbial Fuel Cells; John Wiley & Sons: Hoboken, NJ, USA, 2008.
4. Scott, K.; Hao, E. Microbial Electrochemical and Fuel Cells Fundamentals and Applications; Elsevier:

Cambridge, UK, 2016.
5. Liu, W.; Wang, A.; Ren, N.; Zhao, X.; Liu, H.; Yu, Z.; Lee, D. Electrochemically Assisted Biohydrogen

Production from Acetate. Energy Fuels 2007, 22, 159–163. [CrossRef]
6. Bard, A.J.; Faulkner, L.R.; Leddy, J.; Zoski, C.G. Electrochemical Methods: Fundamentals and Applications;

John Wiley & Sons: Hoboken, NJ, USA, 2001.
7. Lu, L.; Ren, Z.J. Microbial electrolysis cells for waste biorefinery: A state of the art review. Bioresour. Technol.

2016, 215, 254–264. [CrossRef]
8. Kadier, A.; Kalil, M.; Abdeshahian, P.; Chandrasekhar, K.; Mohamed, A.; Azman, N.F.; Logrono, W.;

Simayi, Y.; Hamid, A.A. Recent advances and emerging challenges in microbial electrolysis cells (MECs) for
microbial production of hydrogen and value-added chemicals. Renew. Sustain. Energy Rev. 2016, 61, 501–525.
[CrossRef]

9. Kumar, R.; Singh, L.; Zularisam, A.W.; Hai, F.I. Microbial fuel cell is emerging as a versatile technology:
A review on its possible applications, challenges and strategies to improve the performances. Int. J. Energy Res.
2018, 42, 369–394. [CrossRef]

http://dx.doi.org/10.1016/j.renene.2014.05.052
http://dx.doi.org/10.1016/j.rser.2016.12.069
http://dx.doi.org/10.1021/ef700293e
http://dx.doi.org/10.1016/j.biortech.2016.03.034
http://dx.doi.org/10.1016/j.rser.2016.04.017
http://dx.doi.org/10.1002/er.3780


Processes 2019, 7, 183 19 of 20

10. Recio-Garrido, D.; Perrier, M.; Tartakovsky, B. Modeling, optimization and control of bioelectrochemical
systems. Chem. Eng. J. 2016, 289, 180–190. [CrossRef]

11. Xia, C.S.; Zhang, D.X.; Pedrycz, W.; Zhu, Y.M.; Guo, Y.X. Models for Microbial Fuel Cells: A critical review.
J. Power Sources 2018, 373, 119–131. [CrossRef]

12. Gadkari, S.; Gu, S.; Sadhukhan, J. Towards automated design of bioelectrochemical systems:
A comprehensive review of mathematical models. Chem. Eng. J. 2018, 343, 303–316. [CrossRef]

13. Pinto, R.P.; Srinivasan, B.; Manuel, M.F.; Tartakovsky, B. A two-population bio-electrochemical model of a
microbial fuel cell. Bioresour. Technol. 2010, 101, 5256–5265. [CrossRef]

14. Pinto, R.P.; Srinivasan, B.; Escapa, A.; Tartakovsky, B. Multi-Population Model of a Microbial Electrolysis
Cell. Environ. Sci. Technol. 2011, 45, 5039–5046. [CrossRef] [PubMed]

15. Bernard, O.; Hadj-Sadok, Z.; Dochain, D.; Genovesi, A.; Steyer, J.P. Dynamical model development and
parameter identification for an anaerobic wastewater treatment process. Biotechnol. Bioeng. 2000, 75, 424–438.
[CrossRef]

16. Pinto, R.P.; Tartakovsky, B.; Srinivasan, B. Optimizing energy productivity of microbial electrochemical cells
J. Process Control 2012, 22, 1079–1086. [CrossRef]

17. Marcus, A.K.; Torres, C.I.; Rittmann, B.E. Conduction—Based modeling of the biofilm anode of a microbial
fuel cell. Biotechnol. Bioeng. 2007, 98, 1171–1182. [CrossRef]

18. Alavijeh, M.K.; Mardanpour, M.M.; Yaghmaei, S. One-dimensional Conduction-based Modeling of Bioenergy
Production in a Microbial Fuel Cell Engaged with Multi-population Biocatalysts. Electrochim. Acta 2015,
184, 151–163. [CrossRef]

19. Mardanpour, M.M.; Yaghmaei, S. Dynamical Analysis of Microfluidic Microbial Electrolysis Cell via
Integrated Experimental Investigation and Mathematical Modeling. Electrochim. Acta 2017, 227, 317–329.
[CrossRef]

20. Hussain, S.A.; Perrier, M.; Tartakovky, B. Real-time monitoring of a microbial electrolysis cell using an
electrical equivalent circuit model. Bioprocess Biosyst. Eng. 2018, 4, 543–553. [CrossRef]

21. Liu, W.; Grot, S.; Logan, B.E. Electrochemically assisted microbial production of hydrogen from acetate.
Environ. Sci. Technol. 2005, 11, 4317–4320. [CrossRef]

22. Rozendal, R.A.; Hamelers, H.V.; Euverink, G.J.; Metz, S.J.; Buisman, C.J. Principle and perspectives of
hydrogen production through biocatalyzed electrolysis. Int. J. Hydrog. Energy. 2006, 31, 1632–1640.
[CrossRef]

23. Logan, B.E.; Call, D.; Cheng, S.; Hamelers, H.V.; Sleutels, T.H.; Jeremiasse, A.W.; Rozendal, R.A. Microbial
electrolysis cells for high yield hydrogen gas production from organic matter. Environ. Sci. Technol. 2008, 42,
8630–8640. [CrossRef] [PubMed]

24. Kumar, R.; Singh, L.; Zularisam, A.W. Exoelectrogens: Recent advances in molecular drivers involved
in extracellular electron transfer and strategies used to improve it for microbial fuel cell applications.
Renew. Sustain. Energy Rev. 2016, 56, 1322–1336. [CrossRef]

25. Cucu, A.; Costache, T.A.; Divona, M.; Tiliakos, A.; Stamatin, I.; Ciocanea, A. Microbial electrolysis cell:
Hydrogen production using microbial consortia from romanian waters. Dig. J. Nanomater. Biostruct. 2013, 8,
1179–1190.

26. Torres, C.I.; Marcus, A.K.; Lee, H.S.; Parameswaran, P.; Krajmalnik-Brown, R.; Rittmann, B.E. A kinetic
perspective on extracellular electron transfer by anode respiring bacteria. FEMS Microbiol. Rev. 2010, 34, 3–17.
[CrossRef] [PubMed]

27. Rittmann, B.E.; McCarty, P.L. Model of steady-state-biofilm kinetics. Biotechnol. Bioeng. 1980, 22, 2343–2357.
[CrossRef]

28. Wanner, O.; Gujer, W. A multispecies biofilm model. Biotechnol. Bioeng. 1986, 28, 314–328. [CrossRef]
[PubMed]

29. Stewart, P.S. A model of biofilm detachment. Biotechnol. Bioeng. 1993, 41, 111–117. [CrossRef] [PubMed]
30. Torres, C.I.; Marcus, A.K.; Parameswaran, P.; Rittmann, B.E. Kinetic Experiments for Evaluating the

Nernst-Monod Model for Anode-Respiring Bacteria (ARB) in a Biofilm Anode. Environ. Sci. Technol.
2008, 42, 6593–6597. [CrossRef]

31. Zhang, Y.; Angelidaki, I. Microbial electrolysis cells turning to be versatile technology: Recent advances and
future challenges. Water Res. 2014, 56, 11–25. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cej.2015.11.112
http://dx.doi.org/10.1016/j.jpowsour.2017.11.001
http://dx.doi.org/10.1016/j.cej.2018.03.005
http://dx.doi.org/10.1016/j.biortech.2010.01.122
http://dx.doi.org/10.1021/es104268g
http://www.ncbi.nlm.nih.gov/pubmed/21534584
http://dx.doi.org/10.1002/bit.10036
http://dx.doi.org/10.1016/j.jprocont.2012.04.005
http://dx.doi.org/10.1002/bit.21533
http://dx.doi.org/10.1016/j.electacta.2015.10.045
http://dx.doi.org/10.1016/j.electacta.2017.01.041
http://dx.doi.org/10.1007/s00449-017-1889-5
http://dx.doi.org/10.1021/es050244p
http://dx.doi.org/10.1016/j.ijhydene.2005.12.006
http://dx.doi.org/10.1021/es801553z
http://www.ncbi.nlm.nih.gov/pubmed/19192774
http://dx.doi.org/10.1016/j.rser.2015.12.029
http://dx.doi.org/10.1111/j.1574-6976.2009.00191.x
http://www.ncbi.nlm.nih.gov/pubmed/19895647
http://dx.doi.org/10.1002/bit.260221110
http://dx.doi.org/10.1002/bit.260280304
http://www.ncbi.nlm.nih.gov/pubmed/18555332
http://dx.doi.org/10.1002/bit.260410115
http://www.ncbi.nlm.nih.gov/pubmed/18601252
http://dx.doi.org/10.1021/es800970w
http://dx.doi.org/10.1016/j.watres.2014.02.031
http://www.ncbi.nlm.nih.gov/pubmed/24631941


Processes 2019, 7, 183 20 of 20

32. Brown, R.K.; Harnisch, F.; Wirth, S.; Wahlandt, H.; Dockhorn, T.; Dichtl, N.; Schroder, U. Evaluating the
effects of scaling up on the performance of bioelectrochemical systems using a technical scale microbial
electrolysis cell. Bioresour. Technol. 2014, 163, 206–213. [CrossRef]

33. Logan, B.E.; Rossi, R.; Ragab, A.; Saikaly, P.E. Electroactive microorganisms in bioelectrochemical systems.
Nat. Rev. Microbiol. 2019. [CrossRef]

34. Heidrich, E.S.; Edwards, S.R.; Dolfing, J.; Cotterill, S.A.; Curtis, T.P. Performance of a pilot scale microbial
electrolysis cell fed on domestic wastewater at ambient temperatures for a 12 month period. Bioresour. Technol.
2014, 173, 87–95. [CrossRef] [PubMed]

35. Marone, A.; Ayala, O.; Trably, E.; Carmona, A.; Moscoviz, R.; Latrille, E.; Steyer, J.P.; Alcaraz-Gonzalez, V.;
Bernet, N. Coupling dark fermentation and microbial electrolysis to enhance biohydrogen production from
agro-industrial wastewaters and by-products in a bio-refinery framework. Int. J. Hydrogen Energy 2017,
42, 1609–1621. [CrossRef]

36. Pinto, R.P.; Srinivasan, B.; Tartakovsky, B. A unified model for electricity and hydrogen production in
microbial electrochemical cells. IFAC Proc. Vol. 2011, 44, 5046–5051. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.biortech.2014.04.044
http://dx.doi.org/10.1038/s41579-019-0173-x
http://dx.doi.org/10.1016/j.biortech.2014.09.083
http://www.ncbi.nlm.nih.gov/pubmed/25285764
http://dx.doi.org/10.1016/j.ijhydene.2016.09.166
http://dx.doi.org/10.3182/20110828-6-IT-1002.01636
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	The Cell
	Dynamical Model
	The System
	Biomass
	Biological Reaction Pathways
	Microorganisms' Kinetics
	Biofilm
	Substrate Diffusion
	Potential Losses
	Detachment

	Mass Balances
	Average Reaction Rates
	Global Balance of Species in the MEC

	Current
	Methane
	Hydrogen

	Simulations
	Chronoamperometry
	Linear Voltammetry
	Additional Numerical Results

	Perspectives and Recommendations
	Conclusions
	Parameters
	Solution of Equations
	References

