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Abstract: Microbial Fuel Cells (MFCs) represent a still relatively new technology for liquid organic
waste treatment and simultaneous recovery of energy and resources. Although the technology is
quite appealing due its potential benefits, its practical application is still hampered by several
drawbacks, such as systems instability (especially when attempting to scale-up reactors from
laboratory prototypes), internally competing microbial reactions, and limited power generation.
This paper is an attempt to address some of the issues related to MFC application in wastewater
treatment with a simulation model. Reactor configuration, operational schemes, electrochemical
and microbiological characterization, optimization methods and modelling strategies were reviewed
and have been included in a mathematical simulation model written with a multidisciplinary,
multi-perspective approach, considering the possibility of feeding real substrates to an MFC system
while dealing with a complex microbiological population. The conclusions drawn herein can be of
practical interest for all MFC researchers dealing with domestic or industrial wastewater treatment.

Keywords: microbial fuel cells; biolectrochemical systems; mathematical model; heterotrophic
bacteria; methanogenic archaea; exoelectrogenic bacteria; complex substrate

1. Introduction

Depletion of fossil fuel reserves and global warming concerns make it necessary to develop
alternative, climate-neutral technologies for energy production; not just employing traditional
renewable sources (solar, wind, etc.), but also tapping into non-conventional ones, such as wastes of
different origin, to achieve established targets [1,2]. Renewable bioenergy from wastes, presenting a
neutral or even negative carbon footprint, is also viewed as one of the ways to alleviate the climate
change crisis [3–5]. In this context, a specific research track, concerning Microbial Electrochemical
Technologies (METs), has been pursued by scientists for the last couple of decades [6–8]. METs in their
generality represent a technology concerned with the recovery of energy and resources from waste
streams [9], and comprise various sub-systems, targeted to different objectives, including microbial fuel
cells (MFCs). These are a class of bioelectrochemical systems that directly transform the chemical energy
contained in bioconvertible organic matter substrates into electrical energy, exploiting the biocatalytic
effect of specific electroactive bacteria (EAB), acting on one or both reactions of substrate oxidation
and oxidant reduction, composing a classical redox reaction [7,8]. When wastewater containing
organic matter is used as anode fuel, a MFC effectively removes the latter, while recovering energy,
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leading to the future possibility of designing energy-producing wastewater treatment plants (WWTPs),
or Water and Resource Recovery Facilities (WRRFs), as the new terminology is starting to denote
such installations. It has, in fact, been estimated that urban wastewater contains more than 9 times
the amount of energy currently consumed to treat it with state-of-the-art processing technology [10],
while the best current treatment technologies allow the recovery of 1/4th to 1/3rd, at most, of that
energy. MFCs could be one of the new technologies to increase that fraction, with applications for
almost all types of different liquid wastes [11–14].

Bioelectrochemical systems may also have other useful environmental applications: if such
processes were applied in their “inverse” configuration, usually referred to as Microbial Electrolytic
Cells (MECs), with which they share the general design and basic processes, they could achieve,
for example, autotrophic denitrification of contaminated groundwater by externally supplying an
adequate voltage to the system [15,16]. Additionally, in this case, these processes turn out to be
particularly efficient from an energetic point of view, with lower specific energy consumption that
other currently used denitrification systems [17,18].

Practical full-scale MFC application in WRRF design has been long delayed by the instability of
full-scale engineered systems, low achieved power densities and output voltages practically achievable
so far. Several practical issues remain to be solved before MFC systems could be deemed ready for
full-scale applications; among them, reduction of the systems’ internal resistance, which would
allow higher substrate-electricity conversion rates, cathode technology improvements, efficient,
scalable, design, and reduction of electrochemical losses. Undesirable anodic side-reactions, such as
methanogenesis, aerobic or anoxic respiration by competitive microorganisms, represent some of the
drawbacks of the process, and also need structural address, even though they can be partly limited
by appropriate operational strategies [19–21]. Deeper process understanding and its mathematical
reproducibility can also play an important role in the quest for improvement of this technology.

Since the mid-90s, researchers have attempted to simulate the bioelectrochemical activity of MFCs,
as summarized in Table 1. This table does not consider applications of soft simulation methods such
as genetic programming (GP), artificial intelligence (AI), fuzzy logic and neural networks, which are
sometimes used as an alternative for deterministic mathematical modeling of complex physical
non-linear systems, such as a MFCs [22] or conventional-technology WWTPs [23,24].

Zhang and Halme [25] proposed a simple model based on a single anodic population and focused
on the generated power in relationship to substrate concentration and cathodic-chamber mediator.
Later, models by Kato Marcus et al. [26] were developed, neglecting the contribution of the mediator,
but considering a complex bacterial population composed by exoelectrogen and non-exoelectrogen
species. In the same year, Picioreanu et al. [27] proposed a 3-dimensional model considering both
adhese and suspended microorganisms. Zheng et al. [28] developed a dual-chamber MFC model
that simulated transient conditions, including cathodic compartment reactions, while Pinto et al. [29]
published a 2-population, anodic dynamic model representing the competition between exoelectrogens
and methanogens. Later, Oliveira et al. [30] proposed a steady-state MFC model, focusing on the
effect of some parameters such as: cell temperature, substrate concentration, biofilm thickness and
current density.

In order to develop an enhanced model capable of describing complex bacterial communities
such as those present in a MFC, as well as the complexity of feed substrates, the Pinto model [26] was
integrated with the ASM2d model [31]. The resulting model, an improvement of a previous work [32],
is herein discussed, together with its application to longer series of MFC operational data. Results are
discussed, confirming the good performance of the new model.
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Table 1. Summary of published MFC models.

Model Compartment Mediator Species Time Resolution Space Resolution

Zhang e Halme,1995 [25] Anodic Yes Single Dynamic 1D
Kato Marcus et al., 2007 [26] Anodic No Multiple Dynamic 1D

Oliveira et al., 2013 [30] Anodic/cathodic No Single Steady st. 1D
Picioreanu et al., 2007 [27] Anodic Yes Multiple Dynamic 3D

Zheng et al., 2010 [28] Anodic/cathodic No Single Dynamic/Steady st. 1D
Pinto et al., 2010 [29] Anodic Yes multiple Dynamic 1D

Capodaglio et al., 2015 [32] Anodic Yes Multiple Dynamic 1D

2. MFC Integrated Model

Fuel cells are devices performing a combustion reaction without resorting to thermal processes,
thus achieving direct conversion of chemical energy (of a generic “fuel”, or “substrate”) into electrical
energy, through the mediation of exoelectrogenic bacteria that act as catalysers of the half-reaction of
substrate oxidation [8,33]. The first evidence of this phenomenon was discovered in 1911 by Potter [33],
but very few practical advances were achieved in the field until the first patent of mediator-less MFCs,
dated 1999 [34].

The process’ working principle relies on splitting the semireactions of oxidation and reduction
that make up a typical redox reaction, allowing them to occur in two different compartments: in the
anodic compartment, exoelectrogen bacteria catalyse substrate oxidation and transfer the electrons,
released from cellular respiratory chain, to an electrode (i.e., anode). Electrons flow through an external
electric circuit towards the cathodic compartment, where they reduce the terminal electron acceptor
(TEA, usually oxygen) [35]. For each electron released at the anode, an H+ ion must reach the cathode
through the electrolytic in the cell, in order to internally close the circuit and reestablish neutrality.
Electrons and protons thus react with oxygen at the cathode, generating H2O [36].

The maximum current that can be produced by a MFC depends on the actual rate of substrate
biodegradation, whereas maximum theoretical cell voltage (also called electromotive force, or emf )
depends on Gibbs’ free energy of the overall reaction, and can be calculated as the difference between
the standard reduction potentials of the cathodic oxidant (oxygen) and the chosen anodic substrate,
as described by Heijnen [37]. Since the cell’s emf is a thermodynamic value that does not take into
account any internal losses [36], measured current experimental values are always substantially lower
than theoretical ones.

2.1. Model Assumptions

The model herein presented is based on the work by Pinto et al. [29], and the authors’ previous
work [32]; it is, as shown in Table 1, a dynamic, 1-dimensional (completely mixed), multi-species model.
Recently, model results have also been tested against a full, separate MFC hydrodynamic study,
showing good correlation with experimental observations [38].

The model considers the presence of two distinct microbial populations in the anodic chamber:
exoelectrogen (a.k.a. anodophilic bacteria) and methanogenic microorganisms co-existing in competition
for available substrate, as observed in previous studies [39]. It is known that methanogens compete
with anodophiles for substrate, thus reducing power generation and overall coulombic efficiency (CE)
of the cell. The presence of an endogenous mediator, either in reduced or oxidized form, is responsible
for the extracellular electronic transfer by exoelectrogenic bacteria. It is assumed that these adhere to
the anode as a biofilm, while methanogens can either be suspended or adhese. The model also assumed
that dynamics at the cathode’s end are non-limiting, and thus not considered for simulation purposes
(Figure 1).

This model therefore describes:
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-substrate (Sa) oxidation to CO2 by exoelectrogen bacteria (Xa), with reduction of the mediator:

(Mox → Mred) (1)

where Mox and Mred represent the oxidized and reduced mediator, respectively.

-mediator reoxydation, with release of free electrons and protons:

Mred → Mox + e− + H+ (2)

-methane and carbon dioxide production by methanogens:

Sa → CH4 + CO2 (3)

where Sa is the substrate, expressed by mass balance Equations (4)–(6):

dSa

dt
= −qaxa − qmxm + D(Sa0 − Sa) (4)

dxa

dt
= µaxa − Kd,axa − αaDxa (5)

dxm

dt
= µmxm − Kd,mxm − αmDxm (6)

where D = 1/(HRTanode) [t − 1]; qa, qm substrate conversion rates for exoelectrogens and methanogens;
µa, µm Monod-type growth rates, and Kda, αa bacterial endogenous decay and washout
coefficients, respectively.
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Monod kinetics are assumed for bacteria; specifically, exoelectrogens’ growth is limited by both
substrate (acetate) and oxidized mediator concentrations, while methanogens’ only by acetate’s.
The Pinto model assumes that biomass growth occurs in two phases: growth, during which there is no
microorganism dispersion/washout (αa = 0); and steady state, where a dynamic equilibrium between
growth, endogenous decay and washout is established. An internal “switch” in the model converts
between operating phases, depending on process conditions. Total mediator concentration (in reduced
and oxidized forms) is assumed constant in the system.

Since one of the most important aspects characterizing MFC performance is the electric current
produced, this is calculated from the cell’s tension through Ohm’s First Law:

Ecell = IMFCRext (7)

where Ecell is the cell’s tension, Rext the external resistance and IMFC the current flowing between anode
and cathode of the MFC.

The electromotive force (Equation (8)) is considered equal to the Open Circuit Voltage of the cell
(EOCV), neglecting activation losses:

IMFC =
(EOCV − ηconc)

(Rext + Rint)

(
Mred

ε + Mred

)
(8)

where ηconc is the overpotential linked with concentrations, Rint is the internal resistance of the cell.
While competing methane production Qa is calculated proportionally to acetate uptake through a

specific yield coefficient, YCH4:
Qa = YCH4qmXmV (9)

2.2. Model Modification

While the Pinto model represents the ongoing competition between exoelectrogens and
methanogens in the anodic chamber, at the same time it completely neglects other species
(e.g., heterotrophs) that could be present in the cell, as well (Figure 2). Furthermore, the model
considers acetate as the only substrate present, while, in reality, the composition of the incoming
substrate will have a much more complex composition (Figure 3). In order to compensate for the above
mentioned shortcomings, it was therefore decided to modify the model, by integrating in its structure
specific elements of the well-known ASM2d model [32].
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Figure 2. Schematics of the interaction between exoelectrogems (Xa), methanogens (Xm) and
heterotrophs (Xh) populations in a MFC as represented in the modified integrated model. The reactions
outside the shaded areas (unconnected) are not represented in the model.

The latter was designed to simulate the processes normally occurring in traditional activated
sludge facilities, and considers basic substrate measured as COD (Chemical Oxygen Demand),
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although in diverse fractions, such as particulate (X) and soluble (S), as follows: Sf soluble substrate that
can be fermented to Sa (acetate); inert soluble and particulate substrate, Si and Xi; slowly degradable
particulate, Xs; soluble nitrogenous, SNO3, and ammonia, SNH4 matter. Ammonia and nitrogenous
matter, as well as the influence of alkalinity and oxygen inhibition were, for the moment, neglected.Processes 2017, 5, 73  6 of 13 
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Although, in theory, heterotrophic, autothrophic (nitrifiers) and phosphate-accumulating bacteria
can all be present in wastewater treatment plants, the sole presence of heterotrophs was herein
considered since, due to their characteristics, they are more likely to be actually present in a MFC’s
anodic chamber. The model as is, is therefore not applicable to MECs, but efforts are ongoing to
study future changes appropriate to also representing this type of configuration and related processes.
All degradation processes in ASM2d are represented by Monod-type kinetics:

dSa

dt
= − 1

YH
ρ7XH + ρ8XH (10)

dXS
dt

= −ρ2XH − ρ3XH + (1− fXI)ρ9 (11)

dSNH4

dt
= υNH4(ρ2 + ρ3)XH (12)

dSI
dt

= fSI(ρ2 + ρ3)XH (13)

dXH
dt

= ρ6XH + ρ7XH − ρ9 (14)

dS f

dt
= (1− fSI)(ρ2 + ρ3)XH −

1
YH

ρ6XH − ρ8XH (15)

dXI
dt

= fXIρ9 (16)

dSNO3

dt
= − 1−YH

2.86 YH
(ρ6 + ρ7)XH (17)

dSN2

dt
=

1−YH
2.86 YH

(ρ6 + ρ7)XH (18)

where the ρi coefficients contained in Equations (10)–(18) are described in Table 2.
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Table 2. Definition of the equations’ coefficients.

Coefficient Descriptive Equation

ρ1 Kh
SO2

KO2+SO2

Xs
XH

Kx,s+
Xs
XH

ρ2 KhηNO3,i
KO2

KO2+SO2

SNO3
KNO3+SNO3

Xs
XH

KX,S+
XS
XH

ρ3 Khη f e
KO2

KO2+SO2

KNO3
KNO3+SNO3

Xs
XH

KX,S+
XS
XH

Table 2. Cont.

Coefficient Descriptive Equation

ρ4 µh
SO2

KO2+SO2

S f
K f +S f

S f
S f +Sa

SNH4
KNH4+SNH4

Salk
Kalk+Salk

ρ5 µh
SO2

KO2+SO2

Sa
Ka+Sa

Sa
S f +Sa

SNH4
KNH4+SNH4

Salk
Kalk+Salk

ρ6 µhηNO3
KO2

KO2+SO2

SNO3
KNO3+SNO3

S f
K f +S f

S f
S f +Sa

SNH4
KNH4+SNH4

Salk
Kalk+Salk

ρ7 µhηNO3
KO2

KO2+SO2

SNO3
KNO3+SNO3

Sa
Ka+Sa

Sa
S f +Sa

SNH4
KNH4+SNH4

Salk
Kalk+Salk

ρ8 q f e
KO2

KO2+SO2

KNO3
KNO3+SNO3

S f
K f +S f

Sa
S f +Sa

Salk
Kalk+Salk

ρ9 bhXH

Integrating appropriately the above equations yields:

-a combined equation (from Equations (4)–(10)) describing Sa.

dSa

dt
= −qaxa − qmxm + D(Sa0 − Sa)−

1
YH

ρ7XH + ρ8XH (19)

-an equation in Sf, including the influent term for all COD components (Sa, Si, Sf, Xi, Xs):

dS f

dt
= (1− fSI)(ρ2 + ρ3)XH −

1
YH

ρ6XH − ρ8XH + D
(

S f 0 − S f

)
(20)

-an equation representing the lysis component for all microorganisms in the Xs and Xi mass
balances, with addition of the washout coefficient for heterotrophs:

dXH
dt

= ρ6XH + ρ7XH − ρ9 − αhDxh (21)

The effect of aerobic activity of heterotrophs has also been included in the model, by considering
a small influent oxygen concentration (SO2 = 2 mg/L), and diffusive oxygen transfer from the
cathode to the anodic chamber through the ion exchange membrane, by means of an oxygen mass
balance equation:

dSO2

dt
=

(
1− 1

YH

)
(ρ4XH + ρ5XH) + D(SO20 − SO2) (22)

Also, in the integrated model, the dynamic formulas of internal resistance (Rint), and Open Circuit
Voltage (EOCV) are included, in order to better correlate their values with the actual concentration
of exoelectrogens estimated at any time in the cell (in the original model, these were represented as
constant values to be declared as initial conditions).
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Rint = Rmin + (Rmax − Rmin)e−KrXa (23)

EOCV = Emin + (Emax − Emin)e−K−1
r X−1

a (24)

The resulting, integrated MFC model was then implemented in the MATLAB environment,
and the representative differential equations solved by means of the MATLAB “ode23t” function.

It is clear that, by neglecting the presence of some entire components of the possible bacterial
population of the cells, the increased bacterial community complexity of these system is partly lost,
as well as some of the interrelated relationships among organisms that make it almost impossible to
individually study the individual exoenergetic properties of each strain. In addition to exoelectrogen
(a.k.a. anodophilic bacteria) and methanogenic microorganisms co-existing in competition for available
substrate, an actual MFC would also contain nitrifiers, P-accumulating organisms, and others.
Development of structured microbial communities within a cell’s anode shows significant advantages
compared to pure communities in the treatment of complex organic matter matrices, such as,
for example, urban wastewater. In the model under present configuration, a direct competition
among methanoges and anodophiles is represented (Figures 1 and 2). Even though both species
contribute to the abatement of organic matter in the system, one does that by transforming it into
methane and CO2, the other into CO2 and electrons, harvested at the cathode. As the design purpose
of MFCs is actually to directly generate electric energy from the wastewater’s organic matter, the
former reaction is actually an undesirable by-product of poorly controllable circumstances, although it
contributes to the organic matter removal efficiency of the system.

3. Results

The model was applied to the observations gathered from an intensely monitored, dual chamber,
laboratory MFC with anodic volume of 0.42 L, continuously fed with swine wastewater at 1.5 L/day,
operating in steady state at 21 ◦C for a prolonged period (over 110 days). The time series of the influent
substrate (and its components) used for this purpose was previously shown in Figure 3. Following
current modeling practice, a reduced subset of these data (30 days) was used to initially calibrate
the integrated model. Initially, some available literature-reported parameter values were selected.
If these were not available, “reasonable” best estimates (educated guesses from previous experience)
were used. A Least Squares estimation method was subsequently applied to determine more fitting
values based on those obtained from a different subset of experimental observations to verify the model.
The results thus obtained from the present version of the model yield a much better representation of
the original data, and are thus believed to be more representative of actual cell behavior than those
obtained in the authors’ previous work [32].

Once calibrated and verified, the integrated model was used to simulate the temporal trend of
system’s variables over time. Figure 4 shows the predicted behavior of exoelectrogen, methanogen
and heterotropic populations in the MFC. After day 53 (when a steady decrease in COD load),
exoelectrogens grow more rapidly than other groups, reaching a concentration of about 250 mg/L,
against methanogens decreasing by half, and heterotroph concentrations remaining stable. A high
concentration of exoelectrogenic biomass allows a higher production of electric current, from 4.4 mA
during the previous period to 8.9 mA, when the organic load is lower (Figure 5). All the above results
are in general agreement with the experimental observed trends of actual MFC electricity behavior,
although some improvement in microbial population predictions of yield and development is still
necessary, as there appears to be a lag of about 10 days between observed and predicted current
maxima and minima, most likely linked to the dynamics of anodophiles and methanogens in the
anodic cell volume and/or the yield coefficients of the former in the model.

Figure 6 shows predicted methane production over time. The simulated values agree well with
actual measurements and with methanogenic population present in the system in time, showing also a
good correlation (r = 0.92, according to Pearson) between simulated and measured values. This good
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correlation fit indicates that, in all likelihood, the differential between observed and predicted current
productions is actually due in part to misestimated yield coefficients of the anodophile population,
or to hydrodynamic factors in the anodic compartments.

Figure 7 shows the behavior of experimental and simulated soluble COD; results from the model
showed a high level of correlation with measured ones (r = 0.94), while simulated data were still
not fully convincing for total COD (data not shown), probably due to physical filtration effects of
the granular graphite filling the anodic cell, trapping some of the small organic particulates. In the
soluble COD case, however, maxima and minima of measured and simulated data are appropriately
synchronous, showing that this organic matter removal is appropriately represented by the model.
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4. Discussion

Development of an integrated MFC description model based on deeper process understanding
and allowing its mathematical reproducibility could play an important role in the quest for MFC
technology improvement and industrialization, in the same way already observed for other types of
similar processes [40]. The model herein presented is a small step forward in this effort, as it combines
an existing model specifically developed for this type of system, but limited by the possibility of
simulating only dual-component microbiodomes and mono-component (synthetic) substrate with a
more general microbial population model. However, wastewater treatment by MFCs is characterized
by several, simultaneous, multi-phase heterogeneous phenomena (e.g., biochemical reactions in
the biofilm, electrochemical reactions at the electrodes, hydrodynamics of the bulk liquid, membrane
polarization, etc.), that make development of a truly comprehensive mathematical model difficult
(Figure 8). The proposed model considers an additional microbial component (heterotrophs) and
the possibility of simulating complex substrates, including their intermediate transformations and
interaction with microorganisms (Figure 2). It can therefore be considered a step forward, although not
the final step, in the realization of a more complete MFC simulation model (Figure 8).
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When operating with complex substrate (i.e., other than acetate or glucose-media) applications,
it could be of major interest to focus on microbial populations and organic matter dynamics within
the anode chamber (or nitrogen dynamics in the cathode chamber) of the cell. In these conditions,
MFCs show a much more complex microbiome than those operated with synthetic wastewater.
These populations can show either syntrophic or competing behaviors. For example, heterotrophs
could cut down complex, slowly biodegradable organic substrates, providing easily biodegradable
molecules to EABs for electricity generation. In contrast, presence of methanogens could generate
side-reaction compounds (i.e., methane) and reduce both coulombic and energy efficiencies of MFCs.
Some of these phenomena are represented in the current model, but at the moment they can only be
empirically controlled with external stimuli [21] in a reactive fashion. The model could be improved
with appropriate algorithms representing the effects of implementable interventions. The present
model also assumes completely mixed cells behavior. In view of system up-scaling, the influence of
internal cell hydrodynamics (presence of shortcircuits, dead volumes, etc.) could become extremely
relevant. For this reason, the model should be integrated with a hydrodynamic module, in order to
better characterize and simulate overall cell performance; this could be obtained both by using
computational fluid dynamics (CFD) [42] or tracer tests to assess the equivalent hydrodynamic
configuration of a cell [43–45].

5. Conclusions

An integrated, dynamic, multi-species model for a completely mixed MFC is presented. The model
was obtained by combining the Pinto model of an acetate-fed MFC, with the ASM2d activated sludge
model, representing biological treatment systems fed by complex substrates. Hence, the presence of
various microorganism species (exoelectrogens, methanogens and heterotrophs), feeding on a complex
influent substrate, was able to be represented, and different methabolic processes simulated. The model
was implemented on a MATLAB platform; its equations, solved by a numerical solutor, allowed the
reproduction of the growth dynamics of microorganisms, organic matter degradation, current and
methane production within a MFC. Monitoring observations from a MFC laboratory system operating
for about four months were used to calibrate the model, and to compare results obtained from the
simulations. Further validation from similar MFC systems, fed with different organic substrates is,
however, necessary.
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The model could be used to simulate scaled-up systems with the same physical configuration,
keeping in mind, however, that the influence of the physical configuration and effects of these
bioelectrochemical processes is far from being completely understood and replicable.
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