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Abstract

In this study, mathematical models are developed for a Microbial Fuel Cell (MFC) with a
‘fermenter-Electrochemically Active Bacteria (EAB)’ type, two-species biofilm, governed by
Mediator-Based Extracellular Electron Transfer (MET) or Direct Conduction-Based
Extracellular Electron Transfer (DET), and operating under a batch or continuous mode.
Numerical simulations have been carried out to test the impact of a range of physical and

biochemical parameters on biofilm composition and current generation.

The results reveal the contrast between two operating modes, caused by the difference in
the length of time available and in the substrate supply for the evolution of the biofilm, and
the contrast between systems governed by MET and DET, arising primarily from the difference
between the role of the mediator and that of the electrical potential played in the two
systems, respectively. Many observations, including several counter-intuitive occasions, stem
from the trade-offs between the impacts of the process parameters on bioelectrochemical
kinetics, mass transfer, and electrical resistance. The simulation results also predict the
existence of optimal parameter settings in various cases for the purpose of electricity
generation. These findings provide potentially useful insights to guide the design and
operation of MFCs or other types of bioelectrochemical devices that employ multi-species

biofilms.
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1. Introduction

In recent decades, climate change and other environmental issues associated with the use of
fossil fuels make it urgent to explore green and renewable energy options. Bioelectrochemical
Systems (BESs), which generate electricity or valuable products [1-3] (such as hydrogen [4,5],
hydrogen peroxide [6] and methane [7,8]) from low-cost substrates by the use of
microorganisms, hold great potential in a wide range of energy, environmental and other
biological applications. As an important example of BESs, Microbial Fuel Cells (MFCs) are able
to generate electricity from microbially catalysed anodic oxidation processes in the absence
of conventional metal catalysts, with potential applications in several areas such as energy

recovery, water purification, and biosensors for oxygen and pollutants [2,9,10]

MFCs rely on the biofilm attached on the anode to harvest energy and harness electrons from
substrate. The microorganisms that are able to oxidize substrates and achieve Extracellular
Electron Transfer (EET) are often referred to as Electrochemically Active Bacteria (EAB). To
date, two prevailing types of EET have been considered, namely Mediator-Based Extracellular
Electron Transfer (MET) and Direct Conduction-Based Extracellular Electron Transfer (DET).
MET relies on soluble mediators as electron shuttles to convey electrons from bacteria cells
to the anode surface. Oxidised mediators act as the primary Electron Acceptor (EA) to extract
electrons from substrate, and reduced mediators subsequently diffuse to the anode surface,
where electrons are released and the mediator is re-oxidised. In DET, electrons are supplied

to the anode directly via exchange with conductive biofilm in this type [11-13]

While a single species of EAB can be capable of completing the conversion of certain types of
substrate to electrons on its own, it has been shown that synergy may exist in a multispecies
biofilm compared to pure culture which enhances substrate conversion, electron transfer and
power output [9,14-16]. For example, the ‘fermenter-EAB’ community of Shewanella
oneidensis (S. oneidensis) and Escherichia coli (E. coli) was investigated, with the latter acting
as a fermenter to convert the primary substrate (glucose) into what the former (acting as the
EAB) could utilize [17,18]. More recently, a microbial consortium comprising S. oneidensis MR-
1 and Bacillus subtilis RH33 was utilised, in which the latter, nonelectrogenic microbe
produced a high amount of mediators (riboflavin) to boost bioelectricity generation of the

former, which isan EAB [16]. Both of the two studies found that the maximum voltage output,
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substrate utilization and electron transfer efficiency of the mixture consortia were higher than
the pure culture. In addition, it was reported by several studies that a synthesised mixture
community was capable to sustain high diversity by avoiding one species dominating and to
resist external environmental disturbances, hence improving the overall stability of the

system [16, 19].

Up to now, most studies on the multispecies BESs (and MFCs in particular) are of a nature of
experimental exploration [16-18,20]. On mathematical modelling, only a handful of modelling
studies address multispecies systems. An earlier work simulated anodic biofilms with
Anaerobic Digestion (AD), where the microbial community involved EAB and the typical
microbial populations of AD, with MET as the modelled EET mechanism. The dynamic
evolution of several variables (solute concentration in the bulk liquid, distribution of current
density and biomass on the anode) were evaluated and the effect of external resistance was
considered, which however did not focus on the interplay between various mechanisms [21].
Later, the model of multispecies AD biofilm was extended to include further details such as
the pH variation in the liquid flow at the anodic chamber, yet without revealing the spatial
distribution of multiple species in the biofilm [22].A very recent study presented the
modelling of four microbial groups in a bioanode which carried out fermentation,
electroactivity and methanogenesis, with DET as the assumed EET mechanism [23]. All these
existing modelling studies are yet to be extended to support further systematic analysis of
multi-species bioanodes, particularly on the evolution and stability of the microbial
communities in anodic biofilms in connection with various internal mechanisms and operating

conditions.

In this work, new insights are sought with respect to (i) the spatial distribution and dynamics
of a multi-species biofilm hosting bioelectrochemical processes, and (ii) their impact on
electricity generation in a MFC. Adopting a relatively simple, 1-D biofilm model and a two-
species “fermenter-EAB” consortium, the focus of this work is to analyse in detail the change
in the composition of the biofilm resulting from the interplay between electrochemical
kinetics, mass transport and EET mechanisms, under the influence of (i) biofilm characteristics
such as maximum thickness, conductivity, and seeding ratio of the initial populations, (ii)

operating mode, i.e. batch or continuous, and (iii) operating settings such as substrate supply,
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dilution rate and external electrical resistance. The purpose of this study is to develop an
understanding of the impact of these key factors and their trade-offs, hence offering insights

for the future engineering of multi-species biofilms in MFCs and other similar BESs.
2. Model description

The constructed model focuses on the anode chamber of a MFC operating with an external
electrical resistance. The anode chamber comprises an electrode with biofilm attachment and
a bulk liquid phase in which the electrode is embedded. The biofilm is based on a two-species
community, with a fermenter to convert a primary substrate to an intermediate substrate to
feed an EAB. The biofilm is assumed to only grow in the x-axis direction which is perpendicular
to the impenetrable anode surface, i.e. the direction in which the biofilm heterogeneity is
typically dominant [24]. The biofilm inner surface, i.e. that next to the supporting electrode
base, is located at x = 0; the interface with the bulk liquid phase (where x = biofilm thickness)
is referred to as the outer surface. The whole model for the anode chamber is divided into
three sub-models: Electrode, Biofilm and Bulk Liquid sub-models. Their formulations with two
different operating modes (batch and continuous) and two EET mechanisms (MET and DET)
are presented below. In “fermenter-EAB” type of multispecies system, the soluble
components consist of primary substrate (i.e. the substrate directly added to the MFC),
intermediate substrate (i.e. the product generated by the fermenter to feed the EAB) and two

forms of mediator (i.e. oxidised and reduced).
2.1. Electrode sub-models
2.1.1. MET-based model

The current generation via the MET pathway relies on the conversion of the two forms of a

mediator at the anode surface. This reversible chemical process is depicted as:

TO X
—

Cvrrlx=0 = Cumorlx=0 +ne”
r‘red

Cur rlx=0 and Cpy, rlx=o represent the concentrations of the reduced and oxidized forms of

the mediator (Mr and Mo) at the anode surface, respectively. For a given reversible redox
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reaction and given concentrations of the involved chemical species, the anode potential (1)
(which determines the over potential) is the decisive factor of the reaction direction. A higher
(lower) potential increases the rate of the oxidation (reduction) process per unit electrode
surface area, 1,, (17¢q)- The oxidation and reduction rates of the mediator at the anode
surface, are governed by the Butler-Volmer kinetics as commonly adopted in MFC models (e.g.

[11,12,25,26]):

(1-B)nF (1)
7 Va)

Tox = kaCMr,F|x=OeXp (

—pBnF (2)
Treda = chMo,F|x=Oexp (T Va)

where k,, k. are the oxidation and reduction rate constants, respectively; 8 is the transfer
coefficient, representing the fraction of the anode potential that favours the reduction
reaction, 1y..4; 1 is the number of electrons transferred per redox mediator reaction; T is the
operating temperature. Note that resolving V, involves Eq. (8) which is to introduce later. The
net redox reaction rate, 7z equals to (7, — 77eq), and the current density, iy, is:

(3)

iM == TlFT'E
where F is the Faraday constant.
2.1.2. DET-based model

With DET, electrons generated from the (intermediate) substrate oxidation process (assuming
no endogenous respiration) are conducted to the anode surface through the biofilm matrix
with an assumed constant conductivity, k. Similar to enzymatic reactions, electron transfer
via DET is considered as an irreversible process, meaning electrons only have the oxidation
current (i.e. electrons flow towards anode) and cannot be sent back to the cells due to

irreversibility of the microbial metabolic processes [12,13,27]

The change in current (i.) in the biofilm matrix is caused by the production of electrons via

DET [13]:

dic (4)
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where R is the electron generation rate via DET. R is obtained based on electron balance

[12]:

_ YfXpaprleasc (5)
R, =

Yeanyi

where y is the electron equivalence of EAB’s substrate; f is the fraction of electrons
recoverable from EAB’s substrate for current generation; Yg4p/; is the yield of EAB on its
substrate; Xgpp r and Ugap ¢ are the EAB’s biomass concentration in the biofilm and the
specific growth rate associated with the DET mechanism, respectively. Xg 5 r and pgap ¢ will

be described further in the following sections.

Ohm’s law defines the relationship between the anode potential,V, and current density,
corresponding to an assumed electron hopping process within the biofilm adjacent to the
anode [13,28]

v, (6)

ka+i6=0

Collectively, Egs. (4) to (6) can lead to the governing Eq. (7) used for simulating potential

changes in the anodic biofilm:

K 0%V, _ FyfXgaprlteas,c (7)
0x? Yeap)1

The following equation, which is also derived from Ohm’s law acts as the boundary condition
at the biofilm inner surface to solve Eq. (7) [29]:

- (8)
Vo = Ve —iAg(Rint + Rext)

where I/ is the cathode potential; A is the electrode surface area; R;,; and R,,; represent
the internal and external resistance, respectively. Note that Eq. (8) is also used in the MET-
based model for resolving V,. A non-flux boundary condition is adopted for Eq. (7) at the
biofilm outer surface. Focusing on the simulation of the anode chamber, V. is assumed to be

fixed to a specific value while V, is predicted [26].

2.2. Biofilm sub-model
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2.2.1. Mass balance of soluble components

In the anode chamber considered in this work, soluble components are present in the biofilm
(modelled here) and in the bulk liquid phase (modelled in Section 2.3). These components
include the primary substrate, the intermediate substrate and, in the case of MET, the
oxidised form and the reduced form of the mediator. Concentrations of soluble components
in the biofilm are a function of time and location. Mass balance for any soluble component

can be expressed as:

(9)

0Csp 0 0Cs

at a( 5"”?) ~Rsr
where Cg ¢ is the concentration of a soluble component in the biofilm; Dg  is the diffusion
coefficient for the soluble component in the biofilm; R  denotes the net consumption rate
of the soluble component. Eq. (9) states that the concentration of a dissolved component in
the biofilm changes in response to the molecular diffusion (first term on the right hand side)

and reactions (second term on the right hand side) in the biofilm.

Based on Fick’s first law and continuity of the flux at biofilm/bulk liquid interface, the flux of
a soluble component across the interface, /5 ¢ (defined as per unit cross-sectional area of the
entire biofilm) is given below, assuming a constant concentration gradient in the diffusion
layer on the bulk liquid side adjacent to the biofilm outer surface (where x = L, the biofilm

thickness):

0Cs (10)

S,B

JsF = _DS,FW |x=LF = K(CS,Bg - CS,le:LF)
where D p is the diffusion coefficient in the bulk liquid; Ly, is the diffusion layer thickness; &
is the porosity of the biofilm, introduced into the equation to account for the nature of the
concentrations in the biofilm being per unit volume of the entire biofilm (i.e. solid matrix plus
void space occupied by fluid). Eg. (10) serves as the boundary condition for Eq. (9) at the

biofilm outer surface.

At the inner surface of the biofilm, i.e. the anode surface, the following mass balance applies

[26]:
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0CsF (11)

where 75 is the production rate of the soluble component per unit surface area. For
components not involved in reactions at this surface (i.e. primary and intermediate

substrates), the consumption rate becomes zero.
2.2.2. Mass balance of biomass

Mass balance of the biomass of each microbial species considers biomass production and

advective movement due to biofilm growth [13,30]:

0Xr O0(WXg) (12)
- t—= X,F
Jat 0x

where X is the biomass concentration of one microbial species in the biofilm. v is the

advective velocity (i.e. the velocity at which the biofilm grows along the x-axis); Ry r is the
net reaction rate of biomass.
As a simplifying assumption, inactivation of biomass is ignored. The advective velocity is

modelled as below, with zero flux applied at the anode/biofilm [4,5]:

v IRy (13)
ox  pp

where pr is the biofilm biomass density, which is defined as the ratio of dry biomass weight

and biofilm volume.
2.2.3. Growth kinetics
Growth of the Fermentative Bacteria (FB) is modelled according to the Monod Equation:

CP,F (14)

UrB = Umax,FB m

where g is the specific growth rate; U 4, rp is the maximum specific growth rate; Cp ¢ is

the primary substrate concentration in the biofilm; Kp is the half-saturation constant.

The specific growth rate of the EAB is controlled by both its substrate and the EA. With MET,

the oxidised mediator plays the role of EA. During the reaction with the intermediate
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substrate that feeds the EAB, the soluble mediator is reduced by capturing electrons from the
intermediate substrate and then diffused towards the anode surface, discharging its electrons
there and converted (re-generated) to the oxidised form. The rate of EAB’s specific growth
rate with the MET mechanism, pg4p » can be modelled by the double Monod kinetic equation,
which is frequently used to represent the dual limitation [12,13,26,31-34]

u —u CiF CMo,F (15)
EAB,M max,EAB CLE+K]

Cmo,F+Kmo

where K\, is the half-saturation constant; u 14, gap is the maximum specific growth rate;
Crrand Cy, p represent the concentration of the intermediate substrate and that of the EA
(i.e. Mo), respectively; K;, K, are the half-saturation constants corresponding to the
intermediate substance and the EA. In the case of DET, the biofilm-modified anode is assumed
to be the only EA which accepts the electrons generated by the EAB through the biofilm matrix
comprising Extracellular Polymeric Substances (EPS) and biomass [6]. Modifying the double
Monod equation and using anode potential, V,, as the driving force of electrons transfer, the
rate of EAB’s specific growth rate in DET mechanism pg,p - can be modelled by the Nernst-

Monod Equation, commonly adopted in previous modelling work [13,23,27,29]
C,F 1 (16)

HeaB,c = Hmax,EAB CLr+K] 1+exp (———(Va—Exa)
RigeaiT

where Ey 4 denotes the anode potential corresponding to half-maximum specific growth

rate.

The growth of FB leads to the conversion of the primary substrate to the intermediate
substrate. The growth of the EAB with either EET mechanism causes the consumption of the
intermediate substrate in the biofilm. In the MET case, it also causes the consumption of the
oxidised mediator and the production of the reduced mediator. These chemical conversion
rates are modelled through links with the growth kinetics via respective yield coefficients (see

SI, Section | for details).
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2.2.4. Endogenous mediator secretion

Cell proliferation of the Shewanella Species was previously shown to be clearly accompanied
by the secretion of the mediator in its oxidised form (Mo). Here, the specific Mo secretion
rate (Uy,) is modelled by a Monod-type equation [36]:

Hmo = Hmax,Mo —CI'F 1)

UG rt K

where [y 4. 1m0 Fepresents the maximum specific Mo secretion rate. The abundance of Mo in
the anode chamber is determined by the initial concentration of the mediator (which is
assumed to be all in the oxidised form) and the endogenous secretion; no external mediator
addition is considered. A previous study found that the rate of ATP production for Shewanella
was 1,000-fold faster than the rate of ATP consumption for Flavin synthesis, which suggests

negligible consumption of the substrate by Mo secretion [37]. Therefore, the Mo excretion

process is excluded in the mass balance of the intermediate substrate.
2.3. Bulk liquid sub-model

The bulk liquid phase plays a role of supplying nutrients to the biofilm. Through diffusion,
other soluble components can also be exchanged between the bulk liquid phase and the
biofilm. The bulk liquid compartment is treated as a well-mixed volume. As this work focuses
on the biofilm, no planktonic biomass is modelled in the bulk liquid, unless stated otherwise.

Moreover, detached biomass from the biofilm is also neglected.

In a batch system, the mass balance of a soluble component in the bulk liquid is described as
below:
dCs g 1 (18)

= ——JsrA
dt VB]S,F F

where Cs p is the concentration of a soluble component in the bulk liquid; Af is the area of
the liquid-biofilm interface, i.e. the cross-sectional area of the biofilm, identical to the anode

surface area, Ag.

10
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In a continuous system where the bulk liquid volume is connected with an inlet flow and an
outlet flow with the same volumetric flowrate, V¢, the mass balance of a soluble component
is written as:

Gy 1

V
f
Fra V_B]S,FAF + V_B (Cs,in — Csp)

(19)

where Cg ;,, is the concentration of the soluble component in the inlet flow.
2.4. Biofilm thickness

Referring to the advective velocity of the biofilm as introduced earlier in Eq. (13), the biofilm

thickness changes as follows:

dLp (20)
P V=i,

The above equation ignores the detachment loss of biomass from the biofilm at its outer
surface, and ceases to be active once the biofilm thickness has reached a pre-defined
maximum level. To avoid dealing with the moving outer boundary of the biofilm due to its

growth, a converted coordination is constructed by introducing ¢, defined as [13,30]:
X 21
{=— (21)

This treatment allows the above-mentioned boundary to be fixed at { = 1. This conversion

requires the previously introduced functions f(x, t) to be converted to f({, t) in accordance

with the following rules in which ddL: is termed as u;, [30]:

of(x,t) _ 10f(S.0) (22)
ox  Lp OC
of(x,t) _0f(¢t)  Su df(S.t) (23)
at ot Lr 0¢

Biofilm growth has been modelled in all the simulations of a batch system. For continuous
systems, preliminary tests in this work showed that the simulation results were affected to a
negligible extent by the inclusion of the phase where the biofilm grows from its initial

thickness to its maximum thickness, and this phase also turned to be rather short compared

11
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to the time needed for the system to reach a steady state. Therefore, when a continuous
system was simulated, this phase of growth was neglected, and a constant biofilm thickness

was applied.
3. Model implementation and application

All constructed models have been implemented in the COMSOL Multiphysics Software (5.3a
Version COMSOL Inc., Burlington, MA, USA).

We have applied the models to an anodic biofilm with S. oneidensis, (as known as MR1) as
the EAB and E. coli as the FB. For S. oneidensis, the existence of multiple electron transfer
pathways including MET and DET has been confirmed by several studies [12,27,38,39]. The
same consortium was used in a previously reported experimental study [17], where E. coli
metabolised glucose to lactate, formate and acetate, and S. oneidensis utilised intermediate
metabolites to generate and transport electrons. It was suggested that formate was the main
substrate for S. oneidensis, and EET was assumed to be via MET. It was also suggested that
part of the electricity generation was by E. coli. In the present theoretical study, we have
followed the divide between the roles of the fermenter (only producing the intermediate
substrate, not electricity) and the EAB (being the only electricity producer) as presented
earlier in Model Description, and have taken formate as the only intermediate substrate to
be consumed by the EAB, i.e. S. oneidensis. Besides, both EET mechanisms have been
simulated. Given the key differences between the experiments reported in [10] and the
systems to be simulated in this work, the physical and biochemical parameters were obtained
from literature sources with no re-calibration to experimental data, although we have
adopted, where information is available and applicable, the design and operational settings
reported in [17]. All parameters adopted in our simulation study are listed in Table S1 (see SI,

Section 1), with items that deserve an explanation being described below.

Because of the presence of biomass, EPS and other abiotic partials or trapped gas bubbles,
the effective diffusion coefficients will be reduced. A relative diffusion coefficient, which is
defined by the ratio of Dg /D p is used for describing this reduction. All effective diffusion
coefficients in bulk liquid and biofilm for soluble components can be determined based on

the information from relevant sources (see SI, Section Ill).
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For the mediator, one of the active form of riboflavin, Flavin mononueleotide (FMN) is
assumed in this work, which has previously been characterised [12,40,41]. The rate constants
of the mediator oxidisation and reduction reactions, k, and k. can be determined by the
reference exchange current density, i, .; and the standard mediator redox potential, E°.
The reference exchange current density, i, ¢ in the mediator redox reaction is determined
by assuming that reactant and oxidant concentrations are 1 mM and the reaction transfer

coefficient is 0.5:

foref = NFky "%k (24)

Furthermore, the equilibrium potential in the reference condition is identical to the standard
mediator redox potential. Therefore, according to the Nernst equation, the relationship
between the standard mediator redox reaction and the oxidisation and reduction reaction

constants can be developed:

_RT k. (25)

nF k,

0

Combining Egs. (24) and (25), the values of k, and k. can be obtained with given values of

iorer and E°.
4. Results

In this section, we present and interpret simulation results, to analyse the variation in the
predicted biofilm composition and the corresponding power generation performance of the
simulated MFC, under batch and continuous operating modes, two different EET mechanisms
(MET and DET), and a range of chemical, biological and physical conditions. Note that in all
the simulation studies reported here, when different values of a specific parameter are tested,
all other parameters retain their default values as given in Table S1 (see SI, Section II), unless
stated otherwise. A summary of the key results is provided in Table S3 (a) and (b) (see SI,

Section IX) for the batch mode and the continuous mode, respectively.

4.1. Batch mode

13
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Here, we are interested in the impact of the two key initial conditions of a batch run, namely
the concentrations of glucose and Mo and the MR1:E. coli seeding ratio in the initial biofilm.
Besides, the maximum thickness reachable by the biofilm affects the absolute amount of
biomass accommodated by the biofilm and the resistance to mass transfer and current. The
external electrical resistance, on the other hand, may change the growth condition of the EAB

through affecting the anode potential [42]. Therefore, these two parameters are also studied.

4.1.1. The effect of initial concentration of primary substrate (glucose), Cp g ¢

MR proporton
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Figure 1 Model outputs of the batch MFC at different values of initial glucose concentration, Cp 3 4. (a) and (c):
Batch-end MR1 proportion in the biofilm with MET and DET, respectively; (b) and (d): Current density profile

with MET and DET, respectively;

14



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

In the case of MET, the co-existence of the two species can be maintained at the end of batch,
only when the initial glucose concentration is the lowest among the tested levels (i.e. 10mM,
as shown in Figure 1(a)), while all the higher initial glucose concentrations lead to an ‘MR1-
only’ biofilm. The lower initial glucose supply means lower formate availability, which restricts
the growth of MR1. In this case, formate is also depleted sooner and therefore MR1 stops
growing within a shorter period. The combination of these two effects prevents MR1 from
repelling E. coli completely during the batch, whereas in the cases with higher glucose supply
both effects manifest in the opposite direction, leading to the exclusion of E. coli from the
biofilm. Even in the case of sustained co-existence, the region of the biofilm closer to the
anode surface is still fully occupied by MR1 thanks to its high specific growth rate in that
location. The fraction of E. coli gradually increases towards the outer surface next to the bulk
liquid phase, which is due to the combination of the decrease in the concentration of Mo
(which restricts the growth of MR1) and the increase in the concentration of glucose (which
promotes the growth of E. coli). Comparing the batch-end species distribution with the initial
seeding ratio (MR1: E. coli = 6:4), one can see that over the batch MR1 and E. coli have been

enriched close to the anode surface and to the bulk liquid, respectively.

It is worthy to note here that, in the cases of higher glucose supply, E. coli accomplishes
complete glucose conversion before being repelled from the biofilm, consequently higher
overall current generation is predicted with higher initial glucose concentrations (as shown in
Figure 1(b)) which essentially imply greater availability of formate. However, in the early stage
of the batch, a run with a higher glucose concentration is shown to produce a lower current
density over a certain period of time. This is due to the less restricted initial growth of E. coli
in that period, which leads to a lower fraction of the current-generating MR1. After that
period, the increase in the availability of formate starts to become a dominating driver in the

system, gradually turning MR1 to the dominant species, and hence greater current generation.

The results with DET (Figure 1(c)) show rather noticeable differences with those with MET. In
terms of biofilm composition, the co-existence of the two species is maintained in all the
tested cases. This is an outcome of a number of inter-connected factors. Firstly, there is less
limitation to the growth of MR1 by potential (see Eqg. (16)) in DET than that by M,, (see Eq.

(15)) in MET. Besides, the predicted variation of potential across the biofilm is insignificant at
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the assumed biofilm thickness and electrical resistance, which is in sharp contrast with the
rather uneven distribution of M, in MET as its recovery (from its reduced form) occurs only
at the anode surface. The above two factors mean that compared to the MET case, the
predicted growth of MR1 over the entire biofilm is significantly greater during most part of a
batch (see SI, Section IV, Figure S1), and is spread relatively evenly across the biofilm resulting
in a rather sizable MR1 fraction even at its outer surface. The consequence is that a significant
amount of MR1 biomass is produced (before formate is depleted), a noticeable proportion of
which however leaves the biofilm through detachment at the outer surface (after the biofilm
reaches its assumed maximum thickness). Besides, the faster exhaustion of formate
(compared to the MET cases) also means that in all the tested DET cases, MR1 is not able to
completely occupy the inner part of the biofilm before the depletion of formate (see see SI,
Section IV, Figure S2), and the biomass composition cross the biofilm varies rather
insignificantly (see Figure 1(c)), which are both in contrast with the results of the MET model.
When the initial glucose concentration increases from 10mM to 50mM, the fraction of MR1
increases, as the benefit of a greater concentration of formate (converted from glucose,
favouring the growth of MR1) outweighs that of a greater glucose concentration, favouring
the growth E. coli. The relativity of benefits eventually changes when the initial glucose

concentration increases further to 60mM, leading to a reduced MR1 fraction in the biofilm.

On the predicted current density (Figure 1(d)), the impacts of glucose concentration on
current density in DET are qualitatively similar to MET. However, the maximum current
density achieved with DET is significantly higher than with MET, and the batch duration
(marked by the time at which the current density becomes zero) of the former is much shorter
than the latter. These are results of the DET case having greater averaged specific growth rate
of MR1 (see SI, Section IV, Figure S1) and greater consumption of formate by the stronger

growth of MR1 (see SI, Section IV, Figure S2).
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4.1.2. The effect of seeding ratio (MR1:E. coli)
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Figure 2 Model outputs of the batch MFC at different values of seeding ratios. (a) and (c): Batch-end MR1
proportion with MET when C,, g o = 1mM and when with DET C,, 5 o = 20mM, respectively; (b) and (d): Current
density profile with MET when Cp g o = 1mM and with DET when Cy, g o = 20mM.

Setting the initial glucose concentration to 20mM, the variation in seeding ratio did not
change the dominance of the high glucose (and hence formate) availability in the predicted
dynamics of the system, as confirming the similar observation described in Section 4.1.1.
However, at 10mM, a level shown earlier (magenta line in Figure 1(a)) to lead to co-existence
(at the default seeding ratio, 6:4), the tested seeding ratios result in qualitatively similar
batch-end species distribution profiles. If we continue to decrease the initial glucose
concentration Cp g o to 1ImM, the MR1 proportion at the anode surface changes significantly
with seeding ratio, as shown in Figure 2(a). In this case, higher seeding ratios still lead to
higher batch-end MR1 proportions in the biofilm, however in the case of the highest seeding

ratio (8:2), MR1 proportion at the anode surface reduces from 80% to ~75% during the batch
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(while an increase in predicted for the other ratios). This reduction is the victim of rapid
consumption of formate by the large initial fraction of MR1 in the biofilm which causes a low
formate concentration and reduces the specific growth rate of MR1. In terms of current
generation, higher seeding ratios generally lead to higher peaks of current density and shorter
batches, when the seeding ratio can actually affect the biofilm composition, i.e. when the
system starts with a sufficiently low glucose concentration, as illustrated in Figure 2(b) for the

case of Cp gy = 1mM.

In the case of DET, it turns out that the order of batch-end biofilm compositions between
different batches completely reverses the order of the initial seeding ratios (Figure 2(c); see
Figure S3 in S, Section V for further details). When explaining the 1ImM Cp g o case with MET
(Figure 2(a)), we pointed out the negative effect on the specific growth rate of MR1 at the low
formate concentration caused by the “over” consumption of a high initial fraction of MR1. In
the cases tested with DET, this negative effect becomes much more pronounced, and leads
to the observed reversion. Essentially, this means that a batch with a higher seeding ratio
experiences a higher amount of MR1 in the biofilm (compared to a batch with a lower seeding
ratio) in the early stage of the batch, and then moves to a biofilm composition with a lower
amount of MR1. This is also reflected by the trends of current generation, as shown in Figure
2(d): a batch with a higher (lower) seeding ratio has a higher (lower) level of current density

initially, and then transits to a lower (higher) level.
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Figure 3 Model outputs of the batch MFC at different values of maximum biofilm thickness, Ly 4, (a) and (c):
Batch-end MR1 proportion in the biofilm with MET and DET, respectively; (b) and (d): Current density profile
with MET and DET, respectively.

With MET, the increase in biofilm thickness causes the biofilm type to shift from ‘MR1-only’
to ‘MR1-E. coli co-existing’ (see Figure 3(a)). The biofilm composition is closely related to Mo
and formate concentration profiles within the biofilm. As the biofilm is set to greater thickness,
the concentrations of formate and Mo are more hindered by diffusion resistance.
Subsequently, the specific growth rate of MR1 is limited and MR1 cannot occupy the entire
biofilm. On current generation, one can see from Figure 3(b) that the change in biofilm
thickness causes little difference in the maximum current density. However, the two batches
with lower thickness experience an apparent dip in current density after the biofilm grows to
its maximum thickness. This is caused by the longer period of repulsion by E. coli to MR1 in
these thinner biofilms which itself is due to longer availability of glucose.
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In the case of DET, co-existence of the two species is predicted with all the three thickness
levels; the overall proportion of MR1 is lower in a thicker biofilm (Figure 3(c)). Analogous to
the effect of a thicker biofilm on formate and Mo concentrations with MET, formate
concentration and electrical potential are lower with a thicker biofilm in the case of DET,
leading to slower growth of MR1. The more obvious change of MR1 proportion with location
in the thickest biofilm is attributed to the increasing variation of electrical potential and
formate concentration across the biofilm. The trend of current density with DET is similar as
MET, but with stronger initial decrease in the two thinner biofilm. This is because of the faster
formate consumption (hence weaker competitiveness of MR1) with DET, compared to the

corresponding batch with MET, during the “dipping” period (Figure 3(d)).

4.1.4. The effect of external resistance, R,
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Figure 4 Model outputs of the batch MFC at different values of external resistance, R,,;.(a) with MET; (b) with
DET.

The effect of R,,; on biofilm composition in the batches modelled with MET turns out to be
insignificant, as a ‘MR1-only’ biofilm is always obtained at the end (results not shown).
Besides, the simulation results suggest that the current density is insensitive to R,,; when
R, is smaller (<10kQ) (see Figure 4(a)). There are two factors that determine current
generation in the case of MET: anode potential and M,. concentration at the anode surface.
The anode potential is higher when R, is smaller, which has a direct positive impact on the

rate of M, oxidation (M,. >M,) at the anode surface. However, this also makes M,. harder to
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accumulate (see Sl, Section VI, Figure S4), which limits the oxidation process. The combined
effect of the above two factors is that the difference in current density between different
R,y is rather insignificant at the lower range of R,,;. However, when R,,; becomes larger
(>10kQ), the influence of a lower anode potential is more significant and dictates the slower
rate of the M, oxidation process. Therefore, the peak current density decreases noticeably.
In terms of power density, as the product of current density and R,,;, it shows a peak at R,

=15 kQ (Figure 4(a)).

With DET, higher R, is beneficial for MR1 to occupy the biofilm by the end of a batch, with
MR1 occupying the entire biofilm when R,,; exceeds 30kQ (see SI, Section VI, Figure S5). We
find that electrical potential in the biofilm drops significantly with a higher R,,;, which limits
the specific growth rate of MR1. On the other hand, the restricted growth of MR1 also means
lower consumption and therefore more sustained availability of formate, which enables MR1
to continue its growth for a longer period (corresponding to the period of current generation,
see Sl, Section VI, Figure S6). Consequently, the fraction of MR1 is able to eventually recover
and even dominates the biofilm. In terms of current generation, the batches with higher
electrical resistance are predicted to have a lower peak current (and power) density but a

longer period of active current (and power) generation, as shown in Figure 4(b).

4.1.5. The effect of initial concentration of the oxidized form of the mediator in the bulk

liquid, Cy0,8 0

In the case of MET, the batch-end biofilm composition changes from ‘MR1-only’ to ‘MR1-E.
coli co-existing’ type with M, increase (see SI, Section VII, Figure S7(a)). In Section 4.1.2, we
have pointed out that a higher MR1:E. coli seeding ratio can lead to faster formate
consumption which hinders the occupation of the biofilm by MR1. A similar effect is caused
here by a higher M,,. With respect to current generation, faster formate consumption caused
by a higher initial concentration of Mo leads to an earlier and higher peak current density,

and a shorter duration of current production, as shown in Figure S7(b) (see SI, Section VII).

4.2. Continuous mode
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With the continuous mode, our interest lies in the longer-term behaviour and performance
of the MFC, which appeared from the conducted simulation runs to be insensitive to the initial
glucose concentration Cp g ¢ in the bulk liquid and the seeding ratio, therefore the results of
the simulations aimed to show their influence are not reported here. Besides, the effect of
external resistance on the biofilm composition was shown to be negligible. The predicted
power generation showed the same characteristics in simulations with the two different EET
mechanisms: the current density decreases with the increasing external resistance, and an
optimal value of external resistance exists and corresponds to a maximum power density,
both of which are in accordance with the previously reported experimental finding [42]. As
no insights manifested additionally to those already revealed by the batch mode with respect
to the impact of external resistance, the simulation results pertaining to this parameter are
not further discussed. The rest of this section will thus focus on the impact of two important
parameters for a continuous bioreactor, namely flowrate (which determines dilution) and
inlet substrate (i.e. glucose in this case) concentration, as well as biofilm thickness which
shows multiple effects in the earlier analysis of the batch mode. Besides, one initial condition,
namely the initial Mo concentration in the bulk liquid, was shown to affect the long-term
composition of the biofilm, hence the relevant results are presented here. Unless stated

otherwise, the results shown are of a steady state reached by the continuous reactor.
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4.2.1. The effect of flowrate, V¢
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Figure 5 Model outputs of the continuous MFC at different values of flowrate, V;. (a) and (c): MR1 proportion in
the biofilm at the steady state with MET and DET, respectively; (b) and (d): Current density profile with MET and

DET, respectively.

The results for the MET model are shown in Figure 5(a) and (b). With the feeding flowrate
being 1 X 10~7L/s or higher, MR1 is shown to be completely repelled from the biofilm, which
is due to the significant dilution impact leading to a low formate concentration that causes
severe restrictions to the growth of MR1. This means collapse of the ‘fermenter-EAB’
consortium, and hence the failure of the system to produce current. When the flowrate is
reduced to 1 X 1078L /s, the anode chamber becomes able to accumulate formate to a level
that allows MR1 to compete with E. coli for the space in the biofilm, leading to a biofilm

composition profile similar to those observed earlier in the batch reactor (with MET). As the
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two-species consortium is stably present, continuous current generation is sustained. Further
reduction of the flowrate improves the competitiveness of MR1 in the biofilm, however the

lower supply of glucose leads to the reduction of current density.

For DET, Figure 5(c) and (d) show that in general, biofilm composition and current generation
follow a tendency of changes with flowrate similar to the case of MET. It is noticeable,
however, the biofilm transfer from ‘E. coli-only’ to ‘E. coli-MR1 co-existing’ via a special
occasion with unvaried distribution of the two species cross the biofilm, at a flowrate of
1x 1077L/s. In this occasion, the formate concentration is high enough to increase the
specific growth rate of MR1 (compared to the cases with higher flowrates) to the same level
of E. coli before E.coli completely occupies the biofilm. At steady state, this identical specific
growth rate of MR1 and E.coli dictates a zero spatial gradient of the biomass fractions in the

biofilm (see SI, Section VIl for a proof).

4.2.2. The effect of inlet concentration of primary substrate (glucose), Cp ;,,
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Figure 6 Model outputs of the continuous MFC at different values of inlet glucose concentration, Cp ;,,. (a) and
(c): MR1 proportion in the biofilm at the steady state with MET and DET, respectively. (b) and (d): Current
density profile with MET and DET, respectively.

As shown in the Figure 6(a), a continuous MFC governed by MET is predicted to have E. coli
repelling MR1 from the biofilm strongly when the system is fed with more concentrated
glucose, with E. coli occupying the biofilm completely when Cp ;,, increases to 500mM. At the
biofilm inner surface, the specific growth rate of E. coli rises significantly when Cp ;;, is
increased to 400mM as it to a large extent reduces the glucose limitation to the growth of E.
coli even at this most remote location for glucose supply. Although the increased E. coli
growth also means better supply of formate, the specific growth rate of MR1 starts to decline
at a certain point due to the limitation by M,, following the fast initial consumption resulting
from the abundant substrate supply. These two causes collectively lead to the predicted
decline and eventual exclusion of MR1 from the biofilm as Cp;, increases. On current
generation, Figure 6(b) shows that the current density boosts firstly as the greater supply of
the substrate plays a more dominant role. After that, it decreases, dictated by the decline of

the fraction of MR1 in the biofilm.

In the case of DET, the fraction of MR1 in the biofilm also shows a declining trend as Cp ;,
increases. However, unlike the case of MET where MR1 is eventually repelled completely,
here an upper limit (~80%) is predicted for the proportion of E. coli (Figure 6(c)). This is
because, compared to the significant influence of the reduction in M, concentration in the
case of MET, the level of the anode potential in the case of DET allows the specific growth
rate of MR1 to eventually stabilise at a level equal to that of E. coli, resulting in the co-existing,
even distribution of the two species across the biofilm. On current generation, the case of
DET is shown (Figure 6(d)) to be dominated by the supply of the substrate (via the specific
growth rate of MR1, as opposed to the fraction of MR1 in the biofilm) with increase in current

density until the substrate supply reaches a saturated level.
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4.2.3. The effect of maximum biofilm thickness, Lg a5
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Figure 7 Model outputs of the continuous MFC at different values of the maximum biofilm thickness, Lspqy- (a)
and (c): MR1 proportion in the biofilm at the steady state with MET and DET, respectively; (b) and (d): Current

density with MET and DET, respectively.

In the case of MET, it can be seen from Figure 7(a) that the proportion of MR1 in the biofilm
increases with the thickness of the biofilm, which is due to the negative effect of a thicker
biofilm on the growth of E. coli via the impediment of the diffusion of glucose from the bulk
liquid. The gain in the fraction of MR1 in a thicker biofilm however decreases as the thickness
increases, because of the negative impact of the impeded diffusion of glucose on the supply
of formate. Accordingly, the current density shows an increasing trend with the biofilm

thickness, but at a reduced increment, as presented in Figure 7(b).
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Compared to MET, the DET case is affected by the biofilm thickness via another factor
additional to the impediment on glucose diffusion: electrical resistance (and hence potential)
within the biofilm matrix. However, the results shown in Figure 7(c), similar to that of MET,
are primarily dictated by glucose diffusion, since at the default electrical conductivity of the
biofilm (2.5 x 1073 5/m) the potential gradient within the biofilm is negligible. With
hypothetical lower conductivity values, the impact of potential becomes more predominant,
as can be seen in Figure 7(d). The figure shows that, with a higher conductivity
(2.5 x 1073 S/m), the current density increases with biofilm thickness when the biofilm is
thinner than 200um, due to the dominating effect of the increased fraction of MR1 in the
biofilm. Beyond this thickness, the current density has no obvious further improvement,
because of the combined effect of the two factors that generally affect the current density,
namely the increase in MR1 fraction and the decrease in the specific growth rate of MR1
(mainly due to the reduction in formate availability at this particular level of conductivity).
With lower conductivities, overall the biofilm generates smaller current densities, which is
not surprising as higher electrical resistance causes lower electrical potential and hence

slower growth of MR1.

Figure 7(d) also shows that when the biofilm conductivity is 2.5 X 107° S/m, there is an
optimal biofilm thickness within the tested range, which corresponds to a maximum current
density, suggesting that the disadvantage of a thicker biofilm (causing potential drop across
the biofilm) becomes increasingly pronounced and eventually overweighs the advantage of
the increase in MR1 fraction. When the biofilm conductivity is the lowest, i.e.
2.5 x 1071%° S/m, the lower MR1 specific growth rate (now significantly caused by the
reduction of potential across the biofilm) is the major determinant of current generation: the
current density decreases first as the biofilm thickness increases and then sustains a constant

level by the compensation of a higher MR1 biomass fraction in the thicker biofilm.

4.2.4. The effect of initial concentration of the oxidized form of the mediator in the bulk

liquid, Cp0,8 0

It turns out that the impact of initial Mo concentration, Cy, g o ONn the steady-state biofilm
composition, in MET-based systems, is dependent of inlet concentration of primary substrate

(glucose),Cp in, as shown in Table 1.
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587 Table 1 Variation of biofilm composition with Cyo g o and Cp i,

CMO,B,O Cp,in=100m|\/| CP,il’l=300mM CP‘inzsoomM
OmM
E. coli onl
1x1075mM . . coli only |
1% 10-3mM E. coli-MR1 co-existence E. colionly
E. coli-MR1 co-exi
1x10ImM coli-MR1 co-existence

588  The steady-state biofilm composition does not change with the initial Mo concentration when
589  Cpjy is as either 100mM or 500mM. At the lower Cp ;,, the Mo concentration in the biofilm is
590 able to sustain the specific growth rate of MR1 and is not consumed rapidly, hence allowing
591  for the two species to co-exist. At the higher Cp;,, none of the tested Mo values can sustain
592  the consumption by the growth of MR1 and will become depleted eventually. Together with
593  the fact that a higher Cp ;j, is also beneficial for E. coli growth, an ‘E. coli-only’ biofilm results
594  with all the tested initial Mo concentrations, and this result is consistent with the earlier
595  discussion on the impact of Cpj,, (see Section 4.2.2). When Cp j,, equals to 300mM, however,
596 theincrease in the initial Mo concentration appears to be able to cause changes to the stable
597  biofilm composition, with the biofilm shifts from ‘E. coli-MR1 co-existing’ to ‘E. coli-only’.
598  Among the tested levels of the initial Mo concentration, the “middle” value of 1 X 10™3mM

599  appears to mark the transition in the ability of the available Mo to sustain MR1 in the biofilm.

600 5. Discussion

601 5.1. Batch vs. continuous reactors

602  The nature of a batch reactor means that the evolution of its dynamics terminates once all
603 the substrates are completely consumed, whereas a continuous reactor has the chance to
604  unfold its dynamics without such a time limitation. Due to this difference, the initial conditions
605  significantly affect the biofilm composition and current generation in the batch mode, which
606  however often do not have an impact on the long-term state of the continuous reactor (with
607  the exception of the initial M, concentration in the case of MET). Taking seeding ratio as an
608 example, our simulation results show that the initial setting clearly influence the end state of
609 the batch reactor through distinct mechanisms and dynamics with MET and DET. In a
610 continuous reactor, such dynamics could also be experienced in the early stage of the
611  operation, yet the further evolution of the dynamics would eventually eliminate the influence

612  of the difference in the initial setting. On the impact of other parameters settings, the
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theoretically infinitely long period of operation, together with the continued supply of
substrate, could lead to rather different outcomes in the continuous reactor than its batch
counter-part. In fact, it was the case of the maximum biofilm thickness: MR1 proportion
decreases with biofilm thickness in the batch mode, while an opposite trend manifests in the
continuous mode with both EET mechanisms.

In both batch and continuous reactors, optimal parameter settings could be identified from
the simulation results, although in different senses. With a continuous reactor, steady-state
power output can be used as a clear objective, which can only be delivered by parameter
settings that result in a stable consortium. From Table S3(b)(see S, Section IX), one can see
such parameter settings, which are typically those that lead to the “best” composition of the
biofilm, i.e. those resulting in the ideal combination of the amount of MR1 in the biofilm and
its overall specific growth rate. For a batch reactor, all the tested cases showed complete
conversion of the original substrate (glucose) regardless of the final composition of the biofilm.
However, in terms of power generation, batches with certain parameter settings are
predicted to have a higher peak current density and a shorter period needed for complete
conversion (see SI, Section IX, Table S3(a)), which may be considered as more desirable than

the others parameter settings.

5.2. MET vs. DET

From the model description, one can see that with both EET mechanisms, current generation
is primarily determined by the growth of MR1, either directly as with DET or indirectly as with
MET (which is through affecting the generation of the reduced mediator). In the case of MET,
the specific growth rate of MR1 is affected by the concentration of M, which is replaced by
the potential in the biofilm in the case of DET. In the Results section, we have already stated
one important implication of this difference: As M,, is regenerated by oxidation only at the
anode surface, its concentration declines rapidly in the biofilm towards the outer surface. In
contrast, the electrical potential tends to have minor variation across the biofilm except when
its electrical resistance is extremely high. This difference underlies several general
observations relating to the comparison of DET with MET, including a lesser degree of spatial
variation in the fractions of the two species, greater overall growth of MR1 in the biofilm, and

higher attainable current density. There is yet another aspect of the difference between the

29



643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

role of M, in MET and that of potential in DET: A positive feedback loop exists with M, and
the growth of MR1, in that a higher M, concentration can escalate the proportion of MR1 in
the biofilm; the increased amount of MR1 in turn produces more M,,. In contrast, a higher
potential can improve the growth of MR1 and hence current generation, which however
would lead to the increase of the potential loss by the external load, i.e. to a reduction to the
potential at the anode surface and hence across the biofilm, hence forming a negative
feedback loop. None of these two loops would function in isolation with other aspects of the
dynamics of the reactor, yet the difference between them means that temporal variation of
M, could bring influence more significantly to an MET system than that of the potential to a

DET system.

In this work, these two EET mechanisms have been studied separately. There is experimental
evidence that shows the co-functioning of MET and DET in certain systems [43]. It would be
interesting for the future work to model a multi-species anodic biofilm with dual EET

mechanisms, building on an existing model [12].
5.3. Trade-offs and their implications

It is noticeable that biofilm composition response and current generation performance are
often the result of various trade-offs between multiple impacts of individual factors. For
example, the initial glucose concentration in a batch reactor and the feed glucose
concentration in a continuous reactor affect both the growth rate of E. coli (directly) and that
of MR1 (via formate concentration). In a continuous reactor, its flowrate affects both
substrate supply and dilution. In both types of reactors, biofilm thickness impacts on the
amount of biomass the biofilm can accommodate and on the resistances to mass transfer and
current conduction. In each pair of such trade-off impacts, their relevant dominance
determines the “net” impact of the impacting factor, which however may shift with the
variation in the magnitude of some other parameter settings, as observed, for example, in
the predicted variation of the steady-state current density against biofilm thickness in the
continuous reactor with DET and an intermediate level of biofilm conductivity (see Section
4.2.3). The trade-offs and their shifts have shown in several cases to lead to the existence of
an optimal parameter value, such as 15kQ for the external resistance in batch with MET;

1x 1078 and 1 x 1077L/s for the flowrate in the continuous MFCs with MET and DET,
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respectively; and 100um for the biofilm thickness with moderate conductivity (i.e.2.5 X
107% S/m) in the continuous MFC with DET. It should be mentioned that biofilm composition
and current generation may show different trends from the impact of the various factors and
trade-offs, as the former is primarily affected by the comparative specific growth rate of the
two microbes at different locations of the biofilm, while the latter is largely affected by the

overall amount of MR1 biomass in the biofilm and its overall (or average) specific growth rate.
6. Conclusions

Detailed simulation studies were carried in this work on MFCs with an anodic biofilm
populated with a ‘fermenter-EAB’ two-species microbial consortium. The results reveal the
responses of biofilm composition and current generation to a range of chemical, biological
and physical factors via two different EET mechanisms (MET and DET) and under two
operating modes (batch and continuous). The outcome of a batch MFC was shown to be
significantly influenced by all the initial conditions, while the oxidised mediator concentration
appeared to be the only initial condition that affects the steady state of a continuous MFC
(with MET). The two operating modes also showed contrasting responses to the maximum
biofilm thickness, while the continuous mode additionally showed critical impacts of flowrate
and the inlet substrate concentration on the stability of the consortium and on the relative
species abundance across the biofilm. Between MET and DET, the different roles and spatial
distribution profiles of oxidised mediator concentration (relevant to MET) and electrical
potential (relevant to DET) were shown to dictate a number of key differences in the predicted
outcomes of the two EET mechanisms. Generally, biofilm composition and current generation
in the simulated MFCs are shaped by the trade-offs that exist between multiple impacts of
individual factors in all the simulated cases, reflecting the interplay between microbial growth,
mass transfer, and electrical conduction. Our simulation results also suggested that optimal
settings exist with several parameters leading to reduced batch duration or enhanced

continuous power generation.
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701 Nomenclature

E° Standard mediator redox potential, V
Exa Potential corresponding half-maximum specific growth rate, VV
Reoxt External resistance, 2

Rigeal Ideal gas constant, / /(mol - K)
Rint Internal resistance, (2

A Anode potential, V

/A Cathode potential, IV

i, Exchange current density, A

k, Oxidation rate constant, m/s

k. Reduction rate constant, m/s

A Area, m?

C Concentration, mol/m3

D Diffusion coefficient, m?/s

F Faraday constant, C/mol

] Exchange mass flow, mol/(m? - s)

K Half-saturation constant, mol/m3

L Thickness, m

R Reaction rate, mol/(m3 - s) or kg/(m3 - s)

T Operating temperature, K

%4 Volume, m3

X Biomass concentration, kg /m3

Y Yield coefficient, dimensionless
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U

p

Subscripts
0

B

Fraction of electrons recoverable from EAB’s substrate for current,
dimensionless

Current density, A/m?

Biofilm conductivity, S/m

Electron transferred per redox mediator reaction, dimensionless
Reaction rate at the anode surface, mol/(m? - s)

Time, s

Advective velocity, m/s

The direction along biofilm depth

Electron equivalence of EAB’s substrate for current generation,
dimensionless

Transfer coefficient for mediator oxidation/reduction reaction,
dimensionless

Porosity, dimensionless

Converted coordination, same as x direction

Biomass specific growth rate, 1/s

Density, kg /m?3

Initial state, t=0
Bulk liquid

DET

Diffusion layer

Electrode
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EA
FB

EAB

in
max
0x

red

ref

Abbreviation

BESs

DET

E. coli

EA

EAB

Electron acceptor

Fermentative bacteria
Electrochemically Active Bacteria
Biofilm

Intermediate substrate (EAB’s substrate)
MET

Oxidised form of the mediator (FMN)
Reduced form of the mediator (FMNH,)
Primary substrate

Dissolved soluble component

Biomass

Flow

Inlet flow

Maximum

Oxidation process

Reduction process

Reference condition

Bioelectrochemical systems

Direct conduction-based extracellular electron transfer
Escherichia coli

Electron acceptor

Electrochemically active bacteria

34



702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

EET Extracellular electron transfer

FB Fermentative bacteria
MET Mediator-based extracellular electron transfer
MFCs Microbial fuel cells
S. oneidensis Shewanella oneidensis
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