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Abstract

A cellular non-linear network (CNN) is a uniform regular array of locally con-
nected continuous-state machines, or nodes, which update their states simul-
taneously in discrete time. A microbial fuel cell (MFC) is an electro-chemical
reactor using the metabolism of bacteria to drive an electrical current. In a
CNN model of the MFC, each node takes a vector of states which represent ge-
ometrical characteristics of the cell, like the electrodes or impermeable borders,
and quantify measurable properties like bacterial population, charges produced
and hydrogen ion concentrations. The model allows the study of integral re-
action of the MFC, including temporal outputs, to spatial disturbances of the
bacterial population and supply of nutrients. The model can also be used to
evaluate inhomogeneous configurations of bacterial populations attached on the
electrode biofilms.

Keywords: Microbial fuel cells, cellular non-linear network, spatial models

1. Introduction

Microbial Fuel Cells are renewable bioelectrochemical transducers that con-
vert biochemical energy into electricity. MFCs empower simultaneous treatment

of waste-water and energy extraction from mixed organic media via the usage
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of microbial consortia as bio-catalysts. In addition to treating anthropogenic
waste and wastewater, whilst producing rather than consuming electrical energy,
MFCs have the ability of degrading toxic pollutants and the advantage of not
burdening further the carbon cycle in the way fossil fuels do [I]. They bear some
resemblance to conventional fuel cells, given that they comprised two compart-
ments, the anode and the cathode, divided by a Proton Exchange Membrane
(PEM), where oxidation and reduction reactions occur. A major difference is
that MFCs use abundant, renewable fuels, such as organic substrates, that are
metabolised by bacteria, whereas chemical fuel cells are fuelled by pure com-
pounds (which could be toxic as methanol or explosive as hydrogen) oxidised by
precious metals. As a result, their inexpensive functionality and maintenance
designate MFCs as a viable solution for producing energy in isolated areas.

Despite the fact that MFCs were proposed more than a century ago [2], it is
still a subject of rigorous research, due to the increased power densities that have
been achieved in the last decade. In addition, since they operate in ambient con-
ditions (ambient environment temperature, atmospheric pressure, neutral pH)
and given the aforementioned advantages, they can efficiently support systems
for applications like remotely deployed sensors and robotics [3]. Nonetheless,
their analysis in copious conducted experiments reveal significant limitations on
their performance due to low microbial activity (low growth rate or metabolic
rate, due to non-optimal growth conditions or unsuitable microcosm — insu-
ficient anodophiles), ohmic losses, mass transfer limitations on the electrode
surfaces, non-optimised electrode architectures and transfer potential through
the PEM. The process of defining the factors that limit the performance of
MFCs can lead to more efficient designing methods. Although some techniques
used in the conventional chemical fuel cells could be adopted, they can not be
expected to provide the same results due to the fundamental differences of the
systems particularly due to the biological nature.

MFCs are complicated devices that contain bio-electrochemical reactions,
mass and charge balance principles, biotic or abiotic transformation processes.

As a result, their analysis and design process require a multidisciplinary ap-



proach with background in electrochemistry, microbiology, physics and engi-
neering. On top of that, there are numerous differentiations in the MFCs stud-
ied which range from their configurations (having two chambers separated by
a PEM or a membrane-less single-chamber MFCs) to the type of their incor-
porated mechanism of donating electrons to the anode electrode (mediated or
mediator-less MFCs).

Given the complexity of these systems, the number of parameters that affect
their outputs and the costs in time and money needed to perform laboratory
experiments, the development of computerised mathematical models simulating
these systems is of great importance. The implementation of modelling tech-
niques can contribute to the investigation of the principles covering their oper-
ation and affecting their performance, producing better arrangement designs of
MFCs and working circumstances.

To address spatial dynamics of biophysical processes in a MFC we designed a
cellular non-linear network (CNN) model. A CNN is a uniform regular array of
locally connected continuous-state machines, or nodes, which update their states
simultaneously in discrete time [4, [B]. Essentially, CNN is a finite-difference
scheme with time step one. A CNN is a subset of cellular automata (CA). A
CA is the same as CNN but states of nodes are discrete. CA and CNN are often
mixed, many researchers do not differentiate these two types of machines. What
is imitated in CA can be imitated in CNN and both offer powerful modelling
capability as well. There are several studies published on CNN/CA or hybrid
models of reaction-diffusion [6l [7, [8 [, 0], 11 2] 13| 14} [15] and prototyping
of chemical computers [16] 17, 18, 19, 20, 2I] and molecular computers [22],
spatial dynamics of bacterial colonies [23] 24, 25] 26, 27]. Other approaches
relevant to CNN modelling of MFCs are CA models of fuel loading patterns
in nuclear reactors [28], dynamics of nuclear reactors [29] B0, B1], [32], neutron
transport [33], waste water treatment by aerobic granules [34], sequencing batch
reactor [35], fluid flow in a porous medium [36].

The proposed CNN-based model simulates biochemical and electrochemical

reactions in a MFC based on synthetic redox mediators. To the best of the au-



thors’ knowledge this is the first attempt to simulate the outputs of a MFC with
a CNN model. Despite the fact that the application of CNNs have been widely
used to simulate several biological, chemical and physical processes as indicted
previously, the novelty of this study can be pinpointed in the fact that all the
processes and, thus, the behavior of a batch-fed MFC has not been previously
presented in a single CNN lattice with a local state comprised of all the critical
quantities (several chemical species concentrations, biomass concentrations and
current produced). Such a model will allow for a detailed analysis of integral out-
comes of spatial processes inside MFCs, including a possible uneven distribution
of nutrients in the MFC chamber, patterns of bacterial population in biofilms
covering electrodes and distributions of diffusing metabolites. Nonetheless, the
use of CNN as the mathematical basis for the model allows the employment of
the inherent fully parallel nature of synchronised locally interconnected simple
unities. The subject device is a two chamber MFC with the presence of elec-
troactive microbes in suspension in the bulk liquid and forming biofilms on the
surface of a planar anode electrode and assuming electron transfer from the mi-
crobes to the electrode with the use of an externally added diffusible chemical
mediator. That mechanism can be differentiated to emulate various types of
MFCs, that will be the aim of future works. Nonetheless, the present study can
lead towards exploiting the parallelism of the simulating tools and, as a result,
intensively accelerating the simulation of MFCs, by the implementation of the

CNN-based algorithm on parallel hardware, as illustrated in [37, B8].

2. Previous work

Despite the intense investigation in the laboratory experimental field to op-
timise the performance of MFCs, results from computational models are not
derived with the same rate. Moreover, the few models developed are targeting
specific MFC configurations each and are so strictly specified that they become
impractical for implementation on different configurations. The first model pre-

sented [39], investigated a single population using an external mediator as re-



ceptor of electrons. That model analysed the correlation of the concentration
of the external mediator with the higher possible power output.

The authors of [40] introduced the simulation of a MFC with an added medi-
ator and several populations of suspended and attached biofilm microorganisms.
The model was developed on two or three dimensions providing the resultant
current produced by homogeneous or not biofilms. The results were derived by
taking into account several parameters, like the content of different microbial
species, the amount of suspended microbes compared with ones attached, the
potential of the mediator, the initial concentrations of the mediator and the
substrate and many more. The results provided were compared with experi-
mental data from a batch MFC fed with acetate and inoculated with Proteus
and found in a good agreement.

The model presented in [40] was updated in [4I] with the incorporation
of International Water Association (IWA’s) anaerobic digestion model (ADM1)
[42]. The coexistence of several types of methanogenic and electroactive bacteria
is simulated, taking into account whether they are suspended or attached to
the anode electrode. A batch MFC was simulated to test the effects of the
electrical circuit on the population of the microorganisms and the results were
compared with laboratory data. The model is also based on a one, two or
three dimensions partial differential equations system to represent the spatial
distribution of solutes in the biofilm.

In [43], a model simulating a MFC with only suspended microorganisms
and externally inserted mediator was studied. In this model the conservation
of mass for the dissolved ingredients has a basic role. The biomass growth is
not studied in that model while a batch mode MFC which was periodically fed
was simulated. The results were compared with laboratory data from MFCs
inhabited with suspended Proteus cells and incorporating thionine as a media-
tor, proving accurate representation of the system. The model introduces the
ideas of endogenous metabolism or intracellular substrate storage to justify a
small amount of current present between the feeding pulses. As the conditions

and concentrations in the anode were considered uniform, a one dimensional



solution of the algorithm’s equations was presented. Some key parameters of
the equations used were extracted from fitting the outputs to the experimental
data, while some others were estimated.

Another study [44] proposing a mathematical model for MFCs, was based
on two dimensional macroscale mass balance equations and microscale biofilm
evolution. The model contains hydrodynamic calculations and mass and charge
balances through diffusion, convection and electromigration to simulate the cur-
rent output, species concentrations and pH distributions throughout the anode.
Nonetheless, the possibility of depicting on two or three dimensions irregular
biofilm and electrodes configurations and simulate the effects on the MFC oper-
ation and outputs was provided. The model was used to reproduce the system’s
outputs such as its pH distributions, the effect of multiple communities of elec-
troactive, methanogenic and fermentative bacteria existing in the anode biofilm
and the effect of the flow over or through complex electrodes.

The authors of [45] presented a model simulating a MFC with inspiration
of models simulating chemical fuel cells. A mediator-less two-chamber con-
figuration was studied in steady and dynamic states, with the combination of
biochemical reactions, ButlerVolmer expressions, mass and charge balance equa-
tions. Also, given the assumption that the anode is under anaerobic conditions
the ADM1 was used to simulate the biochemical reactions. The authors argue
that the effects imposed by the reactions in the cathode on the performance of
the MFC are noteworthy. There were some laboratory experiments conducted
in the context of this study to determine some of the parameters required by the
model. Despite that, it was not possible to extract some parameters that were
estimated by a mathematical method of best fitting the results of the model
with the experimental data.

A one dimensional model of a steady state MFC incorporating charge, heat
and mass transfer and biofilm formation was suggested [46]. The model sim-
ulates the electrical performance of the MFC and the evolution of the biofilm
formation that are affected by the inputs, like temperature and substrate con-

centration. The configurations simulated were the same as in [45], however a



minor improvement in the results’ agreement was realised mainly because of the
addition of the effects that heat transfer has on the anode and the cathode.

The authors of [47] presented a model that concentrates on the effects that
the operational parameters of a MFC, such as the external ohmic resistance
and organic loads, have on communities of anodophilic and methanogenic mi-
crobes. The ordinary differential equations that are included by the model
were subjected to fast numerical solution techniques in order for the model to
be more efficient than the one presented in [40] but not oversimplified as the
one presented in [39]. Moreover, the model was calibrated with the analysis of
two single-chamber membrane-less aircathode MFCs and then validated on two
other MFCs.

Another type of MFCs, namely the membrane-less single-chamber MFC,
with molasses as fuel was modelled in [48]. The model consisted of a system
of differential equations depicting the diffusion and concentration profiles of the
molecules, which are solved with a numerical approximation technique, namely
the implicit finite difference method. Despite the fact that the authors find the
results of the model in accordance with the theoretical principles, they suggest
that more detailed evaluation of the model is required in order to serve the
optimisation of the performance of MFCs.

The novel model based on CNN simulating the performance of MFCs pro-
posed here, was motivated by the limitations imposed by the previously re-
ported models. Some of these limiting factors are the representation of the
MFC compartments in one dimension disregarding possible inhomogeneities in
the electrodes or the biofilms and the implementation of complicated differential
equations that make models time consuming and compute-intensive. Moreover,
the use of CNN is advantageous compared with past models, as complicated
computations are emerging from synchronised local interactions of basic sim-
plistic entities. The given homogeneity of CNNs and the local interconnections
are essential features for mapping great amounts of cells in digital circuit sys-

tems, taking full advantage of a parallel implementation of the model.



3. The proposed model

The model proposed here is simulating the performance of a two-chamber

acetate-fed MFC with a biofilm attached on the anode electrode in batch mode.

The following assumptions are made:

1.

10.

The electrode is considered to be a 2D solid, which although is in contrast
with best practices [49], it is a necessary simplification for the model.
Important characteristics such as low biofilm populations — due to the
limited available outer area for colonisation — and biofilm erosion will be

considered in future studies.

. The microbial growth is proportional to the spatial concentrations of

growth-limiting factors like acetate and oxidised mediator; however the
metabolic products formed are not considered as primary factors effecting
the performance of the MFC and, thus, neglected by the model,;

An ideal PEM is considered, allowing only protons to pass through but
nothing else (like other cations, carbon dioxide, acetate and oxygen) and
does not limit the performance of the MFC;

An added mediator mechanism is used; as a result, electrons are shuttled
from the microbes to the anode electrode by the reduced form of a chemical
which is oxidised at the surface of the electrode;

The heat generation by electrochemical reactions occurring on both elec-
trodes, anode compartment and biofilm and the heat flux is not considered;
Temperature is considered fully controlled and kept constant;

Solute materials are transported in space through molecular diffusive forces
and migration of charged molecules, due to the electrical potential field.
The latter is not studied in the current version of the model;

No gravity forces were included for any of the material to keep the model
as straightforward as possible;

The anode compartment is defined as a continuously stirred tank reactor;
The reactions in the cathode side are prescribed as constant and are not

a limiting factor of the MFC’s performance.



Note here, that neglecting the migration of charged molecules in the electrical
potential field generated by the voltage outputs of the MFC can not be treated
as an oversimplification of the model that studies single MFCs equipped with
an ideal cation/anion exchange membrane. That assumption stands, given that
the effects of that phenomenon are minor due to the low voltages produced
by the system and the high conductivity of the anolyte solution. Moreover,
previously published models of MFCs [50] suggested that the incorporation or
not of the phenomenon of electrical migration provides results with an average
difference in power densities of 1.92% throughout the range of MFC voltage
outputs. Nonetheless, most of the previous work done on the field of MFC
modelling neglected that phenomenon [40] 45] [46].

The grid of the CNN model is of size nxn (here is consisted of 68 x 68 cells for
illustration reasons), and is representing a cross section of an area in the anode
compartment near the electrode of a given batch-mode MFC. The size of the
simulated area, represented by one CNN cell is set with the actual geometrical
distances in mind. The size of each cell has been chosen to be sufficient to
illustrate an area where the abstraction of homogeneous reactions occurring can
be justified and fluxes of soluble chemicals can be depicted. Namely, the area of
a CNN cell is defined as a 1um x lum area of the anode compartment, an area
comparable with the typical dimensions of some species of bacteria. As a result,
the CNN cell is small enough to accommodate the two dimensional projection
of the existence of a single bacterium in a specified area. The size of a CNN cell
can be trivially increased after the appropriate decrease of the dimension-related
parameters and without changing anything in the algorithmic configurations of
the model. This procedure would effect negatively the accuracy of the model,
as a higher level of abstraction will be assumed, however the execution time will
be decreased as a smaller amount of elements will be calculated.

The von Neumann neighbourhood was used, meaning that each cell has
five neighbours, the four closer adjacent cells to the central one (located in the
north, south, west and east directions), including the central one. Note here that

while the Moore neighbourhood could be used to provide more realistic results



(as a more extended neighbourhood would be used including nine cells), the von
Neumann neighbourhood was chosen to maintain an efficient point in the trade-
off between complexity and accuracy. While the accuracy of the calculations
is slightly reduced and the complexity of the model is reduced, its speed of
execution is considerably enhanced. Each cell is defined by its state consisted of
several parameters that are simultaneously updated throughout the simulation
time steps, according to the states of its neighbours and by the local rule. The

parameters consisting the state of each cell are the following:

Sf,j = [thja Xit,ja (CAC)E,J'» (CMT@d);]W (CMOI)Z,]'V (CH);]W Of,ja If,j] (1)

where 7 and j are the dimension indexes that establish the location of each cell in
the grid and ¢ is the current time step. T(ti, ) is illustrating the way the relative
area, represented by each cell, can be classified depending on its characteristic
structure. This parameter can change through the simulation time steps and

can have the following values:

0, for borders (confining the movement of elements),

. 1, for anode electrode surface,
Ti,j) = (2)
2, for biofilm attached to the electrode,

3, for bulk liquid of anolyte.

Parameters X(tm.)7 (CAC);]-, ((71\47«6[1)12’3-7 (CMO:I:)ZJ' and (CH)ZJ indicate the con-
centrations of ingredients that participate in the significant reactions in a MFC
which are investigated for designing the model. Note here, that the units of all
the parameters in the following equations and their values for an example con-

figuration presented in the following section can be found in Table [I Namely,

o X (tz ;) represents the bacterial populations present in the anode compart-

ment either in suspension or constituting a biofilm on the electrode,
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(c AC)E ; represents the electron donor material for the microbes (the fuel

of the MFC), here assigned as acetate,
° (CMred)z’ j represents the added mediator chemical in reduced form, while

. (C’Mox); ; represents the added mediator chemical in oxidised form,

(c H)f ; represents protons /hydrogen ions that are released from the reac-

tions occurring in the anode electrode surface.

Parameters O} ; and I} ; represent the locally imposed over-potential and
produced current density in each cell (¢,7). The Oij parameter studied is the
activation over-potential, while the effects from the ohmic and concentrations
over-potentials are implemented in the local rule calculations [40].

The definition of the anode compartment as a continuously stirred tank
reactor is based on the fact that phase mixture is quite faster than the electro-
chemical and biochemical reaction rates [45]. As a result, all cells representing
an area of anode bulk liquid will obtain the same state at the same time step.
Also, the cells representing borders, theoretically undergo no changes through-
out time, thus, their states are regulated to a constant set of values, equal to
Zeros.

The local rule used in the model simulates the kinetics and reactions of all
materials. The calculations depend on the type of the cell represented (T(tl j)) at
the given time step and employ the concentrations of chemicals in the predefined
area (the neighbourhood of each cell) to provide the concentrations throughout
time for each CNN cell. The concentrations within cells simulating the biofilm

is given by the following expression:

(Cac)ih! =(Cac)i; + Dac x (Cacki_yy + (Cac)isry + (Cacli oy + (Cac) i
= Nij x (Cac)i ;) — (rfac)i;

®3)

where D4, is the diffusion coefficient of acetate, IV; ; is the number of avail-

able neighbour cells of the cell (4,7) (not borders or the electrode) and r f Ac;j

11



represents the rate at which the acetate is consumed by bacteria. This consump-
tion rate depends on the local concentrations of acetate, biomass and oxidised

mediator and is defined as a double Monod limitation kinetic equation [51]:

(C(Ac)];f i (CMox)f i
(TfAc);j = QAC X Xlt,J X J 7 X J
Ka. + (CAC)LJ' Kyron + (CMoa:)

where K 4. is the Monod half-saturation coefficient for acetate, Ko, is the

(4)

t
i,J

Monod half-saturation coefficient for the oxidised mediator and Q 4. is the max-
imum specific rate constant for microbial consumption of acetate.

Equation [3| is actually the numerical approximation of the implicit finite
difference method (eq. [5]) of Fick’s second law in two dimensions [48], with the
addition of the consumption rate of acetate by bacteria. Fick’s second law (eq.
@ is used to simulate the transport of solutions or liquids in other liquids, states
that the change through time of concentration is depending on the differences
of concentration and is derived from mass balance principle of a species in a

fluid continuum [52].

da? |, Az?

2
where c is the concentration of a species, D is the diffusion coefficient, ¢ is time
and z is the length.

Furthermore, the concentration of acetate in the bulk liquid is equal for all
cells, as mentioned previously, due to the assumption of the anode as a con-
tinuously stirred tank reactor. Also, biofilm development, along with substrate
consumption rate, and solute mass transport, through diffusion, occur at differ-
ent time scales, in the order of hours and seconds, respectively. Consequently,
an immediate effect of the substrate consumption in the biofilm on the bulk

concentration will be demonstrated in the mathematical formulas. Taking all

the above into consideration, the concentration of acetate in the bulk liquid is
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given by the following equation:

> (rfac)i N > (reac)yn

Vi Vi @)

(OAc)f:;l = (CA(;):J + (TbAC);j +

where (TbAC);j is the net rate of reactions in the bulk, > (rfAc);l is the overall
reaction rates in the whole biofilm (Vk,[ that T(tk’l) =2), > (reAc)fﬂ’ is the

n

overall reaction rates in the surface of the electrode (Vm,n that T’ (tm n) = 1) and

V. is the volume of the bulk liquid, here measured by cells that have an area of
1um?.

The rates of reactions in the bulk liquid (rb Ac;j) are calculated the same
way as the rates of reactions in the biofilm (r fAcZ,z)a specifically by eq. with
the use of local concentrations for the bulk liquid.

Similar rules apply for the rest of chemical species that are important in the
functionality of a MFC, namely the mediator in reduced and oxidised form and

hydrogen ions. The following equations describe the evolution of the concentra-

tions in the biofilm region:

(CMred)z’ng :(CMred)ij + DM X ((CMred)Z,Lj + (CMred)erl’j + (CMred)ﬁ’j,1+
(CM'r‘ed);j_i_l - Ni,j X (CMred)z’j) + YM X (rfAc)aj

(8)

(CMOQJ)Z’—;l :<CMow)§’j + DM X ((CMow)Z,Lj + (CMO:E);LLJ' + (CMow);jfl“F
(Chon)i jp1 — Nij X (Cuon)i ;) = Yar X (rfac)i;
(9)

(CH)E,T :(CH)E,j + Dp x ((CH)EA,J‘ + (CH)EJrl,j + (CH):,jq + (CH)ij#l_
Nij X (Cr)ig) + Y x (rfac)i
(10)
where Dj; and Dy are the diffusion coefficients of the mediator in reduced and
oxidised form and the hydrogen ions, respectively. Yy, and Yy are the yield of

mediator in both forms and protons from the acetate substrate, respectively.
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The concentration of the aforementioned chemical species in the bulk liquid

are calculated by the following:

Y x TfAct T€Mred :nn
(CMred)z;l _ (CMred);j"_YM % (TbAc)Zj-F Z[ M ( )k,l] + Z( M ) B

Vi Ve
(11)

S [=Yar X (rfac)y,] N > (reron)n
Vi Vit

a a

(12)

(CMoz)Ezl = (CMOCE);J' —Yum x (rbAc);j +

> [Yir x (rfac)y,] N 3 (rem)pn
Vi Vi

a a

(Cr)iy = (Cr)iy+ Y x (rbac);; +

(13)

It must be mentioned here that the reaction rates on the electrode surface for
the model are designed having in mind the oxidation mechanism of the mediator
and the fact that the electrode stands theoretically as an impermeable border
for all the other solute materials. As a result the reaction rate for the acetate
substrate is equal to zero ((reAc);j = 0), whilst, for the both mediator forms is

depending on the produced current density and calculated as:

It
t 1,7
(TeMred)iJ = — 2F (14)
It
Y 15
(TeMom)w oF ( )

The reduction reactions that involve the hydrogen ions, are occurring in the
cathode electrode, which is not studied in detail in the present study. Thus,
in order to simulate the decrease in the concentration of hydrogen ions in the
anode compartment, which is due to the flux of the ions towards the cathode

electrode, an upper limit was imposed in all the anode area. If the concentration

14



of hydrogen ions exceeds a predefined value (namely Cp anywhere in the

as)
anode, its value will be fixed to the limit.

The over-potential imposed locally on the surface of the electrode is based
on the concentrations of protons, reduced and oxidised mediator and the current

produced.

RT . (Caron): ;((C)t )2
O! . =FE.— Rpull. — (B3 + == 1n vJ 4
J ¥ Mo (CMmd);j

) (16)

where E. is the constant value assumed for the cathode potential, Rr,; is the
total resistance (internal and externally connected), EY; is the standard reduc-
tion potential for the mediator, R is the gas constant, T is the temperature and
F' is the Faraday constant.

For the calculation of the current density produced on the anode electrode’s
surface, the widely used Butler-Volmer equation [40] 53] is implemented in the

model:

(6’1\47”6(1)14f i ) ( (CMox)t : >_1< (CH)t . )_2 (
It =I,. i,j i, i, ) 2.303- O! . /b)—
2¥] f((CM'red)ref (CMox>ref (CH)ref exp( ,]/ )

exp(—2.303 - Ofﬂ./b))
(17)

where I,.7 is the exchange current density for mediator oxidation in reference
conditions and b is the Tafel coefficient for mediator oxidation (or referred to
as the anodic/cathodic Tafel slope, representing the over-potential increase re-

quired for a x10 increase in current: b = , where « is the anodic transfer

2.303RT
oF
coefficient).
It is worth-mentioning that the over-potential and current density are mean-
ingful only on the cells representing the electrode’s surface. Thus, the afore-

mentioned equations provide these parameters for cells that have T(tij) =1,

otherwise they are equal to zero.
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As the calculations of the over-potential and the current density are implicit,
a random positive value of the total current is assumed and then a numerical
method is used to approximate the lowest error in the calculation of the total
current, given the concentrations of chemical species on the electrode surface.
On the first step, the randomly chosen current value is used (in eq. to
calculate the over-potential, which is then used to calculate the new current
density (in eq. and, thus, the total current produced. The current density

error, which is targeted to be minimised, is given by:

e = Thew — Y 1)l (18)
where I,¢, is the randomly assumed value for the first step or the calculated
value by the previous step.

The evolution of the biofilm is proportional to the concentrations of chemical
species as described by a double Monod limitation kinetic equation (as in eq.
4). The calculation of its expansion in the area of the bulk liquid of the anode
is based on a simple algorithm to keep the overall computational model as
straightforward and fast as possible. The concentration of biomass material in

the biofilm CNN cells is calculated by the following equation:

XU = XL+ ()l (19)

where (rf X)f ; 1s the rate of the biomass production in the biofilm and equals:

(rfx)i; =Yx X (rfac)i (20)

where Yy is the biomass yield on acetate substrate. The same equations are
used for the approximation of the suspended biomass in the bulk liquid, with

the usage of the appropriate local concentrations.

XU = X1+ (rbx); (21)
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where (rbx)z ; s the rate of the biomass production in the bulk liquid and

equals:

(Tbx);j = YX X (TbAc):’j (22)

An upper limit on the concentration of biomass in the bulk liquid (X/...)
is imposed to control the biomass growth. Moreover, the following method,
which is written in pseudo-code, is performed to simulate the release of pressure
produced by the creation of new biomass inside the region of the biofilm. This
is to ensure a more realistic expansion of the biofilm attached on the anode
electrode towards the bulk liquid. The algorithm is performed with initial cells
that are part of the biofilm (for cells 4, j that have parameter T(ti7j) =2).

if X! >= X4, then
if a random neighbour cell (k,1) with T(tk,z) = 3 can be found then
assign T(t]j'll) =2 and X,iﬁl = X,tg’l + Xfyj -0.005 ;
Run Algorithm 1 for i =%k and j =1 ;
(recursive execution until X/ T <= X4, )

X=X}, -0.995;

end
else

ijl is calculated as in eq. ;
end

Algorithm 1: Conditions in the evolution of the biomass
Despite the fact that the model is specifically designed to simulate a MFC

in batch mode, a system with continuous flow can be studied by changing the
boundary conditions. That approach is the subject of a future study.

4. Experiments

The configuration of parameters used by the model to produce the results

presented in this section, are depicted in Table [l Each time step represents
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Parameter Value Parameter Value
Iey 2 x 107* A/m? ng (in bulk liquid) 0.2 gCOD/m?
b 012V X7, (in the biofilm) 0.8 gCOD/m?
E. 0.68 V (Cac)i, 100 gCOD /m?
Rt 100 Q (Catred)y ; 0.001 mM
EY, 0.477 V (Chron)s 1 mM
R 8.31 J/(mol x K) (Ch)i 0.001 mM
T 208 K Dae 6.5 x 10~% m2/day
a 96485 C'/mol Dirred 2 x 1075 m?/day
er 0.00002 A Do 1.7 x 1075 m? /day
Kae 100 gCOD/m3 Dy 1.16 x 1075 m?/day
Knyrox 0.1 mM Cu,.. 0.045 mM
Xinaw 17 gCOD/m? Xomax 18¢COD /m?
Yur 0.0473 % Yy 0.0098 %
Yx 0.243 S pcerare) Qac 10 (GO Driomass%aay

Table 1: Parameters used in the execution of the model.

a time period of one tenth of day. The time period of a time step was chosen
based on the trade-off between accuracy of the results and execution time. As
for smaller time periods the results were not significantly different the execution
speed was not burdened with a smaller period of time steps.

The results derived by the model are illustrated in Figs. [I] and Fig-
ure [1| depicts how the average — of the columns of cells along the length of
the electrode — concentrations of materials are changing in one dimension —
illustrated in the x-axis of the graphs —, namely from the electrode moving out-
wards to the bulk liquid, throughout the time steps of the model that represent
the days of the real experiment. Note here that the thickness of the biofilm can

be identified as the distance in = axis from the electrode surface position to the
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point where the stable values of concentrations start. These stable values depict
the existence of the continuously stirred tank reactor, namely the bulk liquid.
Moreover, Fig. [2] describes the evolution of the concentrations of every material
in the bulk liquid, the current produced and the expansion of the biofilm.

The results depicted in Fig. |2| are in good agreement with the theoretical
principles covering the functionality of MFCs in batch mode with added media-
tors which are also depicted in previously proposed models investigating similar
systems [40]. It must mentioned here that, despite the biomass initial concen-
trations, all the other parameters used in previous models [40] to provide results
are the same inserted in the model presented here and illustrated in Table [T}
Also, the biomass simulation and the limitation of hydrogen ions are simplified
compared to the previous models.

The following statements which are easily observed in the results of the model
presented in Fig. [2| are following the general theoretical performance of batch
mode MFCs with added mediators. The current output reaches its maximum
value within three to four days that retains for a short period (less than a day)
and then its value is asymptotically reduced. The concentration of acetate is
reduced to zero in the first ten days, while the biomass concentration in the
biofilm increases and reaches a plateau when the acetate concentration is low
enough. The mediator is a constant quantity that can be found in either oxidised
or reduced form, thus adding the concentrations in any time step equals to 1mM
which is the initially defined concentration. The oxidised mediator follows the
reduction of the acetate substrate, until the current produced is high enough to
cause the oxidation reaction in the electrode to overcome the reduction reactions
occurring in the biomass. Then, as there is no more acetate to feed the reduction
reactions, the concentration of oxidised mediator is asymptotically reaching its
initial concentration as a product of the oxidation reaction in the electrode.
That is also the reason for the asymptotic reduction of the current, namely the
lower ratio between reduced and oxidised mediator. Similar explanation of the
progress of the oxidised mediator stands for the reduced mediator.

In order to evaluate the impact of different parameters on the current output

19



100 - - r r r :

=

=y 1

mE :/,

8 .| s
o 80 0.8E
o H =
=] =
= 2
S 60r 068
s 2
=) @
= o
[0 &=
S 40 {048
8 S
2 5]
£ o0t 023
g =
@

% 10 20 30 40 s e 70
Distance from the electrode (um)

(a) Day 1
100 T ; T T . . 1
80 10.8
60r 10.6

N
o
.
o
EN

20 1

o
)

Mediator concentration (mM)

Substrate concentration (gCOD/m3)

G0 10 20 30 40 50 60 78
Distance from the electrode (um)

(b) Day 5
100 : ‘ ‘ , . , 1

&

£ =
S &0 f08%
g :
S 6ot 068
© =
= @
= o
[0 { =
S 40 1048
3 / 5
© i ®
S o0t /’ 10273
8 1 / -
= L /

(D I

A
G0 10 20 30 40 50 60 78
Distance from the electrode (um)

(c) Day 10
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Figure 3: The resultant current produced during 15 days for different values of resistance

RTot'

through time simulated by the model, the values of total resistance, initial ac-
etate concentration and biomass concentrations were thoroughly studied. Note
that for each case the rest of the parameters are the same as the control case
scenario, depicted in Table [I} The effect that the total resistance (internal and
the external — load) has on the output is depicted in Fig. In accordance
with the theoretical principles, the higher the resistance, the lower the resul-
tant current; however, that leads to the prolonged existence of comparably high
values of current, due to the decelerated consumption of the substrate by the
biofilm. The higher resistance and thus the lower current leads to a decelerated
rate of the electrochemical reactions (Equations ), which results to lower
concentration of oxidised mediator that is a limiting factor in the consumption
rate of acetate (based on the double Monod equation used, i.e. Equation )
The aforementioned decelerated rate of the electrochemical reactions for higher
resistances can be noticed in Fig. 3 by the more gradual slope of the current.
In[4 different concentrations of the acetate substrate were investigated. In
particular, when a higher concentration of substrate is imposed, the maximum
output current is reached in a shorter time period, the maximum value is higher
and it is retained for a longer time. These phenomena are justified as the higher

substrate concentrations enable higher consumption rates (based on the double
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Monod equation Equation ) and, thus, faster production of a higher volume
of reduced mediator, to support the current generation.

The results provided using different concentrations of biomass in the bulk
liquid and the initial biofilm are illustrated in Fig. The comparison of the
results can support the fact that a higher biomass concentration can result to
a slightly higher current, because the fast developed biofilm will faster compose
higher amounts of reduced mediator, which will trigger the electrochemical ox-
idation and in correspondence the production of current.

The ability of the model to represent inhomogeneities was studied in the
following test cases. Firstly, the impact of the extent to which a specific area on
the electrode is not capable to sustain the attachment of biomass was studied
and the results are depicted in Fig. [6] It can be observed that as the percentage
of unavailable electrode surface is increasing, the maximum current produced
is decreasing, whereas the time period is extended. This behaviour can be ex-
plained by the fact that a biofilm with lower biomass concentration is derived
from the smaller available area of the electrode. That leads to the slower and
limited biochemical consumption rates and electrochemical procedures, respec-
tively.

Moreover, the effect of a resistance inhomogeneity in the material of the
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24



=200 Ohms
= =500hms |
=== == control

o
o

Total current produced (mA)
o
>

time (one tenth of a day)

Figure 7: The resultant current produced during 15 days when the 25% of the electrode surface
suffers from resistance inhomogeneity (where control is the case of homogeneous electrode

(RTot = 1009))

electrode was studied by assuming that a fraction of 25% of the area of the
electrode has a different resistance than the rest of it. Note that the resistance
used for the calculation of the over-potential imposed locally on the surface of
the electrode (Equation (I6])) is defined as the equivalent resistance observed at
each discrete electrode area. Here, in spite of using a homogeneous value for all
the electrode surface, different values were considered for the 25% of the area
of the electrode as illustrated in the legend of Fig. [7| (where control is the case
of homogeneous electrode (Rr,: = 10082)). The results indicate that there is
a significant impact caused by inhomogeneities, which can be simulated by the
model. The outputs can be explained with the same principles that apply for

the ones obtained by homogeneous total resistances as illustrated in Fig.

5. Discussion

The advantages of CNN towards other mathematical methods are their sim-
plicity that does not have an effect on their robustness and capability to simulate
complicated phenomena, their inherent parallel nature that make them ideal for
implementation in contemporary parallel computing devices and their local ac-

tivity character that combined with the aforementioned features empower their
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execution on specialised hardware. As a result, the novelty of the model pro-
posed here can be found in the method of numerical approximation, namely
CNN, of the equations giving the kinetics of reactions occurring in a MFC and
its performance. As mentioned before, CNN is a simple method as it uses a
group of simple cells located on a grid, characterised by a state (a set of pa-
rameters) and updated based on the same local rule. It has been proved [4]
that complex computations can emerge from local interactions of basic entities.
Moreover, the synchronised functionality of the basic entities enables a fully par-
allel execution of computations throughout the grid, accelerating significantly
the production of results by the model. In addition to the ability of CNNs
to be efficiently executed in parallel computers, their homogeneity, simplicity,
synchronised activity and the local characteristic of the interconnections allows
an effortless implementation in hardware, aiming further acceleration of the
computations [37] [38]. These computing circuits can be cost efficient and pre-
manufactured Field Programmable Gate Arrays (FPGAs) and Graphics Pro-
cessing Units (GPUs) or fully custom, providing higher performance efficiency
Application Specific Integrated Circuits (ASICs).

The present study is based on a time explicit scheme which, despite the
fact that might not be as accurate as implicit scheme in general, and especially
with large simulation time steps, allows a less complicated implementation and
requires a lower computational effort. A major advantage of the CNN-based
model is that the possible inhomogeneities in the progress of the biofilm or in
the structure of the anode electrode can be easily illustrated by the local rule
or the initialisation of the cells’ states.

Some models presented previously, simulate the MFC in just one dimension
[46], oversimplifying the reactions occurring. On the other hand, in [40, [41], [44]
48] two dimensional and three dimensional representations are provided that
can account for complicated electrode sizes and biofilm formation; however,
inhomogeneities would be difficult to implement. The model presented here
can easily be scaled to three dimensions and as CNN are the basis of the model,

inhomogeneities in the whole volume of the MFC (PEM, electrodes and biofilms)
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can easily be studied and efficiently recreate a wide variety of actual systems.
Despite the fact that an homogeneous area (in the x dimension) was studied
here as a proof of concept, the ability of the model to simulate inhomogeneities
in two dimensional paradigms is trivial.

Moreover, in [40] the competition of two different species, fed on the same
substrate used, was investigated, while in [41] several communities of methanogenic
and electroactive bacteria were simulated. The CNN based model is simulating
the operation of a MFC inoculated with a single species of bacteria. However,
the local dynamics of CNN allow the investigation of more complicated bacterial
communities. That is an aspect of an ongoing study.

Nonetheless, some models are designed to calculate significant parameters
of a MFC after it has reached its steady state [46]. Here, the evolution of the
outputs of the MFC through time given its inputs is investigated because the
process of reaching the steady state is a demanding procedure and should be

optimised.

Conclusions

The notion of modelling key procedures of complicated processes that occur
in real life, enables the scientific community to recreate and study time consum-
ing and expensive laboratory experiments. As a result, scientists can investigate
the conditions and parameters of a phenomenon that are difficult to measure in
real life. The model proposed here can serve as a virtual lab, which scientists
and engineers can utilise to test and justify their theoretical approach to the
functionality of MFCs. Moreover, a more efficient designing of these systems
can be based on the successful modelling of the processes occurring in MFCs.

The CNN-based model simulating the performance of a two-chamber acetate-
fed MFC described here, is designed in two dimensions and studies cross-section
of an area near the anode electrode. The concentrations of chemicals that are
involved in the process of producing current and biomass, throughout time, are

studied. The local rule of the CNN structure is designed to reflect the double
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Monod limitation equation, Fick’s second law of diffusion and the Butler-Volmer
equation.

During the process of designing and evaluating the model the following con-
clusion was reached. The biofilm’s distribution, its initial concentration and
the way it evolves and expands through time are greatly affecting the MFC’s
outputs. Biofilms are difficult to predict and it is challenging to formulate al-
gorithms that simulate their behaviour. That is a major aspect that limits the
production of a plethora of MFC models, compared with the ones describing
conventional fuel cells.

The results provided by the model are in good agreement with the theory and
the general concepts described in the literature for the functionality of MFCs
as well as the results of previously published works on MFC modelling. Note
that the results produced by the proposed model simulating the performance
of the MFC in 15 days is executed in less than a minute in a contemporary
computer. Consequently, shifting from two dimensions to three to get more
accurate results, given the possible inhomogeneities in MFC compartments or
electrodes, will not be prohibited in terms of execution times.

Nonetheless, the fact that the model is based on CNN can be proved further
advantageous, as its simplicity, repeatability and local interactions enable its
implementation on hardware. That will in turn hugely accelerate the execution
of the calculations of the described equations.

The incorporation of the reduction reactions that occur in the cathode side
of the MFC and the study of their effects on the performance of the system
are aspects of future work. Moreover, multi-species biofilms will be investigated
including non- and electroactive bacteria to illustrate the possible competition
over the common substrate. Furthermore, the simulation of a MFC under con-
stant flow will be presented with minor alterations in the local rules of the bulk

liquid which will be the first step to study systems that are interconnected.
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